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Wind Resource Assessment and Wind Farm 
Modeling in Mossobo-Harena Area, North Ethiopia 

Addisu Dagne Zegeye 

Abstract— Although Ethiopia doesn’t have significant fossil fuel resource it is endowed with huge amount of renewable energy resources 
such as hydro, wind, geothermal and solar power. However, only a small portion of these resources has been utilized so far and less than 
30 percent of the nation’s population has access to electricity. The wind energy potential of the country is estimated to be up to 10GW. Yet 
less than 5% of this potential is developed so far. One of the reasons for this low utilization of wind energy in Ethiopia is absence of a 
reliable and accurate wind atlas and resource maps. Development of reliable and accurate wind atlas and resource maps helps to identify 
candidate sites for wind energy applications and facilitates the planning and implementation of wind energy projects. The main purpose of 
this research is to assess the wind energy potential and model wind farm in Mossobo-Harena site of North Ethiopia. In this research wind 
data collected over a period of two years from Mossobo-Harena site meteorological station was analyzed using different statistical tools to 
evaluate the wind energy potential of the area. Average wind speed and power density, distribution of the wind, prevailing direction, 
turbulence intensity and wind shear profile of the site were determined. Wind Atlas Analysis and Application Programme (WAsP) was used 
to generate the generalized wind climate of the area and to develop resource maps. Wind Farm layout and preliminary turbine micro-sitting 
was done taking various factors into consideration. The IEC wind turbine class of the site was determined and appropriate Wind turbine for 
the study area wind climate was selected and net annual energy production and capacity factor of the wind farm was determined. The 
measured data analysis conducted indicates that the mean wind speed at 10 and 40 meters above the ground level is 5.12 m/s and 6.41 
m/s respectively at measuring site. The measuring site’s mean power density was determined to be 138.55 W/m2 and 276.52 W/m2 at 10 
and 40 meters above the ground level respectively. The prevailing wind direction in the site is from East to South East where about 60 
percent of the wind was recorded. The resource grid maps developed by WAsP on 10 km x 10 km area at 50 meter above the ground level 
indicates that the selected study area has a mean wind speed of 5.58 m/s and mean power density of 146 W/m2. The average turbulence 
intensity of the site was found to be 0.136 at 40 meter which indicates that the site has moderate level turbulence level. According to the 
resource assessment done, the area is classified as wind Class IIIB site. A 2 MW rated power ENERCON E-82 E2 wind turbine which is a 
IEC Class IIB turbine with 82-meter rotor diameter and 98-meter hub height was selected for estimation of annual energy production on the 
proposed wind farm. 88 ENERCON E-82 E2 wind turbines were properly sited in the wind farm with recommended spacing between the 
turbines so as so reduce the wake loss.  The rated power of the wind farm is 180.4 MW and the net annual energy production and capacity 
factor of the proposed wind farm was determined to be 434.315 GWh and 27.48 % after considering various losses in the wind farm.  

Index Terms—.  WAsP, Wind Speed, Prevailing Wind Direction, Wind Power Density, Annual Energy Production, Wind Atlas, Wind 
Resource Maps, Wind farm, capacity factor 

——————————      —————————— 

1 INTRODUCTION
thiopia is endowed with huge amount of renewable ener-
gy resources such as hydro, wind, geothermal and solar 
power. The hydroelectric, wind and geothermal energy 

resources are estimated to be 45,000 MW, 10,000 MW, and 
5,000 MW respectively. These resources can be harvested to 
generate approximately 60,000 MW of electricity [4]. 

Ethiopia’s current total electrical energy installed capacity is 
about 4,250 MW. The country’s main electrical energy supply 
is hydropower with around 90% of the total installed capacity 
coming from hydropower power plants. The wind farms con-
tribute to 8 % of the installed capacity and the rest 2 % is from 
diesel generators and geothermal power plants. The country’s 
installed capacity is expected to reach 10,000 MW when the 
country’s major ongoing hydropower, wind power and geo-
thermal projects are completed in the coming years [4]. The 
reliance on hydropower for power electrical energy produc-
tion is a risky and too unreliable. In times of drought and dur-
ing periods of high demand it cannot supply enough electrici-
ty. To solve this problem Ethiopia needs to look for alternative 

energy resources which can support Hydropower during dry 
periods where the water level in the dams is low. Wind Ener-
gy is believed be a good alternative source of electrical energy 
production due to its complementary nature of with hydro-
power. During the rainy season the country sees low wind 
and in the dry season the potential of wind becomes high. 
This creates favorable conditions to use both. Combining the 
two, wind and hydropower, will add value to the hydropower 
plants by elongating their operational time (water saving 
through wind). 

Ethiopian Electric Power (EEP) has been undergoing feasi-
bility study in different areas of the country to identify po-
tential sites in Ethiopia. Almost 80% of the identified favor-
able sites for wind power development are within the Soma-
li Region of Ethiopia, most of which would require long 
transmission lines to the Ethiopian cities. The northern and 
central Rift Valley areas of the country have also a good 
wind speed potential suitable for development of wind 
farms.  

E 
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The EEP has been involved in construction of wind farms in 
different area of the country. Construction of Ashegoda 
wind farm (120 MW), Adama I wind farm (51 MW) and 
Adama II wind farm (153 MW) is completed and all the 
three wind farms are operational and deliver power to the 
national grid. Construction of Ayisha I wind farm (120 
MW), Ayisha II wind farm (120 MW) is going in Somalia 
Region of the country. Construction of Ayisha III wind farm 
(60 MW), Assela Wind farm (100MW), Debre Birhan Wind 
Farm (100MW), and Galema I Wind farm (250 MW) is also 
expected to follow [4]. The expansion of Aluto Langano Ge-
othermal Project is also expected to bring its capacity to 70 
MW. The wind power and Geothermal projects are part of 
EEP’s aim to increase Ethiopia’s electric power generation 
capacity to 10,000 MW from the current 4,244.67 MW capa-
bility [4]. 

Fig. 1. Distribution of average wind speed in Ethiopia at 50 m 
above ground level [10] 

Due to the absence of a reliable and accurate wind atlas and 
resource maps, further studies on the assessment of wind 
energy in Ethiopia are necessary. The detailed wind re-
source maps and other information contained in wind atlas 
facilitate the identification of prospective areas for use of 
wind energy technologies for utility-scale power generation, 
village power, and off-grid wind energy applications. 

The main objective of the study reported in this paper was to 
conduct wind energy resource assessment, develop wind atlas 
and resource maps, and model wind farm in Mossobo-Harena 
area, Tigray Region, North Ethiopia.  

2 METHODOLOGY
2.1 Description of the Study Area 
Mossobo-Harena site is located 10 km North of Mekelle City, 
capital of Tigray Regional State. The measuring mast is located 
at 13°34'3.54"N latitude, 39°30'44.75"E Longitude and has an 
altitude of 2400 meter above sea level. The selected study area 
covers 10 km by 10 km area from the measuring mast bound-
ed by geographical coordinates of 550445.5 m E to 560445.5 m 
E longitude and 1494964 m N to 1504963.5 m N latitude. The 
area can be defined as semi-complex terrain. It has different 
topographical features ranging from 1937 to 2530 meter above 
sea level, which includes flat terrain around the metrological 
station, hills, and gorges. The area is covered mostly by bushes 
and farm land with small trees and few houses.  

Fig. 2. Map of study area 

2.2 Data Collection, Screening and Validation 
Wind speed and direction data recorded at a time interval of 
10 minutes in Mossobo-Harena metrological station was used 
for this study.  All the collected data was inspected for com-
pleteness and any erroneous records. The time series of the 
data was checked to look for missing data values and a num-
ber of data validation routines were used to screen all the data 
for suspect and erroneous values. General system and param-
eter checks were used for data screening and validation. The 
validation checks include: continuity test to identify missing 
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records in the data, inspection of the average wind speed at 
each 10-minutes interval records, inspection of negative and 
unrealistic high wind speed and wind direction records and 
observation of vertical profile of wind speed on same mast 
(negative and undefined wind shear coefficients). 

Table 1. Data collection 

2.3 Measured Data Analysis 

2.3.1 Average Wind Speed 
The wind characterization in terms of speed, direction and 
wind power is the first step to obtain the initial feasibility of 
generating electricity from wind power through a wind farm, 
in a given region. The most critical factor influencing the 
power developed by a wind energy conversion system is the 
wind speed. The average wind speed Vm is given as: 

0

1 n

m i
i

v v
n =

= ∑  (1) 

Where Vi is the wind velocity at each 10-minute interval and n 
is the number of 10-minute wind data records. The average 
wind speed is calculated at hourly, daily, monthly and annual 
interval. 

2.3.2 Wind Power Density 
The wind power per unit area, P/A or wind power density at 
interval i is given by: 

31
2 i

P v
A

ρ=  (2) 

Where Vi is 10-minute
 
average wind speed in m/s and ρ is air 

density. The power density is calculated for each 10-minute 
average wind speed using above expression and the annual 
average wind power density is thus the average of the sum of 
the power density of the 10-minute data.  The wind speed and 
power density at a certain height determines the wind power 
class of the site. The wind power class of a site is determined 
as per the standard classification reported in [2]. 

2.3.3 Wind Shear Coefficient 
The wind shear coefficient is calculated assuming power law 
relationship at the two heights. The coefficient α is found 
from:  

2 1

2 1

ln( ) ln( )
ln( ) ln( )

v v
z z

α −
=

−
    (3)   

Where V1 is the wind speed at height z1 and V2 is the wind 

speed at height z2. 

2.3.4 Turbulence Intensity 
The average turbulence intensity of the sites was calculated by 
taking the average of the individual turbulence intensity val-
ues of 10 minute records which were calculated by dividing 
the standards deviation with the average speed of each record. 
The turbulence intensity TI of each record is given from [2]: 

TI
v
σ

=      (4) 

Where σ is the standard deviation of wind speed and V is 
wind speed. The overall average turbulence is found in simi-
lar way to that shown for wind speed. TI is a relative indicator 
of turbulence with low levels indicated by values less than or 
equal to 0.10, moderate levels to 0.25, and high levels greater 
than 0.25. 

2.4 Modeling with WAsP 

2.4.1 Observed Wind Climate (OWC) 
WAsP (Wind Atlas Analysis and Application Program) was 
used to generate the Wind Atlas and to develop the wind re-
source map of the Catchment. The flow modeling of WAsP is 
discussed in [17]. The various inputs in WAsP modeling are 
the Observed Wind Climate (OWC) of the site, Vector Map of 
the study area and Obstacle Groups to the measuring masts. 
OWC is a tabular summary of the frequency of occurrence of 
wind speed and wind direction at the measuring site. The 
OWC is produced from raw wind speed and direction meas-
urements. 

The OWC represents the data converted into Weibull proba-
bility density function. The Weibull function is defined using 
two factors namely the scale parameter A and the shape pa-
rameter k. The OWC also shows the wind direction distribu-
tion as wind rose. Wind rose diagram shows the distribution 
of wind in different directions. The wind rose diagram is gen-
erated by dividing into twelve equally spaced sectors. The 
frequency distribution for each sector is calculated and plotted 
in the wind rose diagram. 

2.4.2 Generalised Wind Climate (Wind Atlas) 
Wind Atlas is a generalized wind climate of the observed 
wind climate. The data measured from the wind measuring 
mast is a site specific data. The Wind Atlas data sets are site 
independent and the wind distributions have been reduced to 
certain standard conditions. The Wind Atlas contains data for 
5 reference roughness lengths (0.000 m, 0.030 m, 0.200 m, 0.400 
m, 0.800 m) and 5 reference heights (10 m, 25 m, 50 m, 100 m, 
200 m) a.g.l. 

2.4.3 Vector Map 

Vector maps are used to describe the elevation (orography) 
and land cover (surface roughness) of the area surrounding 
calculation sites such as meteorological stations, reference 

Mast Location 13.5676° N, 39.5124° E 
Altitude above sea level [m] 2401 
Height of measuring sensors 10, 40 m 
Interval of data records 10 minute 
Duration of Data Records 01/01/2006 to 31/12/2007 
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sites, turbine sites or the sites in a resource grid. WAsP uses 
vector maps, in which terrain surface elevation is represented 
by height contours and roughness lengths by roughness 
change lines. The vector map of the study was prepared from 
30 meter resoulution digital elevation model (DEM) down-
loaded from ASTER Global Digital Elevation Model GDEM 
(http://www.gdem.aster.ersdac.or.jp/search.jsp) and Global 
mapper program was used to create elevation contours at 10-
meter interval and export the map in WAsP map format. 
WAsP Map Editor program was used to edit the map by add-
ing roughness change lines which are manualy created and 
imported from Google Earth.   

Fig. 3. Vector map of study area showing roughness and 
height contours 

2.4.4 Resource Grid 
Resource grid is a rectangular set of points for which sum-
mary of predicted wind climate data are calculated. The 
points are regularly spaced and are arranged into rows and 
columns. The resource grid is used see a pattern of wind cli-
mate or wind resources for an area. Each point in the grid is 
like a simpler version of a normal turbine site. All the points 
have the same height a.g.l. If a wind turbine generator is asso-
ciated with the grid, then that specification is used for all of 
the points in the grid [17].  For each point in the grid, WAsP 
calculates the following data which can be displayed in the 
resource grid: elevation, mean wind speed, mean power den-
sity, annual energy production (if a wind turbine generator is 
associated), Weibull-A value, Weibull-k value, ruggedness 
index RIX, delta-RIX performance indicator.  

3 RESULT AND DISCUSSSION

3.1 Data Screening and Validation 
Data screening and validation was conducted as per the pro-
cedure discussed in section 2.2. The summary of results of the 
data screening and validation is shown in Table 2. The data 
recovery rate was found to be around 98%. Measures were 
taken to replace the missing and erroneous data records when 
necessary. During data inspection a large number of consecu-
tive missing data which runs for up to 14 days was observed. 
There was no measure taken to fill these missing data since it 
is a large number of data and it is not possible to fill it by av-
erage values of the nearby data records. Wind shear coeffi-
cient will be negative if the wind speed at 40-meter height is 
less than wind speed at 10-meter height and it will be unde-
fined when the wind speed at 40-meter height is zero while 
the wind speed at 10-meter height is greater than zero. The 
negative and undefined wind shear coefficients were correct-
ed by power law using the average wind shear coefficient cal-
culated based on overall average wind speeds at 10 and 40 
meters.  Very large wind speed records surrounded by smaller 
records were inspected. This was corrected by replacing the 
abnormally large wind speed by the average of the wind 
speed records just above and below the large wind speed. 

Table 1. Data screening and validation 

3.2 Results of Measured Data Analysis 

3.2.1 Average Wind Speed and Power Density 
The overall average wind speed and average power density of 
the data during the period were calculated based on the equa-
tions discussed in section 2.3. The results obtained are shown 
in Table 3. Included in this table is the maximum wind speed 
recorded averaged in the 10-minute measurement interval. 
The wind power density class at each height for the respective 
sites as per the standard classification reported in [2] is also 
shown in the table.  

Table 2. Average wind speed and power density 

Average 
Wind 
Speed 
(m/s) 

Maximum 
Wind Speed 

(m/s) 

Average Wind 
Power Density 

(m/s) 

Wind 
Power 

Density 
Class 

10 m 40 m 10 m 40 m 10 m 40 m    10 m 40 m 
5.12 6.41 14.5 18.2 138.55 276.52 II III 

Available Data Records (10-minute average) 103,001 
Total number of missing Data Records 2,119 
Gross Data Recovery Rate (%) 97.98 
Number of Negative and Undefined wind 
shear coefficients 

3,657 

1342

IJSER

http://www.ijser.org/
http://www.gdem.aster.ersdac.or.jp/search.jsp


International Journal of Scientific & Engineering Research, Volume 10, Issue 11, November-2019  
ISSN 2229-5518 

IJSER © 2019 
http://www.ijser.org 

3.2.2 Wind Shear 
The wind shear coefficients were calculated based on the 
overall average wind speeds at 10 and 40 m using power law 
as per the equation shown in section 2.3.3. The wind shear 
coefficient was calculated based on the overall mean wind 
speeds at 10 and 40 meters and was found be be equal to 
0.163. The wind shear profile of the site was plotted based on 
the calculated coefficient as shown in Figure 4. 

Fig. 4. Wind shear profile 

3.2.3 Turbulence Intensity 
The average turbulence intensity was calculated based on the 
formula discussed in the methodology section 2.3.4. The tur-
bulence intensity of each wind speed record was calculated by 
dividing the standard deviation of wind speed by the wind 
sped and the mean turbulence intensity of the site was found 
by taking the average of the turbulence intensities of individ-
ual wind speed records. The results at the two heights is 
shown in Table 4. 

Table 4.  Turbulence intensity 

Average Turbulence 
Intensity 

Maximum Turbulence 
Intensity 

10 meter 40 m 10 meter 40 meter 
0.176 0.136 2 1 

The average Turbulence Intensity is less than 0.25 and greater 
than 0.1 which indicates the site has moderate turbulence in-
tensity in the sites.  As shown in Fig. 5 below the turbulence 
intensity decreases as wind speed increses as it is the ratio of 
standard deviation and wind speed.  

Fig. 5. Turbulence Intensity 

3.3 Results of WAsP Modeling and Analysis 

3.3.1 Observed Wind Climate (OWC) 
Observed wind climate is a tabular summary of the frequency 
of occurrence of wind speed versus wind direction. The time-
series of wind speed and direction data were transformed into 
a table which describes a time-independent summary of the 
conditions found at the measuring site using the WAsP soft-
ware. Figures 6 and 7 show the results OWC of the site at 10 
and 40 meter a.g.l.  

Fig. 6. OWC at 10 m a.g.l. 

Fig. 7. OWC at 40 m a.g.l. 
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As shown in figures 6 and 7 above the OWC result from 
WAsP has two parts, the wind rose indicating the wind direc-
tion distribution and the Weibull function overlaid on the bar 
chart of the raw data. The Weibull parameters, the average 
wind speed and power density are also shown on the side of 
the Weibull function plot. The results shown as OWC were 
used as an input to determine the Wind Atlas of the site. 

3.3.2 Generalized Wind Climate (Wind Atlas) 
OWC is site specific data from the measuring mast. Based on 
the OWC, the generalised wind climate or wind atlas data sets 
are generated. Wind Atlas data setes are site independent data 
sets and the wind distributions have been reduced to certain 
standard conditions. The results are tabulated for the five ref-
erence heights and five roughness lengths in terms of the 
Weibull parameters A and k; average wind speed and power 

density. The Wind Atlas contains data for 5 reference rough-
ness lengths (0.000 m, 0.030 m, 0.200 m, 0.400 m, 0.800 m) and 
5 reference heights (10 m, 25 m, 50 m, 100 m, 200 m) a.g.l. Ta-
ble 8 below shows the summary of the generalized wind cli-
mate (Wind Atlas data sets) generated using the 40 meter ob-
served wind climate. Wasp version 12.01 used for this study 
uses new geostrophic wind shear model where the vertical 
and horizontal extrapolation models are modified to take into 
account large-scale horizontal temperature gradients (‘baro-
clinic’ effects), which induce geostrophic wind shear. The 
method is implemented by extracting average geostrophic-
scale wind shear from global CFSR reanalysis data, with val-
ues from the nearest grid points automatically used to provide 
more accurate AEP predictions.  

Table 5. Generalised wind climate summary 

3.3.3 Wind Turbine Generator selection for Estimation 
of Annual Energy Production 

To ensure an appropriate level of safety and reliability, the 
environmental parameters shall be taken into account during 
the selection of appropriate wind turbines. 

Wind turbines are grouped into classes according to IEC 
61400-1, Rev 3 depending to their ability to withstand defined 
wind conditions. These classes are characterized by the 10-min 
average value of the extreme wind speed with a transgression 
probability once every 50 years and by annual mean wind 
speed at hub height criteria, the sub classes A, B refer to the 
turbulence intensity at a wind speed of 15 m/s at hub height. 

Wind turbines are divided into four classes with respect to the 
design wind conditions. The classes are defined by wind 
speed and turbulence data (Table 6). The wind data forming 
the basis for the design are characterized by: 

– the mean annual wind speed ( w)
– the maximum wind speed to be expected as a mean

value over 10 min, the so-called reference wind veloc-
ity (ve ref)

– the so-called characteristic turbulence intensity at a
wind speed of 15 m/s (I15).

Within the four classes, the two categories A and B character-
ise the design for different turbulence conditions. The stand-
ard deviation (σ1) of the longitudinal wind velocity (turbu-
lence) is specified by the parameter a. 

Height Parameter Roughness length [m] 
0.03 0.1 0.2 0.4 0.8 

10.0 m 
Weibull A [m/s] 4.51 3.93 3.53 3.09 2.58 
Weibull k 1.99 2.03 2.05 2.07 2.1 
Mean speed U [m/s] 4 3.48 3.13 2.73 2.29 

30.0 m 
Weibull A [m/s] 5.64 5.09 4.72 4.3 3.84 
Weibull k 2.13 2.15 2.17 2.19 2.21 
Mean speed U [m/s] 5 4.5 4.18 3.81 3.4 

50.0 m 
Weibull A [m/s] 6.33 5.75 5.38 4.97 4.51 
Weibull k 2.24 2.26 2.27 2.28 2.31 
Mean speed U [m/s] 5.6 5.1 4.77 4.4 4 

70.0 m 
Weibull A [m/s] 6.87 6.27 5.89 5.47 5.01 
Weibull k 2.31 2.31 2.32 2.33 2.33 
Mean speed U [m/s] 6.09 5.56 5.22 4.85 4.44 

100.0 m 
Weibull A [m/s] 7.57 6.92 6.52 6.08 5.6 
Weibull k 2.29 2.3 2.3 2.31 2.31 
Mean speed U [m/s] 6.71 6.13 5.77 5.39 4.9 
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Table 6. Basic wind parameters at rotor hub height for wind 
type classes [11, 12].

The wind speed parameters for IEC Wind Turbine classifica-
tion is given in Table 6. Class I turbines are designed to oper-
ate in the harshest climates, with strong annual average wind 
speeds and turbulent wind. Class II turbines are designed for 
most typical sites and Class III and IV turbines are designed 
for low wind resource sites. 

The IEC (1999) standard specifies a ‘reference wind speed’ ve 
ref which is five times the annual mean wind speed. The 50-
year extreme wind speed VG50, is then given by 1.4 times Vref at 
hub height, and varying with height using a power law expo-
nent of 0.11. The annual extreme wind speed, VG1 is taken as 
75 percent of the 50-year value [16]. The annual average wind 
speed of the site at different hub heights can be read extrapo-
lated from the 10-minute average wind speed at 40 meter and 
using Equation 3 and shear coefficient of 0.163 calculated for 
determination of wind shear profile. 

Table 7. Wind Turbine class at different hub heights 

Hub 
Height 

Annual 
Mean 
wind 
speed 
(m/s) 

Reference 
wind 
speed 
(m/s) 

50-year 
extreme 

wind 
speed 
(m/s) 

Annual 
extreme 

wind 
speed 
(m/s) 

Suitable 
Wind 

Turbine 
Class for 
the area 

40 6.41 32.05 44.87 33.65 IIIB 

60 6.85 34.24 47.94 35.96 IIIB 
80 7.18 35.89 50.25 37.69 IIIB 

100 7.44 37.22 52.11 39.08 IIIB 
120 7.67 38.35 53.69 40.27 IIB 
140 7.87 39.33 55.06 41.29 IIB 

Wind turbine class III is suitable for the site for hub heights 
ranging from 40 m to 100 meter and for hub heights from 100 
m to 140 m wind turbine class II is suitable. 

The average turbulence intensity of Mossobo-Harena site, 
measured at Mossobo-Harena measuring mast at 40 meter is 
13.6%. This leads that Mossobo-Harena site to be classified as 
IEC wind class IIIB, the lowest wind class meaning that wind 
turbines of Class III or Class II on the current market can be 
suitable for development of wind park in the area. 

In addition to the wind class of the site, to select appropriate 
wind turbine for the site the distribution of wind speed, turbu-
lence intensity of the site, the cut-in, rated and cut-out wind 
speed of the turbine generator, and availability of the turbine 
in market are taken into consideration. Considering the site’s 
wind resource potential IEC wind turbine Class II or Class III 
with low cut-in wind speed (2-3 m/s) and rated wind speed 
(12-13 m/s) and cut-out wind speed of 25 m/s is appropriate 
for the site.   For the purpose of this study, ENERCON E-82 E2 
wind turbine generator is selected due to its ability to work 
effectively in low to medium wind resource sites with low cut-
in and rated wind speeds. ENERCON E-82 E2 has a rotor di-
ameter of 82 meter and comes with 78, 84, 85, 98, 108, and 138 
different hub-height alternatives. 

For the purpose of this study a hub height of 98 meter is se-
lected to maximize the annual energy production of the tur-
bine. During feasibility study of the wind farm project a detail 
economic analysis and other considerations like topographical 
conditions on site, turbine availability the Ethiopian market, 
transportation, foundation work and erection should be done 
to decide on the hub-height of the turbine from the various 
alternatives. The E-82 E2 wind turbine has the following basic 
operational data and power curve. 

Table 8.  Basic characteristics of ENERCON E-82 E2 wind tur-
bine (at ρ = 1.225 kg/m3). 

Rated Power 2,050 KW 
Rotor Diameter 82 m 
Hub height in meter 98 
Wind zone WZ III 
Wind Class (IEC) IEC/EN IIA 
Cut-in wind speed 2 m/s 
Rated wind speed 12.5 m/s 
Cut-out wind speed 25.0 m/s 
No. of blades 3 

Swept area 5,281 m2 
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Fig. 8.  Power Curve of ENERCON E-82 E

3.3.4 Resource Grid at 98 m a.g.l 
WAsP was used to generate the resource grid of the site as 
defined in section 2.4.4. Inputs required in addition to the 
Wind Atlas are the vector map, roughness map and obstacle 
groups around the measurement mast. The software then 
provided grided maps of the wind speed, power density, an-
nual energy production, Weibull parameters, ruggedness in-
dex, change in ruggedness index and other grid results. EN-
ERCON E-82 E2 wind turbine was associated with the re-
source grid to estimate annual energy. The main results from 
the resource grid are shown in figures 9 to 11 below.  

Table 9. Resource grid setup 

Column count 400 
Row count 400 

Calculation sites 160000 
Resolution 25 m 

Boundary extent (550445.5, 1494964) to (560445.5, 
1504963.5) 

Nodes extent (550458, 1494976) to 
(560433, 1504951) 

Height a.g.l. 98m 

Turbine ENERCON E-82 E2 

3.3.4.1 Resource Grid Results 
The overall resource grid statistics at 98 meter above the 
ground level is shown Table 10. As shown in the table the 
mean wind speed and power density at 98 meter above 
ground level is 6.65 m/s and 235 W/m2 

i. Mean Wind Speed

Fig. 9. Mean Wind speed 

ii. Power Density

Fig. 10. Power Density 

1346

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 10, Issue 11, November-2019  
ISSN 2229-5518 

IJSER © 2019 
http://www.ijser.org 

iii. ΔRIX

Fig. 11. Change in Rugdeness index 

The mean annual energy production from the associated EN-
ERCON E-82 E2 wind turbine is 4.679 GWh and the maximum 
and mean change in rugdeness index of the site is 9.8% and -
1.80 % respectively.  

The relation between the orographic performance indicator, 
dRIX, and the wind speed prediction error is given in the fig-
ure below. The results were obtained from cross-predictions 
between five metrological stations in complex terrain in 
northern Portugal. The data shown in the figure is from five 
Portuguese sites.  

Fig. 12. WAsP wind speed prediction error versus the differ-
ence in extent of steep slopes (RIX values) between the predict-
ed and the reference site [17]. 

As shown in figure 12, as ΔRIX increases the wind speed pre-
diction error is increased. In Mossobo-Harena area the maxi-
mum ∆RIX is 9.80%. According to figure 4.34 above a maxi-
mum of about 17 percent of wind speed error is expected.  The 
mean value of ∆RIX is -1.8% which results in about 2% overall 
wind speed prediction error in Mossobo-Harena Area. As 
shown in Fig. 11 most of the top flat topographical area of the 
site where the measuring mast is located has a lower change in 
ruggedness index with respect to the metrological site indicat-
ing that the wind speed prediction error in this part of the site 
is low. 

Table 10. Overall resource grid statistics at 98 meter a.g.l 

Variable Mean Min Max 
Air density 0.925 kg/m³ 0.895 kg/m³ 0.946 kg/m³ 
Weibull-A 7.5 m/s 4.7 m/s 10.1 m/s 
Weibull-k 2.29 1.86 2.68 

Mean speed 6.65 m/s 4.20 m/s 8.97 m/s 
Power density 235 W/m² 52 W/m² 589 W/m² 

Elevation 2174.1 m 1940.0 m 2530.0 m 
RIX 6.80% 0.00% 18.40% 

Delta-RIX -1.80% -8.60% 9.80% 
AEP 4.769 GWh 1.062 GWh 8.320 GWh 

3.3.5  Wind Speed and Power Density Maps at 50 m 
Wind speed and power density resource grid files at 50 meter 
above the ground level were exported as surfer grid files and 
Surfer software were used create the final wind speed and 
power density maps at 50 meter above the ground level. The 
wind speed and power density was divided in to the follow-
ing seven standards which are widely accepted in the wind 
energy technology. The wind speed and power density re-
source maps developed by Surfer is shown in figures 13 and 
14 below.   

Table 11. Wind power density classes [11] 

Wind 
power 
class 

Resource 
Potential 

30 m 50 m 
Power 

Density 
[W/m2] 

Speed 
[m/s] 

Power 
Density 
[W/m2] 

Speed 
[m/s] 

1 Low 0-160 0-5.1 0-200 0-5.6 
2 Marginal 160-240 5.1-5.8 200-300 5.6-6.4 
3 Fair 240-320 5.8-6.5 300-400 6.4-7.0 
4 Good 320-400 6.5-7.0 400-500 7.0-7.5 
5 Excellent 400-480 7.0-7.4 500-600 7.5-8.0 
6 Out-

standing 480-640 7.4-8.2 600-800 8.0-8.8 
7 Superb 640-

1600 
8.2-
11.0 

800-
2000 8.8-11.9 
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Fig. 13. Mossobo-Harena wind speed map at 50 m 

Fig. 14. Mossobo-Harena power density map at 50 m.

The color map was done in such a way that the change in color 
designates change in wind class i.e. Blue (Class 1), Cyan (Class 
2), green (class 3), yellow (class 4), orange (class 5), red (class 
6) and magenta (class 7).  As shown in the figures the majority
of the site is covered by class 1 area which is not suitable for 
wind energy development. The vicinity area of the wind mast 
is covered mainly by Class 2 and 3 sites can be used for wind 
energy development using tall turbines. As shown in the wind 
speed and power density maps developed and the google 
earth synchronization in Fig. 15 below the Mossobo-Harena 

site has a good wind resource potential at the top of the 
Mossobo-Harena ridge. Wind power density Class II and III 
sites are suitable for wind farm development by using tall 
(high hub height) turbines. 

3.3.6 Google Earth synchronization of Wind Speed Map 
at 50 m 

Fig. 15. Wind Speed Map synchronization with Google 
Earth 

3.4 Wind Farm Modeling and Estimation of Annual 
Energy Production 

3.4.1 Turbine Siting and Wind Farm Layout 

A wind farm layout was developed on the study area to esti-
mate the annual energy production. Since the most important 
factor that should be considered when choosing a wind tur-
bine location is the wind resource potential of the area, the 
location of turbine sites was chosen based on the wind speed 
map of the site which had been generated by WAsP.  

Sitting of turbines was done only considering energy produc-
tion potential with minimum wake losses and thus other so-
cio-economic and road accessibility considerations were not 
considered. Other factors associated with installing WTGs like 
the suitability of the ground to install WTGs, economic and 
social factors require a detailed investigation and experience 
in the field and so many field measurements.  

Based on the rule of thumb that is used to design a wind farm 
layout, turbines in wind farm are usually spaced somewhere 
between 5 to 9 times the rotor diameters apart in the prevail-
ing wind direction, and between 3 to 5 times the rotor diame-
ters apart in the direction perpendicular to the prevailing 
winds.  The wind turbine selected for this study has a rotor 
diameter of 82 meters and thus the turbine should be spaced 
410 to 738 meters apart in the prevailing wind direction and 
246 to 410 meters apart in the direction perpendicular to the 
prevailing wind direction. Therefore, for this research case 
turbines are sited with a minimum of 650m of spacing in pre-
vailing wind direction and 400 m of spacing in direction per-
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pendicular to prevailing winds so as to optimize annual ener-
gy production with minimum wake loss land availability.   

In order to simplify the installation, operation, maintenance 
and for efficient power transmission of the wind park, groups 
of wind turbines are locally concentrated and installed form-
ing a turbine cluster. A turbine cluster consists of a set of tur-
bine sites which differ from each other in their map location. 
The proposed wind site has area coverage of 10km x 10km on 
which a total of 98 turbines were sited. 

Fig. 16. Siting and spacing of Wind Turbines in the wind 
farm 

The turbine sites were selected using the following points. 

• Sites having good mean wind speed were selected by the
aid of the wind speed map at 50 meter.

• The Google Earth synchronization of the wind speed map
was used to selected turbine sites which are relatively flat
(low RIX values).

• The areas were also selected in such a way that it is not
situated on towns, villages, roads, water bodies and
mountains.

• The turbines were carefully sited with the help of Google
Earth synchronization so that the farm produces higher
annual energy with minimum wake loss.

3.4.2 Mossobo-Harena Wind Farm Results 

3.4.2.1 Site Information and Wake effects modelling 

Wake losses are modelled using PARK2 wake model in WasP. 

Table 12. Mossobo-Harena Wind farm site information and 
wake effects modelling 

Number of turbines 88 
Wind turbine Generator  ENERCON E-82 E2 

Uniform hub height a.g. l 98 m 
Wake decay constant 0.075 

Fig. 17. WAsP resource grid map, showing the AEP poten-
tial, layout of the turbines and prevailing wind direction 

3.4.2.2 Summary of Wind farm results  

Table 13. Summary of results of Mossobo-Harena Wind farm 

Variable Total Mean Min Max 
Total gross AEP 

[GWh] 536.789 6.1 5.004 8.139 
Total net AEP [GWh] 510.563 5.802 4.6 7.93 

Proportional wake 
loss [%] 4.89 - 0.34 10.16 

Mean speed [m/s] - 7.47 6.81 8.9 
Mean speed (wake-

reduced) [m/s] - 7.31 6.59 8.75 
Air density [kg/m³] - 0.912 0.896 0.924 

Power density 
[W/m²] - 324 242 577 
RIX [%] - - 2.5 16.5 
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Fig. 18. Gross AEP and wake loss of turbine sites 

3.4.3 Mossobo-Harena Wind Farm Losses and 
Capacity Factor 

The net capacity factor is the ratio of an actual electrical ener-
gy output over a given period of time to the maximum possi-
ble electrical energy output over that period. The rated power 
of the selected wind turbine, ENERCON E-82 E2, is 2.05 MW. 
The rated annual energy production (AEP) of the selected tur-
bine is calculated as 

Rated AEP = Rated power x the number of hours in a year 
       = 2.050 MW x 8760 
        = 17, 957 MWh = 17.957 GWh 

Rated AEP of the wind farm = Rated AEP of a turbine x total 
number of turbines  

  = 88 x 17.957 = 1,580.304 GWh 
As shown in the wind farm summary result in Table 11 the net 
AEP of the wind farm is 510.563 GWh. Therefore, the capacity 
factor (CF) of the farm is  

   CF = 510.563 GWh/1580.304 GWh 
    = 0.323 = 32.3 % 

The net annual energy production calculation by WAsP con-
siders only the wind farm wake loss. But in practice there are 
various other losses occurring along electro mechanical drive 
which reduce the overall wind farm efficiency. Thus, the total 
net annual energy production of the farm will be lower the 
value calculated by WAsP.

In addition to the wake loss the various other losses that occur 
in a wind farm have following approximate values [12].  

1. Wake loss = 4.89 % (Calculated by WAsP)

2. Availability (amount of time for which it is available
to operate when maintenance and repair time is taken
into account) = 97 %

3. Bearing efficiency = 99.60%
4. Gearbox efficiency = 97.20%
5. Generator efficiency = 96.50%
6. Efficiency of Frequency converter = 97.50%
7. Transformer and other transmission accessories =

98.00% 
Therefore, considering the above various losses the net wind 
farm efficiency would be 80.91%. Then the new actual net AEP 
is calculated to be 0.8091* 536.789 GWh = 434.315 GWh and 
therefore the actual CF of the wind farm is 

   CF = 434.315 GWh/1580.304 GWh 
         = 0.2748 = 27.48 % 

The usage time or equivalent full-load hours is calculated by 
dividing the annual energy yield by the turbines’ rated power 

Usage time = annual energy yield (KWh)/rated power (KW) 
  = 434315000 KWh/2050KW * 88 turbines 

     = 2407.5 hrs 

4 CONCLUSION 
In this study wind data from Mossobo-Harena wind measur-
ing mast was collected and analyzed. Wind Atlas Analysis 
and Application Programme (WAsP) was used to generate 
Generalised Wind Climate (Wind Atlas) of the area and to 
develop the wind speed and power density maps of at 50 m 
above the ground level.  The measured data analysis conduct-
ed indicates that the mean wind speed at 10 and 40 meters 
above the ground level is 5.12 m/s and 6.41 m/s respectively 
at measuring site. The measuring site’s mean power density 
was determined to be 138.55 W/m2 and 276.52 W/m2 at 10 
and 40 meters above the ground level respectively. The pre-
vailing wind direction in the site is from East to South East 
where about 60 percent of the wind was recorded. The re-
source grid maps developed by WAsP on 10 km x 10 km area 
at 50 meter above the ground level indicates that the selected 
study area has a mean wind speed of 5.58 m/s and mean 
power density of 146 W/m2. The average turbulence intensity 
of the site was found to be 0.136 at 40 meter which indicatss 
that the site has moderate level turbulence level. According to 
the resource assessment done, the area is classified as wind 
Class IIIB site. ENERCON E-82 E2 wind turbine which is a 
IEC Class IIB turbine with 82-meter rotor diameter and 98-
meter hub height was selected for estimation of annual energy 
production on the proposed wind farm. 88 ENERCON E-82 E2 
wind turbines were properly sited in the wind farm with rec-
ommended spacing between the turbines so as so reduce the 
wake loss.  The net annual energy production and capacity 
factor of the proposed wind farm was determined to be 
434.315 GWh and 27.48 % after considering various losses in 
the wind farm. 
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5 RECOMMENDATIONS 
This study is only a preliminary study in order to estimate the 
energy potential in the wind farm and does not include envi-
ronmental, economic and financial issues studies. For a com-
prehensive study prior to construction and installing wind 
energy conversion systems, a detail environmental, economic 
and financial feasibility analysis for the proposed wind farm 
should be performed. It is recommended that on-site observa-
tion be carried out for each wind turbine candidate site sepa-
rately in order to examine the challenges of individual tur-
bines installation.  In this study development of Wind Farm 
was undertaken by modeling the wind flow at the intended 
Wind Farm using wind flow modeling tool in WAsP. As a 
future work the data that has been analyzed using the WAsP 
tool can be cross checked with the CFD modeling tool for re-
ducing the uncertainties and errors that arise from the WAsP 
modeling. 
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