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ABSTRACT 
 

With the rise in energy consumption and usage by an exploding human population 

and higher quality of life, it is time to switch to renewable energy sources that have lower 

impacts on the natural world. Commercial scale wind power has seen tremendous growth 

in the last two decades and is expected to continue growing. But small-scale wind power 

still has tremendous potential in creating energy efficient homes micro-grid systems. 

Through this work, we explore the potential of micro VAWTs installed on highway 

medians to capture wind energy from moving vehicles. There are 2 main questions 

intended to be addressed here, namely: Is energy production from vehicular wake losses 

significant and if significant, how does the produced energy stand in comparison to a 

household’s consumption as well as an LED streetlight. In order to proceed with this work, 

we have taken the reference wind measurements performed on highway medians in 

Malaysia from literature. The right turbine choice for this application has also been 

contemplated through the literature review and chosen to be a cross-flow VAWT model 

with experimental results. 

Using the power curve of the turbine and the extracted wind speed measurements, 

energy production is estimated and compared to the electricity consumption of a suburban 

home in Malaysia. Further on, other analyses are performed to better understand the 

energy production potential of such applications and estimated for varying size in turbine, 

position of turbine with respect to ground, and the energy generation per kilometer of 

highway length. 

 

 

 

 

 

 



 iv 

ACKNOWLEDGEMENTS 
 

I would like to thank Dr. Heracles Polatidis for his immense support to pursue such 

an unconventional topic and my guide Dr. Stefan Ivanell for helping put ideas into 

perspective to analyze and provide a more realistic view to the work. 

I would also like to take this opportunity to thank Mr. Ali Shan Siddiqui, an Energy 

Engineer and Researcher in Pakistan for his consultation and discussion on his work on 

the type of turbine to be used for this kind of application. 

It has been a great journey through Wind Power the last few months and thank all 

classmates and teachers in making this journey memorable. Lastly, I would like to thank 

my family and God for supporting me to pursue my passion in Wind Power.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

NOMENCLATURE 
 

HAWTs                      Horizontal Axis Wind Turbines 

VAWTs                      Vertical Axis Wind Turbines 

Cp Power coefficient 

TKE Turbulent Kinetic Energy 

TSR Tip Speed Ration 
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CHAPTER 1. INTRODUCTION  
 

As energy consumption and production reaches new records every passing year, it is 

important to address innovative and clean methods of producing energy from natural and 

renewable sources. Wind energy has seen significant growth in the last decade in the large-

scale and industrial sector. But with the growing rise in energy demand and the quest to 

reduce carbon emissions by switching from black to green sources, more innovative 

methods should be undertaken to reach energy goals. 

However, small scale wind energy technology is yet to be tapped, especially in the case of 

vertical axis wind turbines. This comes together with the increased attention given to 

wasted energy recovery in lieu with the energy crisis faced by different parts of the world, 

as mentioned in “Numerical study of energy recovery from the wakes of moving vehicles 

on highways by using a vertical axis wind turbine” (Tian, et al., 2017). One such idea is 

the harnessing of wind energy from the aerodynamic losses due to vehicular movement. 

The possibility of extracting wind energy from aerodynamic losses due to vehicular 

motion still remains an unexplored territory with little research going into it. A significant 

portion of energy produced by the vehicular engine is used to overcome the aerodynamic 

friction of air to move forward. It would be a great achievement if a share of this energy 

could be harnessed to use again, accounting for a circular use of energy, thus reducing 

carbon footprints and fulfilling more energy demands (Guo, et al., 2020).  The concept 

has begun to receive increased attention amongst the scientific community, with more 

works carried out to explore the energy production from traffic. There has been research 

into the possibility of the same concept, but with railway traffic movement as well, with 

the advantage of the tunnel effect aiding in more energy availability to the localized wind 

energy source.  

With the availability of very few wind resource estimations performed on highways, this 

work considers the case in Malaysia, where a measurement was performed on a state 

highway in the work “Potentiality of small wind turbines along highway in Malaysia” by  
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(Al-Aqel, et al., 2016). Through this work, we aim to explore this segment and find the 

possibilities of harnessing wind energy from moving traffic by addressing the following 

questions: 

1. Is the energy production from air flow due to vehicular motion on Malaysian 

highways significant when considering production from a single turbine ? 

2. If significant, is the energy production comparable to the energy consumption of a 

regular suburban Malaysian household or an LED streetlight ?  

3. In lieu of the first 2 questions, what is needed to make power production from 

vehicular movement significant ? 

This work takes into account the wind resource measurements on a highway in Malaysia 

conducted as part of the work of (Al-Aqel, et al., 2016) to arrive at estimations for the 

energy production. This wind resource is then used with a reference turbine with available 

power curve parameters to derive an estimate of the annual energy production of a single 

turbine unit. This is then compared to the energy consumption of a suburban Malaysian 

household and an LED streetlight. This comparison provides a clear idea of the 

significance of the energy production and addresses the question if it is feasible in the end. 

In addition to this, an analysis looks into the difference in energy production that can be 

brought about in the turbine if the aspect features were designed in a more optimal manner 

that utilizes the space available on highway medians as well as the turbulence intensity 

difference with respect to the vehicular height. 

 

CHAPTER 2. LITERATURE REVIEW 
 

Necessity is the need for invention, as has always been throughout the history of mankind. 

As the human civilization advances everyday with advancement in technology and 

innovation, as does the need for energy and electricity. One of the ways of generating 

electricity without any further investment in developing any source is through traffic 

movement on highways.  
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In “Wind energy harvesting from transport systems: A resource estimation assessment”, 

(T.Morbiato, et al., 2014) gives a double motivation for harvesting energy from vehicular-

motion generated air flow: As the energy supply increases across the world, there will be 

associated increment in transport demand, and, since these aerodynamic losses can only 

be reduced through expensive aerodynamic designs on vehicles, this makes it a 

remarkably sustainable energy source. The authors argue that the lack of characterization 

of the energy resource is likely the reason why the international market is yet to 

acknowledge technology in relation to this concept. 

In “Solar and Wind Hybrid power generation system for Street lights at Highways”, 

(Selvam, et al., 2014) proposes a hybrid wind-solar system that can be installed on 

highway medians and discusses the improvement of energy efficiency of the existing 

system with the use of LEDs as a light source on highways. It is also stated that these 

miniature systems could also be placed near passing trains and subways to utilize the 

aerodynamic losses and tunnel effect from train motion. The authors state that the wind 

and solar systems have the capability to complement each other if placed in regions with 

ample sunlight and suggests the connection of all these sources for a self-sufficient 

sustainable energy management system. 

Wind Resource 

When a vehicle moves with high speed on the road, there are significant interactions 

happening between the vehicle body and the air around it. In the work “Numerical 

investigation of wind turbines and turbine arrays on highways”, (Tian, et al., 2020) 

simulates the airflow interaction from vehicles at a close distance from them, on road 

medians. Through the simulations, it was verified that the torque curves of drag type 

turbines produced 2 peaks, one caused by the side flow and the other due to block flow. 

The side wake was found to have the major impact on the torque curve of the turbine. This 

supports the desire to harness energy from moving traffic and the placing of turbines on 

medians with respect to maximum interactions with number of vehicles. 

Through the work “Wind energy harvesting from transport systems: A resource estimation 

assessment”, (T.Morbiato, et al., 2014) argues for an energy conversion potential threshold 
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of 1.4kW and above in highway application; however, the characterization is modelled 

and performed only for truck traffic flow, with turbines being placed above traffic rather 

than beside it. 

In “Field experimental study of traffic-induced turbulence on highways”, (Alonso-

Estébanez, et al., 2012) conducts a field experimental study to understand the nature of 

traffic induced turbulence and its dependence on parameters such as vehicle speed, vehicle 

height, and distance from the vehicle. The study analyzes the correlation of these factors 

on the turbulent kinetic energy and the conclusions made were the following:  

a) The Turbulent Kinetic Energy (TKE) is significantly stronger near the road surface 

expressed by a decreasing correlation with an increase in percentage of the vehicle 

height 

b) TKE values obtained at closer points to the vehicle trajectory were higher values 

than those obtained further from the trajectory 

c) The highest proportion of TKE was generated by the turbulence flow induced in 

the vehicle path, and the vertical fluctuating component is independent of height 

of vehicle 

d) There is a significant correlation between TKE and vehicle speed, with the former 

increasing with the latter and the correlation factor increases if the vehicle has low 

aerodynamics and a higher drag coefficient. 

 

In order to understand this in real wind speed values, it is necessary to understand the 

actual wind speeds beside highways caused due to different vehicles. Through the work 

“Potentiality of small wind turbines along highway in Malaysia”, (Al-Aqel, et al., 2016) 

explores the possibility of implementing wind power harnessing systems in Malaysia, as 

part of which simulations as well as real-time wind measurements have been done on a 

highway in the country with vehicles moving within the speed limit of 90 km/h (25 m/s) . 

For achieving optimal height and lateral distance from the road-end to position the turbine, 

the wind speed measurements were performed using hot-wire anemometers at 3 different 

heights (0.5, 1, 1.5 meters) from the median surface and at 3 different lateral distances 
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from the road-end (0.5, 1, 1.5 meters). The optimum positions from the 3 were found to 

be at 1 meter both at lateral distance and at height, and at a 45 degree slant to the road if 

using HAWT.  

The latter work has the most useful wind measurements available that have been carried 

out on highway medians and thus the readings available through this work shall be used 

here. 

Wind Turbine 

Proper and sound scientific study in the field to explore the potential of implementing 

wind turbines in urban landscapes is essential, especially for highway applications. (Drew, 

et al., 2015), through the work “The importance of accurate wind resource assessment for 

evaluating the economic viability of small wind turbines” highlights the importance of 

accurate wind resource estimation for the economic viability of small wind turbines. The 

authors perform a techno-economic analysis of 33 turbines- 24 HAWTs (Horizontal Axis 

Wind Turbines) and 9 VAWTs (Vertical Axis Wind Turbines)- for 12 different economic 

scenarios which considers investment/kW, sale price of generated electricity, minimum 

wind speed and load factor required for each turbine to be economically feasible. The take-

away message from this thesis would be that such an analysis is essential to make sure 

that the practical applicability of using small wind turbines for urban projects is possible. 

Hence the choice of the turbine is of utmost importance on the journey to harvest wind 

energy from traffic movement.  

The basic choice between turbines is either an HAWT or a VAWT. In the work “A study 

on the rotational behavior of a Savonius Wind turbine in low rise highways during 

different monsoons”, (Santhakumar, et al., 2017) reviews literature and states that 

although the efficiencies of HAWTs are higher than VAWTs due to surface and body 

forces, the reasons of high initial and maintenance costs and complicated designs make it 

a bad choice for low wind speed applications such as highway medians. (Tian, et al., 2020) 

argues through the work “Numerical investigation of wind turbines and turbine arrays on 

highways”, to the use of VAWTs over HAWTs for highway applications due to the ability 

of these turbines to utilize wind resource in all directions, better starting torque and due to 
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the nature of wind flow in highway scenarios. The authors state that unlike a natural 

scenario of flowing air, the concept behind this idea is to harness energy from the 

aerodynamic losses of moving vehicle and as such, these air flow structures are highly 

turbulent and contains complex separation flows. On a study of positioning Savonius style 

wind turbines on highways, (Santhakumar, et al., 2017), through the work “ A study on 

the rotational behaviour of a Savonius Wind turbine in low rise highways during different 

monsoons”, argues that the best positioning of the turbine would be on the highway 

median rather than on the side as it gives better power production due to a bi-directional 

flow of traffic induced airflow. In support of this, (Lapointe & Gopalan, 2014) shows in 

the paper “Numerical Investigation of Mini Wind Turbines near Highways” the potential 

of harnessing wind energy from highway traffic with  analysis showing the energy 

availability created with the movement of high speed vehicles with speed limits  similar 

to that of the Malaysian context. The analysis shows a significant energy increase when 

compared to the isolated turbine case without vehicular movement.  

In the work “Wind energy harvesting from transport systems: A resource estimation 

assessment”, (T.Morbiato, et al., 2014) have intended to demonstrate that with the right 

technology, harvesting wind energy could be done in such a way that it results in a positive 

energetic balance of the system. To do so, an ideal conversion device was considered with 

a rather conservative Cp (Power coefficient) of 0.1 to imply for improved self-starting 

capabilities and a simple speed control to run with frequent variable speed operations at 

the optimum power coefficient. The measurements were carried out with instruments at a 

height of more than 5 meters above road surface (Figure 1), and explores the positioning 

of lift-force based VAWTs  in a horizontal position above the flowing traffic, with the axis 

of rotation perpendicular to the traffic direction. Thus, this estimation does not consider 
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the smaller vehicles on the road and is at a larger distance from the surface of the smaller 

and medium vehicles than if the turbines were placed on the ground. 

 

 

                          Figure 1: Layout of wind speed measurements performed in (T.Morbiato, et al., 2014) 

 

However, it would be safe to consider the threshold power potential due to its 

approximation of only trucks and the large height from the ground in order to understand 

the numbers at play here. 

 

(Kumar, et al., 2018) performs a critical review of VAWTs for urban applications in “A 

critical review of vertical axis wind turbines for urban applications”, by initially 

comparing the 2 main types of VAWTs, Darrieus and Savonius. Darrieus turbines were 

mentioned to have better aerodynamic performance, low cost and simpler design than the 

Savonius turbine. They operate based on lift force, the blades are supported in such a way 

that bending stress is minimized and the major force is due to tension. However, the major 

drawback of Darrieus turbines is that since their starting torque is very low, they require 

an external source to start spinning. Savonius turbines, on the other hand, have a higher 

starting torque and low cut-in wind speed, making them more suitable for power 

availability than power efficiency (Ibid). The major drawback of the Savonius type 

turbines is that they have very poor aerodynamic performance, and the power coefficient 

of these turbines varies with configuration of rotor design. The authors also refer from 

literature (R.Shah, et al., 2018) that from the following 4 types of blades for a Savonius 
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turbine: Straight, curved, aerofoil and twisted, the twisted(helical) blade type had the best 

rotational performance (Figure 2). 

 

Figure 2: RPM vs windspeed comparison for different Savonius blades 

 

(Sharma, et al., 2013) goes a step further in “Performance Measurement of a Three-Bladed 

Combined Darrieus-Savonius Rotor” to try hybrid turbines with both Darrieus and 

Savonius in order to overcome the disadvantages of both the turbines.  Through the paper, 

the performance of hybrid turbines is evaluated by experimental analysis. 5 different 

hybrid versions of the Darrius-Savonius (Darrius placed atop Savonius) with different 

overlap ratios and a Savonius-Darrius turbine(inverted) are compared for their power and 

torque coefficients. The following conclusions were made through this work:  

a) There is an optimum TSR (Tip Speed Ratio) at which the performance coefficients 

are highest, and it decreases before and after this value 

b) The performance coefficients first increase, reach a maximum and then decrease 

with increasing overlap ratio, meaning there exists an optimum overlap ratio for 

the Savonius half of the turbine 

c) Through the experiment, a maximum Cp value of 0.53 was obtained for a Darrius-

Savonius turbine at a TSR value of 0.604 at an optimum 16.8% overlap, which is 

higher than a conventional Savonius rotor or a Savonius-Darrius hybrid. The 

starting torque coefficients were also highest for this hybrid, enabling self-start in 

low wind conditions (Figure 3). 



 9 

 

Figure 3: Darrius-Savonius turbine model (Sharma, et al., 2013) 

 

There have been various other attempts to create hybrid 

design turbines for utilizing the strengths of both lift and 

drag based models. (Pan, et al., 2019)  shows in “A 

portable renewable wind energy harvesting system 

integrated S-rotor and H-rotor for self-powered 

applications in high-speed railway tunnels” the 

development of such a hybrid, but with an H-rotor rather 

than the traditional Darrieus rotor, mounted atop an S-

rotor for harvesting wind energy near tunnels from the 

air flow induced by moving trains (Figure 4).  

The S-rotor captures energy from natural wind speed due 

to its ability to self-start, and the H-rotor that uses lift 

aerodynamic forces to operate, exploits the piston effect 

of the tunnel. The prototype however only saw a maximum efficiency of 23.2% for a wind 

speed of 11 m/s. 

Figure 4: Design of Wind Energy 

Harvesting System by (Pan, et al., 

2019) 
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But further work is being done in Savonius rotors to increase their efficiency by 

introducing new blade designs. In the paper “Design, modeling and economic 

performance of a vertical axis wind turbine”,  (R.Shah, et al., 2018) chooses the curved 

blade Savonius turbine to perform a numerical analysis to find the economic viability of 

the turbine. The annual energy output estimation was carried out at a wind speed of 7 m/s, 

the power curve generated for the turbine using calculations, and through this, the energy 

generated was estimated as 7838 kWh annually with a maximum power coefficient of 

0.46.  

 

 

 

 

  

 

Figure 5: S-rotor and R-rotor blade design( (Hu, et al., 2018) 

 

Another work by (Hu, et al., 2018), “Effect analysis on power coefficient enhancement of 

a convective wind energy collecting device in the expressway” considers 2 variants for 

modelling of wind energy collecting devices for expressways- the S-rotor and the R-rotor 

blade design (Figure 5). the wind speeds in the modelling ranged from 10 to 20 m/s, 

multiple number of blades and TSR ranged from 0.5 to 2.0. From the performed 

simulations, it was concluded that the R-blade rotor turbine had the best performance of 

Cp=0.36 at a TSR of 1.4, 4 blades and a blade height of 1.55 meters. In addition to this, 

analysis of the pressure and velocity contours concluded that the device not only utilized 

wind energy, but also helped divert it away from the vehicle, reducing driving resistance.  
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In works related to Savonius type alone, there have been attempts to create a better version 

of the Savonius wind turbine by designing new blade types for better performance. (Roy 

& K.Saha, 2015) performs a wind tunnel experiment in “Wind tunnel experiments of a 

newly developed two-bladed Savonius-style wind turbine” to analyze the power and 

torque coefficients of a newly designed blade type of Savonius rotor and compares the 

performance parameters with that of 4 other blade types of the Savonius rotor: 

Conventional semi-circular, Benesh type, semi-elliptic and modified-Bach type. The 

results of the experiment indicated that the new turbine blade design showed better power 

coefficient values and had a higher static torque coefficient by 31.6% compared to the 

conventional Savonius turbine, implying better self-starting capability. The experiment 

results also indicated that with an increase in Reynold’s number, the power coefficient 

increases, reaches a maximum and then decreases, whereas the static torque coefficient 

increases irrespective of the magnitude of the increase in Reynold’s number. The power 

coefficient of the newly developed blade design showed a maximum of 0.31 with wind 

tunnel blockage correction and the economic analysis showed least payback period among 

the 5 blade designs.      

Figure 6: Blade types used for performance comparison 

by (Roy & K.Saha, 2015) 

Figure 7: New turbine blade design by (Roy & 

K.Saha, 2015) 
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As can be recalled, one of the designs tried out for better performance over the traditional 

Savonius blade turbine was the helical blade Savonius turbine in “Performance tests on 

helical Savonius rotors”. (Kamoji, et al., 2009) conducts a performance study in an open 

jet wind tunnel for helical blade Savonius turbines with different configurations. The 

authors have taken one helical blade design with a shaft, and compared its performance 

parameters to ones without shaft, but varying overlap ratio. From the experiment, helical 

rotor without shaft and overlap ratio of zero was found to be more efficient than models 

with shaft and those with overlap ratios of 0.1 and 0.16. This better model was then run at 

different aspect ratios 0.88, 0.93 and 1.17 and the helical blade model with an aspect ratio 

of 0.88 was found to have the best performance among the 3. But it was also concluded 

that the helical rotor with aspect ratio 0.88 had power coefficients almost as same and 

lower than a conventional Savonius rotor with an aspect ratio of 1 and overlap ratio of 

0.15. The experiment was also conducted for varying Reynold’s number and it was found 

that the Cp increased from 0.11 (Re=57,700, wind velocity 4m/s) to 0.15 (Re=86,600, 

wind velocity 6m/s) for the helical rotor with no shaft and overlap ratio of zero. Although 

the coefficient of power did not show much improvement in the helical rotors as compared 

to the conventional Savonius design, the static torque in helical rotor design showed to be 

positive at all rotor angles, whereas it was negative for several rotor angles in the 

conventional design. 

In addition to Savonius and Darrieus rotor turbines, there exists a subset class of turbines 

called cross-flow turbines, which has multiple blades. (Tian, et al., 2017)  investigates in 

“Numerical study of energy recovery from the wakes of moving vehicles on highways by 

using a vertical axis wind turbine” the possibility of energy recovery from VAWTs placed 

on the medians of highways. Based on comparisons from literature, the authors opt to 

analyze the performance of a Banki turbine over Darrius or Savonius due to existing 

comprehensive studies already carried out with both the aforementioned turbine types and 

the bi-directional flow conditions on highways being different than normal wind fields. 

The design of the Banki turbine has been brought about taking into consideration the fact 

that common Savonius or Darrius turbines have 2 or 3 blades and that aerodynamic forces 
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are sensitive to the azimuth angle. Thus, the model under study had 20 blades, a rotor 

diameter of 1 meter and a height of 1.5 meter (Figure 8). 

 

 

                                      Figure 8: Cross-flow Banki turbine designed by (Tian, et al., 2017) 

  

From the study, it was concluded that vehicular movement beyond the passing lane do not 

produce power in the turbines on the highway due to overly weak wake interaction and 

the rotor is propelled by different wake interactions based on vehicle size and movement. 

A passing car propels the rotor with its side vortices; a bus by its block flow, side flow 

and the near wake flow; whereas for the case of 2 passing cars, the rotor generates power 

after the meeting point within a short period by the merged vortices interaction. The study 

takes into account 6 different scenarios of vehicular passing of the turbines on 2 lanes per 

directional side, and the average power of 139.60W, simulated by a bus passing the turbine 

at 32 m/s.  

There have been other studies looking into the crossflow rotor’s performance and how it 

is a more efficient design than regular VAWTs. (Dragomirescu, 2011), in “Performance 

assessment of a small wind turbine with crossflow runner by numerical simulations”, 

studies a wind turbine design similar to a Banki rotor for its performance characteristics. 

The turbine design used for the 2D simulation had an outer diameter of 1m, radial rim 

width of 170mm, aperture of blade at 17.55 degrees and 20 blades. Although the 

simulations were performed in 2D, the results were encouraging, with a maximum power 

coefficient value of 0.45 and very high starting torque of 3.6. But the results also showed 
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that the turbine can operate in a relatively narrow range of tip speed, the maximum tip 

speed ratio lower than 0.6 and the author argues that this has an advantage since a narrow 

range of tip speeds mean that it can operate equally well in both low and high wind speeds. 

The number of blades of such cross-flow turbines is also a factor to be considered as it can 

affect the economic factors of a turbine. (Kurniawati, et al., 2018), through the work 

“Experimental investigation on performance of crossflow wind turbine as effect of blades 

number”, investigated the effect of number of blades of a cross-flow turbine on its 

performance parameters. The work performed an experimental study of a cross-flow rotor 

turbine with 3 variations in number of blades- 8, 16 and 20 and studied the performance 

characteristics at low wind speeds in the range of 2 – 5 m/s. The results obtained showed 

that the best turbine among the 3 in terms of efficiency was the one with 16 blades and 

additionally showed that the Cp had a parabolic relation with the TSR. 

Selecting the right turbine can be a difficult task, with each design having a positive impact 

on some aspect. Thus, it is important to address which turbine is most effective for the 

specific use on the median of highways. (Tian, et al., 2020) attempts to do so in 

“Numerical investigation of wind turbines and turbine arrays on highways” by addressing 

2 main questions: 1) What is the best turbine for this use? 2) What is the best distance for 

these turbines to be installed at from each other if planted in an array? Due to the bi-

directional flow of air at highway medians, the author suggests the common VAWTs such 

as Savonius or Darreius are not best for such applications. The authors perform a 3-

dimensional transient CFD study of 3 different turbines: Savonius, Darrieus, and Banki 

rotors and then simulations are performed to find the best gap between the turbines in an 

array installation. The Savonius rotor in the study has 2 helical blades at a helical angle of 

60 degrees, and the Darreius rotor has 3 blades with the same angle to make the 

aerodynamic forces on the blades more stable. The Banki rotor has 20 straight arc blades, 

with all 3 turbines having the same height and diameter. The conclusions of the analysis 

was that the Banki rotor generated higher power coefficient than the Savonius and the 

Darrieus rotors and the forces on Savonius and Banki rotors showed similar trends, 

indicating same principle of working; and the rotor array would give a maximum averaged 
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power coefficient at a gap of 4 times the rotor diameter. The reason for the Banki rotor 

turbine to be more efficient was found to be that most of the vehicular wakes are 

distributed mostly near the ground, which creates a high pressure region and due to the 

high number of blades in the Banki turbine, a larger pressure difference is generated along 

the length of the blade, accounting for more flow inside the turbine, causing higher 

positive torque. 

 (Bani-Hani, et al., 2018) presents in “Feasibility of Highway Energy Harvesting Using a 

Vertical Axis Wind Turbine” an experimental study of a specially designed VAWT 

prototype for the purpose of harnessing wind power from moving traffic. For the purpose 

of this experiment, wind speeds were measured on either side of the highway at 3 different 

heights: 1m, 1.5m, and 2m; for various vehicle passings using a cup anemometer. The 

study showed that the prototype turbine (helical Darrieus model) produce power for wind 

speeds due to traffic as low as 1.5 m/s and an overall efficiency of 34.6%. But a point to 

note is that the turbines were placed over a meter height from the ground. 

(Anjum, et al., 2016) fabricates a VAWT for low wind speed highway wind energy capture 

use in their work “Common Vertical Axis Savonius-Darrieus Wind Turbines for Low 

Wind Speed Highway Applications”. The motivation for design in this work has been 

taken from literature and is interesting to note that the choice of number of blades and type 

of turbine has been chosen as 4 blades and a hybrid Darrieus-Savonius, as can be recalled 

from conclusions of (Hu, et al., 2018) and (Sharma, et al., 2013) respectively.  
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Figure 9: a) Design and b) Prototype of Darrieus-Savonius hybrid turbine built by (Anjum, et al., 2016) 

 

The fabricated hybrid Darrieus-Savonius model produced an efficiency of 37% under 

testing conditions at 4.8 m/s. However, the test results also inferred to the relation that the 

overall efficiency and power coefficient increased with increase in TSR, but at high wind 

speeds, the TSR and power coefficient deteriorated, showing the design was good for low 

wind speeds like traffic generated turbulences. Other works have been carried out to build 

low-cost prototypes and test them on-field.  

There has been a scientific approach to look into the best design of hybrid VAWT turbines, 

i.e., the position of the lift and drag based turbines with respect to each other. (Siddiqui, 

et al., 2016), in their work “Experimental Investigations of Hybrid Vertical Axis Wind 

Turbine” conducts an experiment to test 3 orientations of the VAWT design- first design 

with the Savonius turbine placed in the middle of the straight bladed Darrieus rotor, second 

design with the Savonius rotor over the Darrius rotor and the third, with the Savonius 

under the Darrieus rotor. These 3 designs were compared with traditional Savonius and 

Darrieus rotor designs in terms of power, voltage, current, RPM, and tested with wind 

speeds ranging from 1.5 to 5 m/s. The results showed that the setup with the Savonius 

placed in the middle of the Darrieus rotor showed better results than other combinations. 

But, on discussion with the authors of the work, they specially highlighted that this design 
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starts to act as a “wind-shield” after a certain rpm value and is not recommended for 

turbulent scenarios such as this. The best design they recommend from the 3 is the Darrius 

over the Savonius type. This can be supported by the turbulence change with respect to 

height from the road surface, as can be recalled from (Alonso-Estébanez, et al., 2012).  

 

Having looked at all these works on VAWTs, a question that still lingers is that if placing 

turbines on highway medians can really produce power higher than at other locations far 

from vehicles. To answer precisely this question, through the work “Building a Low Cost 

Wind Turbine in Highways for Rural House Electricity Demand”,  (Santhakumar, et al., 

2018) built a low-cost model of a conventional Savonius type wind turbine and tested the 

model in 3 scenarios in a part of India known to have the best winds in the country- far 

from vehicular movements, beside the highway, and on highway median. The results 

showed that the power produced due to one lane traffic was significantly higher than the 

isolated location, and the median position proved to be even higher.   

 

From the reviews done on the literature above, 4 turbine types have made it to be 

suitable for highway application:  

 

a) Darrius- Savonius at 16.8% overlap 

b) Helical rotor without shaft with aspect ratio 0.88 

c) Conventional Savonius with an aspect ratio of 1 and an overlap ratio of 0.15 

d) Cross flow turbine 

But out of the above mentioned shortlisted turbines, the turbine that will be opted for this 

work will be the cross flow turbine due to its efficiency and the ability to capture the 

pressure difference across the percentage of the vehicular height with its multiple blades; 

and also availability of power curve. In this work, we investigate an estimate of energy 

production from a turbine chosen from (Kurniawati, et al., 2018)’s work “Experimental 

investigation on performance of crossflow wind turbine as effect of blades number”. 

 

mailto:Savonius@16.8%25
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From the above literature review, it can be inferred that there is good potential in 

harnessing wind power from the air flow of moving vehicles. With the development of 

technology and advancement of economies, there is no doubt that the demand for transport 

and long highways for logistical and connectivity purposes will increase this potential. 

The choice of turbines play an important role, which includes the right choice with regard 

to turbine type, number of blades, blade design, generator type, etc. With efficient designs 

being developed by several startups focused on this application, there is a possibility of 

enough power generation to run a small home in many countries using a single unit. The 

turbine choice is made from one of already experimented designs in literature and the 

energy estimated with wind speeds procured from the measurements conducted in 

literature. 

CHAPTER 3.  MATERIALS AND METHODS 

Description of experiment  

Through this work, the wind resource on a highway median due to the vehicular movement 

along the Lebuh SPA Federal Route 33, a major highway in Malacca state, Malaysia, is 

retrieved from the work of (Al-Aqel, et al., 2016).  With the estimated range of wind 

speeds now available, the turbine type most suitable for highway median application was 

selected to be cross-flow turbines from literature evaluation. A reference turbine was 

chosen from literature with available performance parameter curves and experimented in 

a similar range of wind speeds as the resource. The turbine selected was a cross-flow 

turbine from the work of (Kurniawati, et al., 2018). The power curve trendline of the 

turbine is then estimated to a 5-degree polynomial equation using Excel taking into 

account the trendline reliability factor as well. The availability of both power curve and 

wind speed distribution enables the quantification of the energy produced for a time 

period. This is then compared with an estimate of the energy requirement of an average 

household and LED streetlight in the region of the wind resource. Later, a turbine with 

greater power capacity of 700W is used to understand the power production capacity under 
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the same conditions. Through this, we understand the need for a bigger turbine that is with 

the right design requirements. 

Description of mathematical modelling 

The power curve trendline of the turbine’s power curve was generated using MS Excel to 

a 5-degree polynomial equation with the following result: 

 

Figure 10: Power curve and trendline approximation of curve 

The equation for the trendline was chosen for its trendline reliability factor value of 

0.9972. With the aid of the equation in Figure 10, the power estimation was performed for 

2 cases, namely Power Curve Alternative 1 and 2: 

PCA-1: Power produced within the limits of available data of turbine 

 

Since the available data of the turbine provides its performance characteristics only within 

the wind speeds of 2.84 and 4.85 m/s, the power production is only estimated for wind 

speeds within both these limits and the output at windspeeds above and below these limits 

are considered zero. The power production thus is shown in Figure 11. 
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Figure 11: Power production for PCA-1 

PCA-2: Power output assumed constant above higher limit of data 

 

In this case, we assume a more realistic case wherein the power produced for wind speeds 

above 4.85 m/s is considered to be a steady output as the power curve achieves rated 

capacity. This output is considered as the same power generated by the turbine at 4.85 m/s 

as the curve levels out, shown in Figure 12. The power production is shown in Figure 13.  

 

 
              Figure 12: Power curve and trendline for PCA-2 assumed to reach rated capacity after 4.85 m/s 
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Figure 13: Power production for case-2 

 

Description of data sources 

Wind resource 

 

There have been very few real-time measurements of wind speeds due to vehicular motion 

being recorded. The measurements considered for this work due to vehicular motion on 

highway median have been referenced from the work (Al-Aqel, et al., 2016), with readings 

taken in a sampling time of 1 second. The graph in Figure 14 displays the wind speed 

measurements at 1-meter lateral distance from the road. It was concluded in the work 

(Ibid) that the best measurements that were recorded from 9 different locations with 

respect to lateral distance from car and ground, was at 1 meter each height and lateral 

distance  from the car. Hence, the measurements that will be considered for energy 

estimation will be the same and are extracted separately, as seen in Figure 15. 

As mentioned in the work “Potentiality of small wind turbines along highway in Malaysia” 

(Al-Aqel, et al., 2016), the average annual wind speed in Malaysia at a height of 2 meters 

from the ground is 1.8 m/s. This is evident from the wind readings in Figure 15 through 
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the depressions in the graph indicating wind speed measurement without vehicular 

movement. 

 

Figure 14: Wind speed measurements on highway median at 1 meter lateral distance from road shoulder and different 

heights. Extracted from work of (Al-Aqel, et al., 2016) 

 

Figure 15: Measurements of 1meter height alone extracted from Figure 14. 

The wind speed measurements are available only for roughly 7 mins from the work (Al-

Aqel, et al., 2016). But on discussion with the authors, it was conveyed that this wind 

speed measurement represents a normal day, with average mean wind speeds in the region 

very low at 1.8 m/s. Since this region of Malaysia experiences an average annual wind 

speed of 1.8 m/s at 2 metres height from national readings, it complements the readings 

taken here, with readings below 2 m/s indicating no traffic or natural wind flow. 
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VAWT Turbine specifications 

 

The turbine type best suited for highway applications 

was found to be a cross-flow turbine from literature. 

Thus, a reference turbine of the same turbine type was 

opted from literature with available power curves. The 

chosen turbine (Figure 16) was from the work of 

(Kurniawati, et al., 2018) with the characteristics 

mentioned in Table 1.          

 

 

                                                        

                                               Table 1: Turbine characteristics (Kurniawati, et al., 2018) 

 

 

 

 

 

 

 

The turbine was tested in low wind speeds of 3-5 m/s, the range of which is similar to the 

wind speed range measured on the highway. The turbine rotation in the experiment was 

measured by a tachometer and the power generated with a permanent magnet generator 

(PMG) (Ibid). The experimental results are shown in Table 2 below: 

 

  

Characteristic Value Unit 

Outer Diameter (Do)  400 mm 

Inner Diameter (Di)  240 mm 

Turbine Height (H)  400 mm 

Aspect Ratio  1   

Blade length 60.12 mm 

Shaft Diameter 12 mm 

Number of blades 16 - 

Figure 16: Selected cross-flow turbine design 

from the work of (Kurniawati, et al., 2018) 
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Table 2:Experimental results of 16 bladed cross-flow turbine (Kurniawati, et al., 2018) 

Cross-flow turbine experimental results (16blades) 

S.no Wind speed Cp Power Ct TSR 

1 2.84 0.153 0.35 0.389 0.392 

2 3.01 0.169 0.46 0.371 0.457 

3 3.46 0.175 0.73 0.358 0.49 

4 3.65 0.189 0.92 0.363 0.52 

5 3.81 0.192 1.06 0.352 0.545 

6 4.03 0.198 1.3 0.358 0.553 

7 4.05 0.212 1.41 0.356 0.595 

8 4.25 0.208 1.6 0.293 0.712 

9 4.5 0.19 1.73 0.262 0.726 

10 4.52 0.192 1.77 0.253 0.759 

11 4.68 0.19 1.95 0.233 0.817 

12 4.8 0.181 2 0.21 0.863 

13 4.85 0.176 2.01 0.195 0.906 

 

However, since the turbine has a height of only 400mm and the wind speed measurements 

chosen has been measured at 1 meter height, it is assumed that these wind turbines are 

raised at a certain height from the ground.  

 

Electricity consumption in Malaysia 

 

The work of (Rahman, et al., 2016) performs an energy consumption analysis in a 

suburban area located in Parit Raja, Malaysia. The energy consumption users under study 

in this work were subdivided into 3 categories based on the monthly energy consumption, 

as shown in Figure 17.  
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Figure 17: Distribution of energy consumption by group. Case study in Malaysia conducted by (Rahman, et al., 2016) 

 

The graph in Figure 17 shows that approximately 83% of the sample households consume 

less than or equal to 300kWh, and the average consumption of electricity in the suburban 

area under study was 237 kWh per month.  

However, the average electricity consumption is higher in more developed areas and in 

cities, translating to a higher average electricity consumption per capita. According to the 

Energy Statistics Handbook of Malaysia, 2018, the average electricity consumption per 

capita surmounts to 4,662 kWh. For comparison of electricity produced, we shall compare 

the average electricity consumption per household in the work of (Rahman, et al., 2016). 

  

Description of the methodological framework 

The wind speed measurements in Figure 15 are used to estimate the power with the 5th 

degree polynomial equation created in MS-Excel in close relation to the real power curve. 

The power estimation is then summed up for the whole duration of the measurement, 

amounting to 401 seconds, approximated to the power production for 7 mins. The energy 

produced for an hour in the same traffic is then estimated using basic averaging. Assuming 

that this wind speed resource is available only during workdays and peak traffic 

movement, the estimation of energy production for a year is calculated by the following 

formula: 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐴𝐸𝑃(𝑘𝑊ℎ) = Estimated energy produced for 1 hour ∗  8 hours/day ∗  5 days/

week ∗  52    weeks/year                                                                                                                                  
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                                                                                                                                                           …………Equation (1) 

 

Since the AEP is now estimated from equation(1), this energy is compared to the 

electricity consumption of an average household and streetlight LED powering in 

Malaysia to better comprehend the capacity of energy generation.  

 

 

CHAPTER 4.  RESULTS  
 

The energy production in both cases is shown graphically in Figure 18. It is understood 

that there is a very little window of operation in the observation data where the wind 

speeds are higher than 4.85 m/s where there is energy production in case-2, but not in case-

1. But the energy production in case-2 is 27% higher than in case-1, implying that with an 

increase of operating windspeed by only 1 m/s, there is a significant increase in the total 

power production. As mentioned previously, we assume this as a more realistic case of the 

power curve of the turbine. 

 
 

Figure 18: Power production in both cases 
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Figures 18 shows the power production for both cases during the measurement time 

period. The AEP estimate for case-1 would surmount to approximately 0.910 kWh 

calculated by taking into consideration power production only during workdays (8 hours) 

where the traffic is constant and highly probable. With these same assumptions in case-2 

when the power curve levels out after 4.85 m/s, the estimated AEP in this case would 

approximately be equal to 1.149 kWh. The comparison of power production in both cases 

by a single turbine and the consumption of an average household in the suburb and an 

LED streetlight is given below in Table 3. 

Table 3: Comparison of energy production of turbine and consumption by household and streetlight 

Case 

Power 
produced 

for roughly 
7 mins 
(Watts) 

Estimated AEP 
for weekdays 
(8h/d*5d/w 

*52w/y) (kWh) 

Annual 
electricity 

consumption  of 
household          

(kWh) 

% of energy 
produced 

compared to 
household 

 Annual 
energy use 
for a 90W 

LED 
streetlight 

(kWh) 

% of energy 
produced 

compared to 
90W LED 

streetlight 

Case-
1 

183.78 0.91 
2844.00 

0.03 
394.20 

0.23 

Case-
2 

232.02 1.15 0.04 0.29 

 

It shows that a single turbine such as the one under consideration does not have enough 

wind energy production capacity to offset either the electricity consumption of a 

household in Malaysia or the LED streetlight. 

CHAPTER 5. DISCUSSION AND ANALYSIS 
 

There were very few measurements of wind speeds on highway medians to move forward 

with this work. Of the few that were available to use, the work of (Al-Aqel, et al., 2016) 

from which the wind speed measurements for this work was obtained, was a very apt 

source for study due to less effects of natural wind speeds on the measurement of vehicular 

induced air flow. This is because the mean annual wind speed in Malaysia at 2 meters 

height from the ground is roughly 1.8 m/s (Sung, 2013). Based on wind measurement data 

of 20 years and more, it is on the East coast of Malaysia that wind speeds are generally 
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over 3 m/s (Ibid). But since the location of our highway is near the west coast of Malaysia, 

it would be safe to assume the lower wind speeds of less than 2 m/s. In fact, this is evident 

in the measurements in Figure 15, with the lower wind speed receding slightly below 2 

m/s which denotes presence of no traffic. 

The power production estimate in this study is using a turbine of height 0.4m and an 

outer diameter of 0.4m. From the literature it was inferred that there is significant 

difference in turbulence and pressure with increasing percentage of vehicular height. 

Thus, if a turbine with larger height values was considered, there would be a higher 

pressure induced torque acting on the many blades of a cross-flow turbine and increasing 

the energy produced, from equation(2): 

Power, P = 0.5 * ρ * A * v3                                                      ………………Equation (2) 

where ρ- Air density, A- area of turbine, v- wind velocity 

 

The area in  equation(2) is the product of the height and the diameter of the cross-flow 

turbine. Given below is a sensitivity analysis showing a change in energy production with 

respect to change in aspect features of the turbine. 

 

Table 4: Multiple factor change in area with respect to change in height and diameter 

Original 

height 

(m) 

Original 

diameter 

(m) 

New height 

(m) 

New 

diameter 

(m) 

Original 

Area (m2) 
New Area (m2) 

Multiple factor 

of original 

turbine area 

0.4 0.400 

0.600 0.500 

0.160 

0.300 1.875 

0.800 0.600 0.480 3 

1.000 0.700 0.700 4.375 

1.000 0.800 0.800 5 

1.000 1.000 1.000 6.250 

 

Table 4 provides the factor increase in area with respect to the original area of the turbine 

if the aspects of the turbine are changed. With an increase in the area, the power produced 

by the turbine also changes, from equation (2). In accordance to such a factor increase, the 

power production for the time period of wind measurement (roughly 7 minutes) would 

accordingly be as shown in Table 5. The base power considered for comparison is from 

case-2. 
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Table 5: Percentage change in Power with respect to increase in area 

Multiple factor of 

original turbine 

area 

P (W) (for 7 mins) Pnew (W) 
Percentage increase 

in power (%) 

1.875 232.0237858 435.045 87.500 

3.000 232.0237858 696.071 200.000 

4.375 232.0237858 1015.104 337.500 

5.000 232.0237858 1160.119 400.000 

6.250 232.0237858 1450.149 525.000 

 

To get a clearer picture, the AEP is estimated for the turbine and compared to the average 

household again, as shown in Table 6. 

 

Table 6: AEP comparison of different areas of turbine to average household and LED streetlight 

Factor 
increase 
in area 

Power 
produced 

for 
roughly 7 

mins 
(Watts) 

Estimated 
AEP for 

weekdays 
(8h/d*5d/w 

*52w/y) 
(kWh) 

Annual 
electricity 

consumption 
of household           

(kWh) 

% of energy 
produced 
compared 

to 
household 

Annual energy 
use for a 90W 

LED 
streetlight 

(kWh) 

% of 
energy 

produced 
compared 

to 90W 
LED 

streetlight 

1.00 183.78 0.91 2844.00 0.03 394.20 0.23 

1.88 435.04 2.15 2844.00 0.08 394.20 0.55 

3.00 696.07 3.45 2844.00 0.12 394.20 0.87 

4.38 1015.10 5.03 2844.00 0.18 394.20 1.28 

5.00 1160.12 5.75 2844.00 0.20 394.20 1.46 

6.25 1450.15 7.18 2844.00 0.25 394.20 1.82 

 

From the calculations above, a turbine with the right aspect features would be able to 

produce more energy that can be at a level to be quantitatively compared to that of a 

suburban home or a streetlight. However, the turbines used here are far from this. These 

results show power production without losses associated with the turbine operation, 

electrical losses, etc.  

As we have seen from the literature review that there will be a change in turbulence and 

energy with respect to change in percentage of vehicular height, the calculations showed 

until now naturally assume that the turbine is placed at exactly 1m height from the ground 

in order to capture the wind resources in the measurements. In the following analysis, we 
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look into the difference in power production that will arise if the turbine position is moved 

within the heights of measurement here. In order to understand if it is significant, the wind 

resource profile with respect to height must be considered. Figure.19 shows the average 

value of wind speed measurements extracted from (Al-Aqel, et al., 2016) plotted at 3 

different heights of measurement, from which can be seen that there is a minimum 

difference of 0.3 m/s between the averages. 

 

 

Figure 19: Wind profile of measurements. Also shows the 3 cases of turbine positioning 

Figure 19 also shows 3 cases of turbine positions that are considered to understand the 

difference in power production with respect to height. Table 7 shows the positioning of 

the turbine with respect to the ground: 

Table 7: Change in power with respect to height 

Case 

Distance turbine is 

raised from ground 

(m) 

Average 

extrapolated wind 

speed (m/s) 

% change in: 

Wind speed Power 

Case A 0.8 3.17 - - 

Case B 1.1 3.01 -5.047318612 -14.39055134 

Case C 0.5 2.99 -5.678233438 -16.08573822 

 

From the results above, it shows that with a change of turbine position in the vertical 

direction by only 0.3 m, there is a significant change in power production that is brought 

about.  
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A case for understanding the potential of the application 

 
Table 8: 700W turbine specifications 

  

                                                                                                         

Figure 20: 700W hybrid turbine (STEP, 2016) 

 

To take another example of a turbine with greater power capacity, a 700W VAWT is 

considered from the work “Performance Evaluation of a 700 Watt Vertical Axis Wind 

Turbine” (STEP, 2016) (Figure 20). This turbine is a hybrid between a Savonius and a 

Darrius. Although the rated power and the power curve does not suit the wind speed 

measurements from the highway scenario, we use this turbine to try and understand the 

potential of this application. 

The turbine under consideration has the following power curve as given in Figure 21. The 

power curve was estimated from experimental values and a trendline was developed with 

a trendline reliability factor of 0.9614. It is important to note that although the 

manufacturer rated power is for 700W, the experimental power curve for the turbine in 

the paper showed to be far below it, with the maximum power recorded near 300W, as 

shown in figure 21. The time period chosen for the experiment at the location experiences 

the least wind speeds in the year, and because of this reason, the uncertainty for the power 

measurement at higher wind speeds is higher. Hence, we have chosen a more conservative 

trendline approximation of the experimental power curve for the calculations here (Fig 

21).  The wind speeds measured at the highway median are only just above that of cut-in 

Feature Value Unit 

Rotor diameter 1930 mm 

Height 1547 mm 

Cut-in wind speed 3 m/s 

Cut-out wind speed 15 m/s 

Rated manufacturer 
output  

700 W @ 12 m/s 

Experimentally 
measured 

maximum output 
273 W @ 12 m/s 
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wind speed (3m/s) for this turbine. Hence, the highest power calculated that could be 

delivered was roughly around 31 Watts. 

 

 

                                        Figure 21: 700W turbine power curve with trendline approximation 

This turbine power output is then compared to the previous turbine under study to 

understand the AEP of both clearly. 

 

                                     Table 9: AEP comparison with a turbine of higher capacity(700W) 

Case 

Power 
produced 

for 
roughly 7 

mins 
(Watts) 

Estimated AEP 
for weekdays 
(8h/d*5d/w 

*52w/y) (kWh) 

Annual 
electricity 

consumption 
of household            

(kWh) 

% of energy 
produced 

compared to 
household 

Annual 
energy use 
for a 90W 

LED 
streetlight 

(kWh) 

% of 
energy 

produced 
compared 

to 90W 
LED 

streetlight 

Case-2 232.02 1.15 
2844.00 

0.04 
394.20 

0.29 

Turbine 
700w 

1393.00 6.90 0.24 1.75 

 

From Table 9, it can be inferred that the AEP is 6 times higher with the 700W turbine, 

despite it being highly ineffective with the current wind speeds used. It shows that with 
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the right design for a turbine that can be used especially for highway applications, i.e. a 

turbine that can start up at extremely low wind speeds and has a power curve that performs 

well in the wind speed ranges generated by moving automobiles, power can be produced 

in a more efficient way.  

Special uses and limitations of application 

 

Through this work, we have looked at the possibility of energy conversion from vehicular 

motion induced airflow to electricity. This generated electricity could be used in several 

ways. Grid connection for this application can be uneconomical, but the energy could be 

used in so many different ways. With the right turbines, electricity could be produced to 

power streetlights, thus aiding a significant carbon offset. This seems like a more 

economical initiative as the cost of connection to the grid is greatly reduced when 

compared to shorter distances to street lights.  

In addition to this, each turbine could be used as a point of source for information. This 

can include traffic survey, temperature and humidity measurements. Through this, a good 

database could be evolved that aids in helping in navigation, weather readings of certain 

locations on ground, how the traffic and asphalt influence temperature near the surface 

and how all of these affect our day to day life. The possibilities are many. 

In contrary to the benefits, there are certain drawbacks or conditions to consider during 

this application. With each country and region in the world having different road widths, 

median width and number of lanes, it becomes important to assess the location and build 

up a solution tailored for each place. The turbine under question for use in a highway 

application would have to be wide enough to capture energy from the side-wakes of 

moving traffic in the most effective manner, at the same time does not pose a threat to the 

traffic itself. The moving parts would have to be deemed with little or no risk for this 

application and be placed equidistant from both the lanes preferably to utilize the two 

directional flow for maximum efficiency. 
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CHAPTER 6. CONCLUSIONS 
 

Initially from the literature review, an investigation into different types of VAWT designs 

has revealed that the most suited turbine designs for this application would be that of 

helical or cross-flow turbines. The cross-flow turbines have been analyzed in some works 

to have the most effective use in the highway application context due to the high number 

of blades utilizing the pressure difference along the vehicular height.  

 

From this work, it has been concluded that the energy production from the chosen VAWT 

is not enough either to fulfill the energy needs of a suburban household in Malaysia or a 

90W LED streetlight. This illustrates the greater need for innovation in this field and the 

need for design of a turbine that is apt for application in wind power harnessing from 

moving traffic. However, the design and efficiency of the wind turbine under 

consideration for use in such an application is of utmost focus. As the energy requirements 

of a growing civilization increase every day, it is important to investigate concepts of 

harnessing energy from existing and spent forces. 

There are certain aspects in this work that would have to be considered limitations due to 

its vague nature.  

Firstly, the wind measurements that have been referred from the source work (Al-Aqel, et 

al., 2016) only accounts for roughly 401 seconds, approximated as 7 minutes for 

calculations. Due to the short span of measured data, there is possible scope for errors in 

power production than those estimated here with the ambiguity as to what time of day the 

measurements were taken and what traffic flow rate it represents. However, taking this 

limitation into consideration, the energy estimation has been done only for 8 hours of 5 

weekdays, allowing for a more realistic viewpoint on the estimation.  

Secondly, the power characteristics of the wind turbine taken as reference for this work 

has been obtained by experiments in which the wind source was a fan blower at 0.2m 

distance from the turbine. The wind speeds were measured in the experiment by placing 

anemometers around the turbine in front of the sweep area of the fan blower. Hence, it 
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does not account for the bi-directional flow due to traffic and can result in varied power 

estimations compared to this work.  

Third, the wind turbine under consideration has aspects (height and diameter) that are 

lower than those preferable. It has been inferred from multiple literatures above that the 

best wind speeds due to vehicular motion could be captured if the height of the turbine is 

comparable to the height of a car, taking into consideration the difference in pressure 

difference that arises with increase in percentage of vehicular height from the ground. This 

results in better torque and moment characteristics on the cross-flow turbine blades.  

 

This work has investigated and compared the energy production from moving traffic with 

that of a suburban household consumption in Malaysia. In addition to this, an analysis has 

been performed on how the design of the turbine can affect the power, how the positioning 

of the turbine at different heights from the ground can affect the wind profile that the 

turbine experiences. Although the wind speeds experienced by the turbine at other heights 

is small, the net power production is affected on a larger scale due to its dependency on 

the cube of wind speed. Since the whole concept of harvesting wind energy from traffic 

on highway medians deals with low wind speeds, it is important to choose the optimum 

turbine for this purpose. VAWTs with very low start-up speeds and higher starting torque 

are preferred as it helps to capture maximum energy from the small range of wind speeds. 

In addition to this, the turbine design must be adequate to withstand the highly turbulent 

forces on the blades and structure due to the turbulent bi-directional flow and have an 

optimum spacing between them when installed in arrays. The conventional power curve 

would not work for a turbine tested in laboratory environment as the environment the 

device would be exposed to during functioning would be turbulent, stochastic, irregular 

and highly fluctuating depending on natural wind speeds of location of installation, size 

of vehicle that passes, speed of automobile, and of course, distance from the turbine. As a 

result, the turbine that should be designed for this application should have the ability to 

work with varying range of wind speeds and tip speed ratio, all the while being structurally 

sound to do so. 
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It is interesting to note that two recent works in Turkey and United Kingdom have started 

to build models for highway application of turbines. Project ENLIL in Turkey has 

developed a turbine that can produce 1kW per hour and is based on a Savonius design. 

Another entrepreneur on the east coast of Scotland has developed a turbine for the same 

purpose based on a helical design. Both these designs agree to the conclusions from the 

literature review.  
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