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Abstract: This paper posits that a low-speed wind turbine design is suitable for harnessing wind energy in Africa. Conventional wind turbines consisting of propeller designs are commonly used across the world. A major hurdle to utilizing wind energy in Africa is that conventional commercial wind turbines are designed to operate at wind speeds greater than those prevalent in most of the continent, especially in sub-Sahara Africa (SSA). They are heavy and expensive to purchase, install, and maintain. As a result, only a few countries in Africa have been able to include wind energy in their energy mix. In this paper, the feasibility of a novel low-speed wind turbine based on a Ferris wheel is demonstrated for low wind speed applications in Africa. The performance of Ferris wheel wind turbines (FWT) with 61 m (200 ft), 73 m (240 ft) and 104 m (341 ft) diameter rims and an 800 kW generator are evaluated for selected African cities. The research also compares the Weibull wind distribution of the African cities of interest. A comparison between the FWT and the conventional commercial wind turbines in terms of efficiency, rated wind speed, cost, performance, and power to weight is included. Results show that the FWT has the potential for economic power generation at rated wind speeds of 6.74 m/s, which are lower than the average of 12 m/s for conventional wind turbines and have lower power to weight ratios of 5.2 kW/tonne as compared to 6.0–9.2 kW/tonne for conventional wind turbines.
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Nomenclature


	A	Swept Area

	AEP	Annual energy production

	β	Blade pitch angle

	CO2	Carbon dioxide

	Cp	Coefficient of performance

	CWT	Conventional wind turbine

	FWT	Ferris wheel wind turbine

	GWh	Gigawatt hours

	HAWT	Horizontal axis wind turbine

	λ	Blade tip speed ratio

	kW	Kilowatt

	MW	Megawatt

	m/s	Meter per second

	P	Wind Power

	Pavail	Power available

	π	pi (3.141592653…)

	R	Radius

	RPM	Revolutions per minute

	ρ	Air density

	SSA	Sub Saharan Africa

	VAWT	Vertical axis wind turbine

	V	Wind speed



1  Introduction

In recent years, renewable energy has proven to be a sustainable way to generate electricity due to its numerous advantages-it is cheaper, safer, cleaner, healthier, and more sustainable than fossils fuels. Thus, it mitigates the consequences of fossil fuels-global warming, air pollution, acid emissions, and health risks [1,2]. Furthermore, the energy needs of developing nations such as those in Africa are increasing rapidly [3,4]. Modern wind farming does not cause the ecological degradation associated with fossil fuels [5]. The worldwide potential for wind–power generation is colossal. It is viewed by many researchers as the most encouraging renewable energy source for the future [6].

Wind power has seen increased development during the previous decade. It has become a favored energy choice for companies and national governments, which are looking to enhance energy assets, reduce CO2 discharges, and create new businesses and jobs [5,7]. Wind energy offsets the use of non-renewable energy sources, reducing gas emissions from 330 to 590 tons of CO2 for each GWh [8]. It is turning into the world's fastest developing renewable energy source because of the advancement of models of sustainable power sources, the security of energy supply, fuel variety concerns, environmental awareness, and monetary reasons. Its universal adoption as a clean energy source is demonstrated by an increase in total installed capacity [9]. It is a fuel-free energy source that produces power close to load centres thereby reducing losses in transmission lines [10].

Globally, sites with high wind speeds are fewer than sites with lower wind speeds [11], as is common in South Asia and sub-Saharan Africa. Low wind speeds regions are classified as areas with an average wind speeds below 6 m/s measured at 80 m above ground level or 120 m above sea level [12,13]. Most large commercial, conventional wind turbines have cut-in speeds between 3 and 5 m/s–the speed at which they start to generate electricity, cut-out speeds of 25 m/s, which are their maximum operating speeds, and rated output speeds of approximately 15 m/s [14]. Therefore, large wind turbines are installed in areas with high wind speeds while in low wind speed regions, small wind turbines are typical [15,16]. Rather than simply exclude wind power from the potential energy scenario for these regions, there has been emphasis on the design of small wind turbine especially for low wind speed regions [17].

Much of the previous research on harnessing wind energy at lower wind speeds has focused on improving the efficiency of wind turbines by optimizing blade geometry and aerodynamic characteristics [18]. Kidane et al. [19] designed and analysed a 5 kW wind turbine using aerodynamic variables. Murshed, Arafat, and Razzak focused on the analysis of air foils and design of the blades for a 250 W low-speed horizontal axis wind turbine in Bangladesh [20]. Chen et al. [21] optimized the design of low-speed wind turbine blades with a rated power of 600 kW and an average wind speed of 4.3 m/s using aerodynamic characteristics.

Other research works centred on optimizing starting characteristics to overcome inertia. Low wind speeds have high inflow turbulence; therefore, if energy from low-speed wind is to be captured, the system should have excellent starting performance [12]. Kekezoğlu, et al. [22] designed a prototype wind turbine with a cut-in speed of 4 m/s but a lower rated wind speed of 7 m/s. The wind turbine had a modular structure and can be optimized for different conditions and wind sites but was heavier than commercial wind turbines. Other researchers employed software to design small commercial wind turbines. For example, Khan et al. [15] simulated wind turbines of less than 5 m diameter at wind speed ranges of 2 to 5 m/s to optimize their starting behavior at high angles of attack and low Reynolds numbers. They modelled their wind turbines using Pro/E based on optimized designs generated by MATLAB codes. To improve their starting behaviour, they were simulated in ADAMS. Lower cut-in speed wind turbines enable sites with lower wind speeds areas to capture wind energy for power generation [14]. Suresh et al. [23] designed and analysed 2 kW small horizontal axis wind turbine for use in low Reynolds number applications. The aerodynamic analysis of the airfoils was performed using QBlade software.

Lower power commercial wind turbines are designed to operate at relatively high wind speeds, typically between 10 to 15 m/s. As a result, at lower wind speeds, these wind turbines produce insignificant power [24]. As an alternative to small wind turbines, recent research has focused on the design of commercial wind turbines (Fig. 1a) for low wind speeds. The National Renewable Energy Laboratory (NREL) performed a study on the GE 1.5 MW series and indicated significant power gain in the low wind speed regions of Minnesota, USA. These turbines were designed to have low cut-in, rated and cut-out wind speeds. The increase in power production was found to be more pronounced at larger rotor diameters [18]. One can see that there is a great potential for energy harvesting at low wind speeds with significant potential improvements in energy conversion efficiency, yet innovative and fundamental redesign of wind turbines is required in order to improve power extraction [17].
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Figure 1: (a) Conventional three blade wind turbine [27] (b): Ferris wheel wind turbine [28]

One such innovative wind turbine–the Ferris wheel wind turbine (FWT)–is presented in this study. The Ferris wheel technology of new turbines (Fig. 1b), as commercialized by Barber Wind Turbines (BWT), addresses the challenges associated with conventional wind turbines and poses to be an improved technology for Africa especially because of its ability to generate power at lower-rated wind speeds. A Ferris wheel is an amusement ride comprising a rotating upright wheel with different traveller-conveying segments connected to the rim so that as the wheel turns, which are kept upright more often than not by gravity [25]. FWTs are a new technology for harnessing wind and hydroelectric power on an industrial scale but have the promise to be the future of wind energy [26]. FWTs are designed based on the principle of the Ferris wheel and are a type of HAWT. The FWT uses direct drive permanent magnet electrical generators.

The FWT functions just like a Ferris wheel, with the blades orbiting in an epicyclic path around the central shaft. There are many advantages to the BWT design; for example, its blades are self-pitching and self-twisting. As the wind passes over a BWT design, its novel air-foil blades are designed to automatically change pitch to maintain an optimal angle of attack to the wind [29]. In addition, it generates less sound, is safer for birds and bats, and can be constructed using locally available materials [28].

Feasibility studies have been carried out to evaluate wind turbines in potential sites and to examine their competitiveness against other existing commercial wind turbines. Al-Addous et al. [30] proposed a 100 MW wind farm in Jordan. They performed a feasibility assessment with Vestas V90 2.0 MW wind turbine. Chaurasiya et al. [31] studied the estimation of wind resource potential and wind turbine characteristics at higher hub height using wind distributions. Offshore wind feasibility study was done in India by Alluri et al. [32]. They studied wind resource to identify potential sites, selection of suitable wind turbines capacity, and arriving at feasible incentives to promote offshore wind Hulio et al. [33] studied the wind power potential of Nooriabad by using wind measurements over a period of one year. They assessed the wind power potential at the measurement site with four wind turbines and presented the most suitable wind turbine The wind resource of northern coastal region of Semarang-Indonesia was analyzed by Premono et al. [34]. They evaluated the performance of a selected commercial wind turbine for electricity generation.

Thus far, research on the feasibility of wind turbine sites has concentrated on horizontal axis wind turbines using Weibull, gamma and Rayleigh wind speed distributions. In this study, we demonstrate the appropriateness of a novel wind turbine based on the Ferris wheel wind turbine technology (FWT) for the conditions prevalent in many regions of Africa especially SSA. The appropriateness of the FWT is determined by assessing the wind resources of select countries and cities using their Weibull wind distribution. This paper proposes that FWT technology can help to harness the huge, untapped wind energy potentials in Africa efficiently and economically. In doing so, it may reduce existing energy difficulties in Africa and boost its economy by increasing electricity availability and accessibility.

2  Methodology

2.1 Methodology Overview

The methodology overview (Fig. 2) is as follows:

i.   Mathematical Modelling: The equations for the power output, maximum coefficient of performance and swept area of wind turbines are presented.

ii.   Geometry: The geometry and the technical specifications of the FWT are discussed. Using the turbine geometry and equations, the rated wind speed of the FWT designs is calculated.

iii.   Data Collection: The Weibull distribution wind data for the specific locations to evaluate the FWTs are collected and presented.

iv.   Evaluation of the FWT designs: Using the mathematical model, wind turbine geometry and technical specifications, and the wind data, the FWT designs are evaluated in the selected African cities.

v.   Comparison between FWT and Conventional Wind Turbines (CWT): FWT and conventional wind turbines are compared terms of performance, cost and power to weight ratio and their coupled effects.

vi.   Conclusion: The research findings are presented.
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Figure 2: Research methodological framework

2.2 Mathematical Modeling

When designing a wind turbine, it is important to know the expected power output of the wind turbine so that one can determine its economic viability. The power contained in a wind flow [35] is shown in Eq. (1):

P=12ρAV3(1)

where ρ is the air density, which normally ranges from 1.22 to 1.3 kg/m3, A is the area swept by the turbine blades (m2), and V is the wind speed (m/s). The Betz limit given by Eq. (2), also known as the power coefficient, places a limit on the performance (efficiency) of a wind turbine [36,37]:

Cpmax=0.59(2)

Recent research suggests that the Betz limit does not apply to VAWTs [38–40], but because the FWT is a HAWT, it does apply to the work reported in this paper. The Cp value is unique to each turbine type and is a function of wind speed. Once the various engineering requirements of a wind turbine, such as strength and durability, are incorporated, then the real-world limit is less the Betz Limit. Hence, the power coefficient needs to be factored into Eq. (1) resulting in the extractable power from the wind as given by Eq. (3) [41]:

Pavailable=12ρAV3Cp(3)

The swept area of the turbine can be calculated from the length of the turbine blades by using Eq. (4) [41]:

A=πR2(4)

where the radius (R) is equal to the blade length (l).

For conventional wind turbines, the power available is calculated by Eq. (5) [41]:

Pavail=0.5ρACp(λ,β)V3(5)

where Cp (λ, β) is the power coefficient which depends on two factors: β, the blade pitch angle and the tip speed ratio, λ. Cp (λ, β) takes into account additional factors in a conventional wind turbine system, e.g., the gearbox, bearings, generator, etc.; in reality, a maximum of 45% of the wind power is converted into usable electricity [42]. As the FWT has no gearbox, nacelle, pitch system, mechanical brakes, and shafts, these losses are greatly reduced. Also, its Cp is higher than those for conventional wind turbines. Third-party testing of the FWT 203 mm wide, 1.524 m long blade resulted in power coefficients (Cp) approaching 50%. This means that the power production performance using the FWT air-foil blade is greater than other blade designs [29].

To assess and compare the wind resource in the specific countries and cities of interest, this research adopts a two-parameter Weibull distribution function, as is typical in the field. The probability density function is given by Eq. (6) [34]:

f(v)=kc(vc)k−1exp[−(vc)k](6)

where v is the wind speed, k is the shape parameter (dimensionless), and c is the scale parameter (m/s). The two parameters, k and c, can be obtained by Eqs. (7) and (8), respectively [34]:

k=(σvVm)−1.9090(7)

c=Vm×k2.66740.184+0.186k2.73855(8)

where σv is the standard deviation and Vm is the mean wind speed in m/s.

2.3 Design Calculations

This research uses the BWT as a basis for the design of a low-speed, Ferris wheel-based wind turbine. Table 1 presents the geometry of the FWT used to explore the wind turbine design space and the wind speeds required by the Barber Wind Turbines to generate their rated power calculated using Eq. (3). The service life of the FWT is 20 years.
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The 61 m (200 ft) rim diameter FWT represents the prototype manufactured by the Barber Wind Turbines. The predicted power curves for the three possible designs of the FWT studied here are shown in Fig. 3 [42]: the 800 kW wind turbine with a 61 m (200 ft) rim, the 800 kW wind turbine with a 73 m (240 ft) rim and the 800 kW wind turbine with a 104 (341 ft) rim along with their respective rated wind speeds at which power is generated.
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Figure 3: Predicted power curves for different diameter rims

From the preliminary wind tunnel test reported above, there is one performance data point. Currently, there are no data for additional wind speeds, turbine RPM, or Cp. This will become available in the future after the first full-scale turbine, which is under construction, is commissioned. As the FWT is a horizontal wind turbine, it is expected that it will have operational characteristics like those reported in the literature for HAWTs. Therefore, the predicted power curves of the BWT designs were modelled based on that similarity [42]. It is understood that the Cp will not be constant over the varying wind speeds in operation, but the Cp value of 50% is the only firm data point available. So, under that assumption and until data from actual BWTs operation are available, we will calculate the power curve and the other techno-economic results based upon that power point and a constant Cp of 50%.

3  Case Study

The African landmass is blessed with renewable energy resources that address existing energy deficiencies (Table 2). The largest number of the top 30 nations in terms of renewable energy potential are situated in Africa. The continent has enough renewable energy resource potential to meet its foreseeable energy needs. Eighteen of the top 35 developing nations classified as “most endowed in renewable energy resource (Solar, Wind, Hydro, Geothermal)” by World Bank region, as measured by years of domestic energy consumption, are also situated in Africa. Furthermore, no fewer than eight African nations are among the developing world's most endowed with wind energy potential [43].
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Even though the African continent has huge wind energy resources, a large fraction is marginal, especially for countries between the tropics of Cancer and Capricorn. Wind resources vary across the African continent. Areas with higher wind speeds are fewer than areas with fair and marginal wind speeds [45]. Fig. 4 shows the wind speed distribution across the African continent. Dark red zones signify areas with the highest wind resource, followed by the red zones, the orange zones, the yellow zones, the green zones, the blue zones and zones with least wind resource are represented light blue color. Considering the wind resource across the continent, higher wind resources are available in Northern and Southern Africa, the horn of Africa and along the coastal areas. The smallest wind resources are seen in Central Africa.
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Figure 4: Wind speed distribution of the African Continent [46]

The major drawback to utilizing wind energy in Africa is that conventional wind turbines need higher wind speeds than are available in much of the continent to generate electricity, especially in sub-Sahara Africa. Most large commercial, conventional wind turbines have cut-in speeds between 3.5 and 5 m/s, the point that they start to generate electricity, cut-out speeds of 25 m/s, which are their maximum operating speeds, and rated output speeds of approximately 15 m/s as shown in Table 3. However, many African countries do not have annual mean wind speeds equal to the typical rated output speeds of these wind turbines. Most African countries, especially in SSA, have annual mean wind speeds of between 4 to 10 m/s. For example, Equatorial Guinea and Rwanda have annual mean wind speeds of 3.68 and 4.68 m/s, respectively, which are smaller than the cut-in speed of larger, conventional wind turbines. This restricts the development of wind power in Africa for electricity generation in such low wind-speed regions from using conventional wind turbines. Table 3 lists the technical specifications of some commonly used wind turbines.
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Even though there is potential for harnessing wind energy at low wind speeds, innovative technology like the FWT that are designed to operate at low wind speeds would help to achieve this.

4  Results and Discussion

4.1 Wind Resource Assessment

Several countries are chosen to assess the wind resource of the African continent based on their annual mean wind speeds, and their geographical location in Africa. In each country, a city with an annual mean wind speed close to the country's annual mean wind speed and a large population is chosen (appendix). The countries and cities chosen represent the wind speed dominance available across the continent. The Weibull wind distribution of the specific cities in 12 directions are obtained from the Global Wind Atlas [46] at a height of 100 m above the ground, which represents the hub height studied.

The obtained wind Weibull distribution of the selected African cities in the chosen countries are analysed using Eq. (6). Results are presented in Fig. 5 and the appendix. Fig. 5 allows one to compare the wind Weibull distribution of the selected cities. The results show that the average ‘c’ of all the cities varies from 3.54 m/s in Evinayong (Equatorial Guinea) to 9.78 m/s in Nouakchott (Mauritania). The dimensionless k–parameter varies from 2.97 in Nouakchott (Mauritania) to 1.61 in Gandajika (Democratic Republic of Congo). Most of the cities have most of their wind speed distributions less than 5 m/s, except for Nouakchott (Mauritania).
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Figure 5: Weibull wind distribution of the African cities of interest

4.2 Evaluation of the Three FWT Designs

Considering the annual mean wind speed across the different cities in Africa shown in the appendix and the rated wind speed results shown in Table 1, the BWT 800 kW with a 61 m (200 ft) rim wind turbine may not be a suitable design for Africa because it requires a rated wind speed of 9.62 m/s to produce 800 kW. Only Alaili Dadda (Djibouti), Am Djarass (Chad) and Brava (Cape Verde), with an annual mean wind speeds of 10.8 m/s, 10.4 m/s and 9.86 m/s [45], can accommodate this design. The 800 kW with a 168 m (534 ft) would not be appropriate even though it has lower rated wind speed because increasing the length of the blades would increase the weight and the capital cost of the BWT, resulting in the need for greater structural support. Increased weight might pose a challenge for transportation to the site. The most appropriate would be the 800 kW wind turbine with a 104 m (341 ft) rim because these designs can produce the needed power output, 800 kW, at lower wind speeds of 6.74 m/s, respectively, which encompasses several annual mean wind speeds of the different countries in Africa. The annual mean wind speed data for the different cities of interest in Africa (3.69 m/s to 10.84 m/s) are presented on the predicted power curve for an 800 kW wind turbine with a 104 m (341 ft) rim (Fig. 6).
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Figure 6: Predicted power curve for different African countries using their annual mean wind speeds with 800 kW with a 104 m (341 foot) rim [46]

Using the Weibull wind distribution of the cities of interest, and the power curves of three feasible BWT designs, namely the base model –61 m (200 ft) on 800 kW, 73 m (240 ft) on 800 kW and the 104 m (341 ft) on 800 kW, the annual energy production (AEP) of the cities of interest were estimated. Results are presented in the appendix. The highest AEP is seen on the 104 m (341 ft) on 800 kW, followed by the 73 m (240 ft) on 800 kW and the lowest is observed on the 61 m (200 ft) on 800 kW as shown in the appendix. The AEP ranges from 1.35 GWh on 61 m (200 ft) on 800 kW in Evinayong (Equatorial Guinea) to 10.56 GWh on 104 m (341 ft) on 800 kW in Nouakchott (Mauritania). Nouakchott (Mauritania) has the highest AEP while Evinayong (Equatorial Guinea) has the lowest AEP on all the BWT designs among all the sites of interest. The AEP of the four BWTs in the selected sites increases with the increased swept area of the wind turbines. The 800 kW wind turbine on a 104 m (341 ft) rim requires a rated wind speed of 6.74 m/s, larger swept area and has the highest annual energy production in all the cities studied. The 800 kW wind turbine on a 104 m (341 ft) is a more feasible and optimal design as it accommodates more countries than the other BWT designs.

4.3 Comparison between Conventional and Ferris-Wheel Wind Turbines

To assess the feasibility and the competitiveness of the BWT 800 kW with a 104 m (341 ft) rim in the African continent, especially SSA, a comparison is made with conventional horizontal axis wind turbines. The parameters considered in this comparison are performance, cost, and power to weight ratio.

4.3.1 Performance Comparison

The technical specifications of some common conventional industrial wind turbines from various manufacturers around the world including FWT, their rated wind speed, power output, model, manufacturer, cut-in speed, and cut-out speed are presented in Table 4. It is not possible to obtain their rated wind speeds in Africa, especially in SSA.
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The predicted power curves for the selected wind turbines are plotted and contrasted to the FWT 800 kW in Fig. 7. The technical specifications are presented in Table 4. These wind turbines include Enercon E-48 800 kW, GE 900 kW, Vestas V52 850 kW, Nordex N50 800 kW, Gamesa G52 850 kW and BWT 800 kW.
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Figure 7: Predicted power curve for selected wind turbines [48,51–55]

Most conventional wind turbines require cut-in speeds of 3 m/s to 5 m/s to start producing electricity [14]; many countries in the African continent, for example, Rwanda, do not have annual mean wind speeds approaching 5 m/s. The FWT has a cut-in speed of 1.79 m/s (personal communication J. Barber, 2017), thereby making it suitable for low wind speed applications in Africa. Fig. 7 also shows the cut-in speeds for the selected conventional wind turbines and the FWT. The rated wind speeds at which they produce the rated power output are also shown; conventional wind turbines require higher wind speeds of 12 m/s and above to produce the rated power whereas the FWT requires a wind speed of 6.74 m/s to produce the rated power. Consequently, the FWT appears more suitable for Africa the current commercial machines because of the FWT's ability to operate at low wind speeds.

4.3.2 Cost Analysis

A comparison of the capital, transportation, installation, and maintenance costs of the conventional and FWT is presented in Table 5. As FWTs are designed based on Ferris wheel technology and have no gearbox or nacelle, which constitute the larger proportion of conventional wind turbine capital and maintenance costs, FWTs are cheaper than conventional wind turbines. The integrated lifting system of a FWT eliminates the need for cranes and specialized labour, which is a large part of the installation cost of conventional wind turbines. From Table 5, one can observe that the capital, transportation, installation, and maintenance costs for the conventional wind turbines are greater than for the FWT. For the African continent, conventional wind turbines may be too expensive to maintain; as a result, the FWT is likely to be suitable for the African continent because it more economically generates electricity.
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4.3.3 Power to Weight Ratio Comparison

The weights of the conventional and FWT wind turbines are presented in Table 6, which include the nacelle, blade assembly, and tower. The FWT is significantly lower in weight because it has no nacelle, gearbox, or shaft, which makes it easier to transport. The wind turbines’ power to weight ratios are also compared. FWT has the lowest kW/ton ratio, 5.19 kW/ton. As the power output of the wind turbine largely depends on the swept area of blades, the power output of the FWT can be increased or reduced by either increasing or reducing the swept area of the blades while keeping the other factors constant.
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4.3.4 Coupled Effects of Performance, Cost, Power to Weight Ratio Comparison

Considering the lower cut-in speed of 1.79 m/s of the FWTs as compared to 3.5 to 4 m/s for the CWTs, and lower rated wind speed of 6.74 to 8.5 m/s of the FWTs as compared to 12 to 15 m/s of the CWTs, FWTs are more suitable for harnessing of wind energy in SSA because they generate more power at lower wind speeds. Also, since BWTs have no gearbox or nacelle, which constitutes the larger part of the conventional wind turbine capital and maintenance costs, and integrated lifting system which eliminates a major part of the installation cost of the conventional wind turbines, the BWT tends to be less expensive to maintain and acquire than the conventional wind turbines. As discussed in Section 4.3, a BWT is lighter than other conventional wind turbines, and could deliver energy at a lower weight. Furthermore, as the power coefficients (Cp) of the BWTs approach 50%, they can achieve a Cp close to the Betz limit. In conclusion, the BWT is more suitable for low-speed regions of wind energy potential such as SSA. Exploration and harnessing of wind energy in SSA could enhance the contribution of wind energy in the continent's energy mix.

5  Conclusion

A novel Ferris wheel type wind turbine (FWT), as commercialized by Barber Wind Turbine, has potential to generate power at lower wind speeds and cost than conventional wind turbines. Lower cut-in speed, lower rated wind speeds, lower cost, higher efficiency, better performance, lower power to weight ratio are a few of the advantages of the FWT. With this technology, it may be possible to harness wind energy economically in much of Africa, especially in SSA, which has lower wind speeds. Countries with lower wind speeds now have hope to harness wind energy economically. This may be a major step in solving Africa's energy challenge in both on-grid and off-grid applications, resulting in energy availability, accessibility, and affordability, especially in rural Africa, and providing solutions for the energy problems facing the continent.
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Table 1: Calculated power output for different diameter rims (Personal Communication—Jerry Barber,
2018)

Rim diameter  Coefficient  Air density p Blade length Swept area A Rated wind  Power

of power C, (kg/m’) () = radius  (m?) speed V output
(70) (R) (m) (m/s) (kW)
61 m (200 ft) 50 1.23 30.5 2922 9.62 800
73 m (240 ft) 50 1.23 36.6 4208 8.50 800
73 m (240 ft) 50 1.23 73.2 4208 10.73 1600
104m (341 ft) 50 1.23 52.0 8495 6.74 800

168m (534 ft) 50 1.23 81.4 20813 5.00 800
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Table 3: Technical specifications of some common industrial wind turbines [47]

Model Capacity Blade length Area swept RPMrange Maxblade  Rated
(MW) (m) by blades tip speed wind
(m?) (m/s) speed
(m/s)
GE 1.5s 1.5 32.3 3904 11.1-22.2 82 12
Vestas V82 1.65 41 5281 14.4 62 13
Vestas VOO 3.0 45 6362 9-19 89 15
Gamesa G87 2.0 43.5 5945 9-19 87 13.5
Siemens 2.3 46.5 6793 6-16 76 13-14
Goldwind 2.5 45-54.5 6363-9331 7-16 78 10.3-12
Bonus 2.0 38 4536 11-17 68 15
(siemens)
Suzlon S64  1.25 32 3217 13.9-20.8 70 12
Enercon 7.6 63.5 12668 5-11 78 16.5
E-126
Mitsubishi 2.4 47.5 7088 9.0-16.9 84 12.5

MWT95
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Table 6: Weight to power ratio comparison between some conventional wind turbines and barber wind
turbines [51,56] (Personal Communication—Jerry Barber, 2018)

Manufacturer Model Nacelle weight  Blade assembly  Tower weight Total weight Power to
(tonnes) weight (tonnes) (tonnes) (tonnes) weight ratio
(kW/tonne)
General electric 1.5 MW 56 36 71 164 9.2
Vestas V90 (3 MW) 75 40 152 267 11.2
Gamesa G87 (2 MW) 72 42 220 334 6.0
Enercon 1 MW 40.5 18.5 88.8 147.8 6.8

BWT 800 KW No nacelle Not available Not available 154 5.2
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Table 4: Technical specifications of some conventional wind turbines and barber wind turbine source:
Idaho National Laboratory [48], Barber Wind Turbines [49], Etcgreen [50]

Manufacturer  Model Power output  Cut-in speed Rated wind Cut-out
(kW) (m/s) speed (m/s) speed (m/s)

Enercon E-48 800 3.0 12.0 25.0

GE 900kw Series 900 4.0 11.6 25.0

BWT B800 800 1.8 6.74 25.0

Vestas V52 850 3.6 14.0 25.0

Nordex N50 800 4.0 13.0 25.0

Gamesa G52 850 4.0 12.0 25.0
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Countries Wind speed (m/s) Cities Wind speed (m/s) Annual energy
produced (GWh)

C Lk 200ft 240 ft 341 ft

Djibouti 10.21 Alaili Dadda 10.84 8.79 2.75 6.57 7.47 9.02
Chad 10.26 Am Djarass  10.39 8.62 2.29 5.89 6.83 8.56
Somalia 9.01 Garoowe 9.02 7.92 2.28 5.03 5.73 7.01
Cape Verde 9.98 Brava 9.86 5.16 1.70 2.69 3.40 4.93
Mauritania 9.54 Nouakchott  9.59 9.78 2.97 7.46 8.65 10.56
Algeria 8.71 Bechar 8.65 8.92 1.88 6.22 7.19 8.89
Madagascar 8.21 Arivonimamo 8.39 7.59 2.13 452 5.36 7.09
South Africa 7.73 Cape Town  7.50 7.51 1.80 4.79 5.63 7.23
Namibia 7.41 Oranjemund 7.48 7.00 1.63 4.34 5.17 6.77
Botswana 6.85 kanye 6.18 8.17 1.92 6.57 7.47 9.02
Nigeria 6.79 Ikare 6.58 6.43 2.02 4.14 4.99 6.60
Zambia 6.42 Kafue 5.55 5.10 1.94 2.81 3.51 4.92
DR Congo 4.77 Gandajika  4.28 5.71 1.61 3.14 3.93 5.61
Rwanda 4.68 Gikongoro  4.48 4.51 1.97 1.81 245 4.04

Equatorial Guinea 3.69 Evinayong 3.42 3.54 1.69 1.35 1.79 2.82
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Table 2: Total renewable energy by world bank region (Number of countries in each region) [44]

Number of developing nations in each region

Region Total renewable Solar Wind Hydro  Geo-thermal
energy

Africa 18 24 8 11 9

East Asia/Pacific 4 5 3 6 4
Europe/Central Asia 3 0 6 5 14

Latin America/Caribbean 7 5 8 9 3

Middle East 1 0 1 0 0

South Asia 0 0 1 1 0

All World Bank Regions* 33 34 27 32 30

Note: *There are 188 countries in this list, from a total of 193 per World Almanac Statistics 2012.
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Table 5: Cost comparison between conventional wind turbines and ferris-wheel wind turbines as
produced by barber wind turbines [49]

Cost

Conventional wind turbines

Ferris wheel wind turbines

Capital cost

Transportation cost

Installation cost

Maintenance cost

Highest fraction of cost.

Requires specialized
transportation and multiple
permits due to the monolithic
nature and the size of their
blades and towers.

Requires larger crawler cranes
renting at over $100,000 a day
in some locations and
specialized labour to install.
Gearbox requires heavy
specialized maintenance to

maintain the massive generator,
hot oil, and cooling fans housed

inside its nacelle; must be
refurbished or replaced every
3-5 years at a cost of up to
$300k; and one of the main
components driving up
insurance costs due to fires
inside the nacelle.

Lower capital cost as
compared to conventional
device because there are no
gearbox, nacelle, or pitch
system.

Transported in standard
40-foot containers
anywhere in the world.

Integrated lifting system
eliminates the need for
cranes and specialized
labour.

No gearbox.
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