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Abstract: Renewable energy is one of the essential elements of the social and economic development in any civilized country. The use of fossil fuels and the non-renewable form of energy has many adverse effects on the most of ecosystems. Given the high potential of renewable energy sources in Yemen and the absence of similar studies in the region, this study aimed to examine the wind energy potential of Hodeidah-Yemen Republic by analyzing wind characteristics and assessment, determining the available power density, and calculate the wind energy extracted at different heights. The average wind speed of Hodeidah was obtained only for the data currently available for the five years 2005–2009 (due to the current economic and the political situation in Yemen). The results show that the average wind speed in the five years is (25.2 W/m2 at 10 m, 93.9 W/m2 at 30 m, and 173.5 W/m2 at 50 m). The average yearly wind power density (25.2 W/m2 at 10 m, 93.9 W/m2 at 30 m and 173.5 W/m2 at 50m), and the average yearly energy density (220.8 KWh/m2/year at 10 m, 822.6 KWh/m2/year at 30 m and 1519.9 KWh/m2/year at 50 m). This research is a preliminary assessment of the potential of wind energy in Hodeidah, which provides useful information for developing wind energy and an efficient wind approach. According to the International Wind Energy Rating criteria, the region of Hodeidah falls under ‘Class 2’ and is classified as ‘Marginal’ for most of the year.
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1  Introduction

The increase in population and rate of industrialization has led to a rise in energy demand. Fossil fuels cannot meet this demand because they negatively affect the environment and ecosystem, causing a significant increase in pollution. In other words, the energy industry and the environment are in significant crises today. Today in modern societies, energy is the most important indicator of economic growth and many countries worldwide are taking steps toward achieving a renewable energy model to solve this crisis [1,2]. Renewable energy sources such as solar, thermal, geothermal, bioenergy, hydropower, and ocean have gained popularity all over the world due to their distinct characteristics. Simultaneously, the increasing use of fossil fuels and the resulting environmental pollution has motivated researchers to find other sustainable, clean, efficient, and economical energy sources. Wind power systems are known to operate on a wind speed system. In 2800 BC, wind energy was used to pump water and generate power in rural areas. Wind energy is used today as an alternative source of energy [3,4].

As seen in literature [5–9] and in various places around the world, great emphasis has been placed on the Weibull function because it is suitable for wind speed data analysis. It is also useful for distributing large statistical data and is presented as a continuous distribution for further analysis. Some literature [10–18] are related to renewable energy in the Republic of Yemen, despite the scarcity of that literature due to a similar study for this region. Geographically, Yemen is located between latitude 13 north and 16 norths and longitude 43.2–53.2 in southwestern Asia. The Red Sea surrounds it from the west and the Indian Ocean (Arabian Sea) from the south. The total area of Yemen is 527.970 km2, and as of 2016, the population was about 26,687,000 people. Yemen has a high potential for renewable energy sources such as solar, wind, and geothermal energy [19].

In 2009, the Yemeni government approved the National Renewable Energy and Efficiency Strategy, which aims to increase 15% of energy efficiency (EE) in the energy sector by 2025, and target renewable energy (RE) capacity (Geothermal energy 160 megawatts, concentrated solar power 100 megawatts, solid biomass 6 megawatts, solar photovoltaic system 8.25, and wind power 400 megawatts) of total electricity by 2025. The Yemeni energy sector consists of oil, natural gas, and biofuel production. Energy production in 2012 was “15.109 kilotons of oil equivalent (ktoe), while consumption was 6,923 kilotons” [20].

Solar irradiance ranges between 5.2–6.8 kWh/m2/day, and the average annual sunshine is between 7.3 and 9.1 h/day, even in winter. The average daily solar hours are between 8 and 16 h per day [21]. Yemen is considered one of the countries that possess large coastal areas, with a coastal area of 2,500 km and a width of 30 to 60 km. It also owns several islands, most notably Socotra Island and other marine areas. The report of the Ministry of Planning and International Cooperation, Economic Studies, and Forecasts for the Oil Sector on May 14, 2016 stated that oil and gas revenues were the primary resources for the state budget and it contributed about 53.6% of the total public revenues between 2010 and 2014. Also, oil and gas revenues declined by about 77.1% in 2015 due to the repercussions of war, conflict, and low global oil prices [22].

This study investigates the potential of wind energy in Socotra Island by analyzing and evaluating the wind characteristics, determining the available energy density, and calculating the wind energy extracted at different altitudes (10, 30, 50 m). This study also discussed one of the methods of selecting the suitable wind turbine for the studied site, which is the calculation of the capacity factor. The current study provides useful information for government departments concerned with developing wind energy in Yemen.

The rest of the paper has five more sections. Section 2 provides the background. Section 3 provides the proposed system model. Section 4 provides the calculation methodology of the proposed system model. Section 5 presents the simulation, results and discussion, and Section 6 offers conclusions.

2  Background

This section provides a brief concise background on renewable energy, the reality, and the statement of the energy and power system problem in the Republic of Yemen.

Yemen has a very good potential for using renewable energy. Still, the problem is the state of the energy sector in Yemen because it relies heavily on conventional energy (fossil fuels, petroleum, and its derivatives). We will note that one of the practical solutions and alternative sources of electricity and the economy in the country is the use of renewable energy [23].

2.1 Renewable Energy in Yemen

Weaknesses and Strengths of Renewable energy in Yemen in Tab. 1 [24] and the renewable energy capabilities in Yemen in Tab. 2 [20].
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In 2009, the Government of Yemen approved the national strategy for RE and energy efficiency, aiming to increase 15% of energy efficiency (EE) in the power sector by 2025 [20]. The targeted capacity of RE in total electricity (in MW) by 2025 is shown in Fig. 1.

[image: images]

Figure 1: Targeted capacity of RE in total electricity (in MW) by 2025. (Geothermal 160 MW, Concentrated Solar Power (CSP) 100 MW, Solid Biomass 6 MW, Solar PV 8.25, Wind 400 MW)

2.2 Energy and Power System in Yemen

The Yemeni energy sector consists of oil, natural gas, and biofuels. Energy production in 2012 was «15,109 kiloton of oil equivalent (ktoe) while the consumption was 6,923 ktoe» [20].

3  System Model

The main components of the proposed system model are shown in Fig. 2, assuming that the assessment analysis of the wind speed data, average wind parameters and standard deviation for five years (2005–2009) by determining the parameters of the distribution functions.
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Figure 2: Flowchart of the proposed system model

Statistical analysis of wind velocity data and average wind parameters of the two commonly used functions are also provided to fit the probability distribution of wind velocity measured at a given location over a given period in this section. The functions are the Weibull and Rayleigh distributions. In this section, the capacity factors of a few famous wind turbines are also calculated based on Weibull parameters and the speed characteristics of each of these turbines. The second section analyzes wind energy evaluation and finds the wind speed extrapolation, wind power density, and energy density for three heights (10, 30, and 50 m).

4  Basic Calculations of the Proposed System Model

4.1 Frequency Distribution of Wind Speed

The main aspects of literature regarding wind are on wind speed density and functional variations, and they have a wide range of known applications. Some of the functions commonly used to distribute the probability of measured wind velocity at a given location over a given time are the Weibull and Rayleigh distributions. The probability density function for the Weibull distribution is given by Eq. (1) below [23].

f(v)=(kc)(vc)k−1exp[−(vc)k](k>0,v>0,c>1)(1)


where f(v) is the probability of observing wind speed; v and k are the dimensionless Weibull shape parameter (k helps in finding how frequently wind speeds are close to some measured speed); c is the Weibull scale parameter with a unit equal to the wind speed unit (k and c characterize the wind potential of the sites under study). The corresponding cumulative probability function of the Weibull distribution is given by Eq. (2).

F(v)=1−exp[−(vc)k](2)


The Rayleigh distribution is a special case of the Weibull distribution in which the shape parameter k takes the value 2.0. From Eq. (1) the probability density function for the Rayleigh distribution can be simplified as shown in Eq. (3).

f(v)=2vc2exp[−(vc)k](3)


The two parameters of the Weibull distribution are probability functions, k and c, which can be related to the mean wind speed Vm and standard deviation σ as shown in Eqs. (4) and (5) below [23].

k=(σv)−1.086(4)

c=(vmΓ(1+1k))(5)


The Rayleigh distribution shape parameter k takes the value 2.0. From Eq. (1) the probability density function of the Rayleigh distribution can be simplified as shown in Eq. (6).

fR(v)=πv2vm2e−π4(vc)2fR(v)=vC2e−v22C2C=vm1.253(6)

The mean value Vm and standard deviation σ of the Weibull distribution can then be computed as shown in Eqs. (7) and (8) [24].

Vm=cΓ(1+1k)(7)

σ=c[Γ(1+2k)−Γ2(1+1k)]12(8)


where Γ is the gamma function (standard formula) and using the stirling approximation the gamma function of (x) can be given by Eq. (9) below.

Γ(x)=∫0∞ux−1e−udu(9)

4.2 Statistical Analysis of the Distributions

The square of the correlation coefficient (R2), chi-square (x2), and root mean square error analysis (RMSE) were used to evaluate the performance of the Weibull and Rayleigh distributions [20]. These parameters can be calculated by Eqs. (10)–(12).

R2=∑i=1N⁡(yi−zi)2−∑i=1N⁡(xi−yi)2∑i=1N⁡(yi−zi)2(10)

x2=∑i=1n⁡(yi−xi)2N−n(11)

RMSE=[1N∑i=1N⁡(yi−xi)2]12(12)


where yi is the first measured data, zi is the mean value, xi is the first predicted data with the Weibull or Rayleigh distribution, N is the number of observations, and n is the number of constants.

4.3 Wind Speed Variation with Height

The most common equation used for the variation of wind speed with height is the power law expressed as shown in Eq. (13) [9].

v2=v1(h2h1)α(13)


where v1 is the actual wind speed recorded at height h1 (m), (m/s) and v2 is the wind speed at the required or extrapolated height h2 (m), (m/s).

The exponent α depends on the surface roughness and atmospheric stability. Numerically, it lies in the range from 0.05–0.5, with the most frequently adopted value being 0.14, which is widely applicable to low surfaces and well-exposed sites.

4.4 Wind Power Density Function

It is well known that the power of the wind at speed v (m/s) through a blade sweep area A (m2) increases as the cube of its velocity and is given by Eq. (14) below [16–18].

P(v)=12ρAv3(14)


where ρ (kg/m3) is the mean air density with value of 1.220 kg/m3.

This depends on the altitude, air pressure, and temperature. The expected monthly or annual wind power density per unit area of a site based on the Weibull probability density function can be expressed as shown in Eq. (15).

Pw=12ρc3Γ (1+3k)(15)


The total wind power density P/A is the total available power per unit area given by Eq. (16).

PA=(12ρ1n∑⁡vi3)(16)

where n is the number of days in a month.

Before calculating the average wind power density, vi3 of each day for the extrapolated height at 50 m was calculated (∑⁡vi3) and the values were summed and then divided by the number of days in a month (1n∑⁡vi3).

4.5 Wind Energy Calculation

The electrical energy produced by a turbine over the year is given by the following relationship as shown in Eq. (17) [8].

E=T[12CpρA∫⁡v3f(v)dv](17)


where Cp is the power coefficient. For practical wind turbines, its value is usually in the range of 0 ≤ Cp ≤ 0.4 and T is the time (For the annual wind energy estimation, T = 8,760 h was used).

The available mean wind power density Pd, and the overall wind energy density Ed, of a wind turbine for a period of time T will be calculated as shown in Eqs. (18) and (19) [9].

Pd=PA=12ρv3=0.6125v3(18)

Ed=EA=PdT(19)

4.6 Wind Turbine Output Model

Most wind turbines have power curves in their technical notes. This makes it easier to estimate the energy production of any wind turbine when a series of measurements are made at the studied site.

However, sometimes only a probability distribution function may be available. In this case, the wind turbine power output can be expressed as given by Eq. (20) [16].

Pw,avg=∫0+∞⁡Pwf(v).dv(20)


where f(v) is the Weibull distribution given by Eq. (1) above, Pw is the electrical power output of the turbine. Fig. 3 expresses the wind turbine electric power/wind speed relationship curve.
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Figure 3: Wind turbine electric power/wind speed relationship curve

Where the curve increases semi-linearly, starting from the cut-in speed vci  (the minimum wind speed at which the turbine starts to rotate) and then stabilizes at the rated wind speed vr necessary for the turbine to generate its rated electrical power Pr, and ends at cut-off speed vco (the wind speed at which the turbine stops generating power). The curve can be divided into two areas, the first is confined between vci and vr, and the second is confined between vr and vco. Therefore, the model for electrical power output Pw of the wind turbine is defined as shown in Eq. (21) [17].

Pw=0(v<vci)Pw=Prvk−vcikvrk−vcik(vci<v<vr)Pw=Pr(vr<v<vco)Pw=0(v>vco)(21)


Substituting Eqs. (1) and (21) into Eq. (20) yields Eq. (22) [16,17].

Pw,avg=Pr{exp[−(vciC)k]−exp[−(vrC)k](vrC)k−(vciC)k−exp[−(vcoC)k]}(22)

4.7 Capacity Factor of Turbine (CF)

Capacity Factor that was used to choose a suitable wind turbine, is defined as the ratio of average power output Pw,avg to the rated power output Pr as shown in Eq. (23).

CF=Pw,avgPr(23)


From Eq. (22) above, we can calculate the capacity factor as given by Eq. (24).

CF={exp[−(vciC)k]−exp[−(vrC)k](vrC)k−(vciC)k−exp[−(vcoC)k]}(24)

The capacity factor is proportional to C and inversely to k and when fixing the values of C and k, we notice that CF is affected inversely by the difference between the (vr − vci), as it increases as this difference decreases.‏ Since it is normal to choose the turbine with the smallest cut-in speed, on the other hand, one should choose the one with the smallest difference between the two speeds (vr − vci), (in other words, the lowest value of rated speed vr should be chosen if the cut-in speed vci is the same between two turbines).

5  Result and Discussion

5.1 Monthly Mean Wind Speed

The average wind speed of Socotra Island was obtained from the recorded data of the Civil Aviation and Meteorological Authority (CAMA), only for the data available within five years from 2005–2009 (due to the current economical and the political situation of Yemen). The wind rose is a primary source for assessing wind energy due to its brief view of how wind velocity is distributed and how it remains distributed in the desired location according to the area’s topographical influences. Fig. 4 shows the mean wind speed for different month’s indifferent sets of years, and wind rose diagrams are shown in Fig. 5.
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Figure 4: Monthly average wind speed in Hodeidah (2005–2009)
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Figure 5: Wind rose of the Hodeidah

Where wind speed increases from February and reaches its peak value in May/June, then, wind speed decreases in July/August, and again rises wind speed in October & decreases gradually till December. Tab. 3 shows the monthly wind speeds in Hodeidah, and the standard deviations calculated from data are available for five years.
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As shown in the five years, the average wind speed is 3.36 m/s. The wind speed for the entire year is the maximum monthly value of 4.18 m/s, which arises in February, while the minimum amount is 2.56 m/s that occurs in Sep. The smaller the value standard deviation, the smaller the speed samples are regular.

5.2 Wind Speed Extrapolation

The wind speed changes with altitude, and actual wind turbines are placed at different lengths, more than 10 meters from the earth’s surface. And to choose the appropriate height for the wind turbines, the average monthly and annual wind speeds are calculated at different heights (10, 30, and 50 m) using Eq. (9). This is the first step to using this data to calculate and evaluate wind power within the specified location. At these heights, the annual average of wind speed became 8 m/s at 10 m, 12.3 m/s at 30 m, and 15.2 m/s at 50 m, respectively, as shown in Figs. 6 and 7.

[image: images]

Figure 6: Monthly average wind speed profile at 10 m and extrapolation to 30 m and 50 m
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Figure 7: Average wind speed profile at 10 m and extrapolation to 30 m and 50 m

5.3 Probability Density and Cumulative Distributions

The variation of wind speeds is often described using the Weibull density function. It is a widely accepted statistical tool for evaluation of local wind probabilities and is considered as a standard approach. Eqs. (4) and (5) above were used to calculate the Weibull parameters for the available data, and the results are presented in Tab. 4.
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As shows, yearly Weibull parameters and average Weibull parameters for the whole five years, from the table, while scale parameters vary between 3.14 (2005) and 4.05 (2009), the shape parameters range from 3.46 (2005) to 4.35 (2007). The five years’ average value of scale and shape parameters are 2.78 and 2.97, respectively.

There are many distribution functions to describe the wind speed frequency curve. In this study, Weibull functions were the most widely used and accepted in the specialized research journal. Yearly wind speed probability density and cumulative probability distributions derived from the measured data of Hodeidah for whole years are shown in Fig. 8.
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Figure 8: Yearly wind speed probability density and cumulative probability distributions of Hodeidah for whole years

The Weibull approximation of the probability density distribution of wind speeds for the whole years is shown in Fig. 9.
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Figure 9: Yearly Weibull approximations of the probability density distribution of wind speeds

The monthly wind speed probability density distribution derived from the measured data of Hodeidah for whole years are shown in Fig. 10.

[image: images]

Figure 10: Monthly wind speed probability density distributions of Hodeidah for whole years

The monthly wind speed cumulative probability distribution derived from the measured data of Hodeidah for whole years are shown in Fig. 11.
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Figure 11: Monthly wind speed cumulative density functions of Hodeidah for whole years

The Weibull probability density distributions for each of the five years were analyzed. The distributions obtained are illustrated in Fig.12.
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Figure 12: Yearly Weibull probability density distributions for the period 2005–2009 in Hodeidah

The results shown in Figs. 10–12 show that all curves have a similar tendency to wind speed for cumulative density and probability density. The annual probability density distribution obtained from the Weibull model were compared with measured data distributions to study their suitability. The yearly comparison of Study Location shows that the Weibull model corresponds to the distribution of the probability density of metric data as illustrated in Fig. 9 above.

5.4 Wind Power Density

To calculate the average monthly wind power per unit of the cross-section of the turbine, where the air density of 1.225 kg/m3 energy density is calculated at different heights: 10 m, 30 m and 50 m as shown in Tab. 5 and Fig. 13.
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Figure 13: Average wind power density profile at 10 m and extrapolation to 30 m and 50 m
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A slight difference in wind speed will result in a massive difference in the density of wind energy because the wind power density is proportional to the wind speed cube. This calculated wind energy was estimated, based on these calculated wind power estimates, for different wind categories based on the international wind energy classification, as shown in Tab. 6.
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According to the standard of international wind power classification, the Hodeidah area falls under class 2 and is classified as ‘Marginal’ for most of the year. It has an average wind power density of 173.5 W/m2 at 50 m height and an average wind speed of 6.4 m/s at 50 m height, which means that the site is not considered suitable for electric wind on a large scale. It is sufficient for electrical and mechanical applications not connected to networks, such as wind generators, battery charging, water pumping, and agricultural applications.

5.5 Energy Density

Using Eqs. (17) and (18) above, we can calculate the average of monthly and annually wind energy per unit of the cross-section of the turbine. Thus, the wind energy of Hodeidah was estimated at different heights: 10, 30, and 50 m, as shown in Fig. 14.
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Figure 14: Average annual energy density profile at 10 m and extrapolation to 30 m and 50 m

Since wind energy is proportional to the height of the axis, the average annual wind energy density is 220.8 KWh/m2/year at 10 m, 822.6 KWh/m2/year at 30 m 1519.9 KWh/m2/year at 50 m, respectively.

6  Conclusion

In this study, the wind speed data in the period from 2005 to 2009 for Hodeidah-Yemen. The wind energy potential of the location has been studied based on the Weibull model. The monthly and yearly wind data analysis has been carried out to investigate the wind characteristics of Hodeidah, such as the monthly and annual wind speed, probability density distributions, and cumulative distributions.

Hodeidah area falls under ‘Class 2’ and is classified as ‘Marginal’ for most of the year. It is sufficient for electrical and mechanical applications not connected to networks, such as wind generators, battery charging, water pumping, and agricultural applications. The current work is a preliminary study only to assess the potential of the wind energy of Hodeidah, which can give useful insights to engineers and experts dealing with wind energy. In the end, we must go back to the famous parable, «the wind is a God gift, so let’s use it.».
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Table 3: Monthly mean wind speeds at 10 m height and standard deviations in Hodeidah

Year
Month

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Annual

2005 2006 2007 2008 2009 Whole year
Vm o Vm o Vm o Vm o Vm o Vm o
264 114 459 150 429 141 424 137 427 131 4.01 0.77
338 146 465 159 339 1.09 501 1.67 447 147 418 0.75
276 116 389 1.31 381 1.09 431 134 388 134 373 0.58
3.09 1.00 378 1.19 391 135 370 122 398 1.15 3.69 0.35
203 079 297 083 327 083 278 041 305 085 282 048
201 067 284 071 320 085 235 064 279 056 2064 046
263 098 355 080 379 081 258 093 322 087 316 054
217 079 317 064 333 052 293 074 310 060 294 045
233 047 236 052 308 074 262 064 240 046 256 0.31
252 069 328 149 304 087 215 077 398 128 299 0.7
332 1.01 331 081 388 095 355 1.18 378 130 357 0.26
453 1.01 358 1.00 397 120 406 124 414 139 406 0.34
278 093 3.5 1.04 358 098 336 1.01 359 105 336 0.5
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Table 4: Monthly shape parameters k, and scale parameters, ¢, in Hodeidah

2005 2006 2007 2008 2009 Whole year
C K C K C K C K C K C K
298 249 518 337 484 334 478 342 482 361 325 23
381 249 524 319 383 344 566 331 505 334 322 228
311 257 439 325 43 3888 486 356 438 316 295 243
349 339 427 35 441 3.16 4.18 333 449 385 3.04 251
229 279 335 397 368 445 314 795 344 399 233 28
227 332 321 45 361 42 265 408 315 576 227 3.01
297 293 401 504 428 533 291 3.03 364 416 282 333
244 301 358 564 375 175 33 448 3.5 592 244 4.04
2,63 572 266 515 347 471 295 462 271 606 219 39
2.84 4.1 371 235 343 39 243 3.04 449 344 25 2.59
374 3.63 373 458 438 462 4 331 426 318 296 321
511 509 404 399 448 3.65 458 363 467 327 341 3.18
314 346 395 4.04 4.04 435 379 398 405 415 278 297
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Table 1: Weaknesses and strengths tor renewable energy in Yemen

Source

Solar electric

Wind

Geothermal

Biomass/biofuels

Strengths

Renewable resource.

A clean source of energy.
Long lifetime.

Renewable resource.

A clean source of energy.
Sufficient level of maturity.

Competitive in cost.
Stable.
A clean source of energy.

Available and free resource.

Availability of conversion
technologies.

Weaknesses

Depending on sunshine levels.

High capital costs.

Requires storage system.

Renewable resource.

Not reliable.

Causes visual impact, noise, and
electromagnetic interference.
Ecological impact Geothermal.
Requires complex management system.
Not sustainable.

Competing land use.

Requires complex management system.
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Table 6: International wind power classification

Class Resource 30 m Height 50 m Height
potential
Wind speed Wind power Wind speed Wind power
(m/s) (W/m?) (m/s) (W/m?)
1 Poor 0-5.1 0-160 0-5.6 0-200
2 Marginal 5.1-5.9 160-240 5.6-6.4 200-300
3 Moderate 5.9-6.5 240-320 6.4-7.0 300400
4 Good 6.5-7.0 320400 7.0-7.5 400-500
5 Excellent 7.0-7.4 400480 7.5-8.0 500-600
6 Outstanding 7.4-8.2 480-640 8.0-8.8 600-800
7 Superb 8.2-11.0 640-1600 8.8-11.9 800-2000

Source: Wind power classification of the US department of energy (DOE)
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Table 2: Renewable energy capabilities in Yemen

Source Theoretical potential (MW) Technical potential
Gross (MW) Practicable (MW)
Solar electric 2,446,000 1,426,000 18,600
Wind 308,722 123,429 34,286
Geothermal 304,000 29,000 2,900
Biomass (landfill gas) 10 8 6
Existing dams 1 - -
Major wadis 12-31 11-30

Domestic (SWH) 3,014 MW thermal 278 MW thermal 278 MW thermal
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Table 5: Monthly average wind power density (W/m2) at 10, 30 and 50 m heights

Month Heights

10 m 30 m 50 m
Jan 39.5 146 268.9
Feb 44.7 168.2 313.6
Mar 31.8 119.5 219.2
Apr 30.8 113.4 210.1
May 13.7 52.2 96.4
Jun 11.3 42.2 76.6
Jul 19.3 72.1 132.3
Aug 15.6 59.6 107.6
Sep 10.3 39.2 72.1
Oct 16.4 59.6 113.4
Nov 27.9 101.9 192.6

Dec 41 153.2 279.6
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