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Abstract: This paper presents the wind energy potential and wind characteristics for 25 wind sites 

in Eritrea, based on wind data from the years 2000–2005. The studied sites are distributed all over 

Eritrea, but can roughly be divided into three regions: coastal region, western lowlands, and central 

highlands. The coastal region sites have the highest potential for wind power. An uncertainty, due 

to extrapolating the wind speed from the 10-m measurements, should be noted. The year to year 

variations are typically small and, for the sites deemed as suitable for wind power, the seasonal 

variations are most prominent in the coastal region with a peak during the period November–

March. Moreover, Weibull parameters, prevailing wind direction, and wind power density 

recalculated for 100 m above ground are presented for all 25 sites. Comparing the results to values 

from the web-based, large-scale dataset, the Global Wind Atlas (GWA), both mean wind speed and 

wind power density are typically higher for the measurements. The difference is especially large for 

the more complex-terrain central highland sites where GWA results are also likely to be more 

uncertain. The result of this study can be used to make preliminary assessments on possible power 

production potential at the given sites. 
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1. Introduction 

Unlike Europe and North America, which have a long history of wind energy [1–3], Africa does 

not have significant amounts of wind power, and as of 2018, it makes up less than 1% of the total 

global wind power capacity, with installations mainly in South Africa and Egypt [4]. Eritrea gained 

independence from Ethiopia in 1991 and is considered as one of the least developed countries in the 

world, with an acute energy crisis. The main energy source, biomass, has mainly been used for 

cooking purposes, while the majority of the population lacks electricity. The small amount of existing 

power production is almost completely fossil-based [5]. To strengthen the electricity supply, while 

meeting the demands of the Paris agreement, there is an obvious need for renewable electricity 

generation. Today, wind energy installations in Eritrea are limited to one 750-kW wind farm, and 

there are no current plans for large-scale implementations [6]. 

In [7], wind data, mainly from the late 1980s, was presented from various sites in Ethiopia 

including a few sites in what today is Eritrea. The southern Red Sea Coast in current Eritrea was 

concluded as having the highest wind energy potential in the region. As part of the same project, the 

solar energy resources were presented in [8]. The high potential of the Eritrean Red Sea Coast is also 

acknowledged in [9,10]. The study is based on several wind data sources, the newest from the mid-

1990s, and focuses on a handful sites in the Red Sea Coast and the central highlands. More recently, 
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in [11], a Geographic Information System (GIS) based approach for handling existing wind data was 

used to assess the wind energy potential for the entire African continent. The relatively course results 

show high wind energy potential for the Eritrean Red Sea coast, although most of the potential is 

limited by the method’s grid restriction criteria, which have an effect for most areas outside the 

capital region. A high potential for the Red Sea coast, especially for the winter months, is also shown 

in [12], where satellite data are analyzed with the Advanced Weather Research and Forecasting 

(WRF) model. Here, the potential of both wind and wave energy is presented, but only for offshore 

locations. A wider overview of the Eritrean energy sector from 2007 can be found in [13], where, 

based on the same wind data as this work, it is briefly mentioned that 300 villages located in the 

central highland and southern coastal region could feasibly have wind turbines installed in its 

vicinity. In addition, from 2007, in [14], coarse wind resources for different African countries are 

presented without regional results in the case of Eritrea. In summary, there is a lack of more site-

specific wind resource studies which cover the different regions and topographies of Eritrea. 

The wind energy resource of Eritrea is the focus of this work, which is based on wind data, 

mainly for the year 2000 (the years 2000–2005 for the sites deemed as most potential), measured for 

25 different sites as part of the Wind and Solar Monitoring Network (WSMN) established in 1999. 

The number of sites, spread out over the three topographic regions of Eritrea, gives a unique 

overview of conventional wind data of Eritrea which will be a useful complement to satellite data 

and model-based wind assessments when planning wind power implementation. The results will be 

used to draw conclusions regarding the potential of the different regions. Furthermore, the seasonal 

variation and other wind attributes presented for the different sites can be used to further analyze 

how wind energy can be integrated in the power system and combined with other intermittent 

energy sources, for example, solar energy. 

2. Theory 

To characterize the wind resource, the mean wind speed �̅, the standard deviation of the wind 

speed �, the Weibull shape and scale parameters � and �, and the prevailing wind direction, were 

calculated. The prevailing wind direction is obtained from binning the wind directions into a wind 

rose with 16 segments, then reading off the most probable direction. 

The Weibull parameters are provided to facilitate easy reanalysis of the site performances, but it 

should be noted that the original wind data is generally a more accurate basis for analysis [15]. The 

Weibull probability distribution �(�) is given by [15]: 

�(�) = �
�

�
� �

�

�
�
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where � is the wind speed. The shape and scale parameters can be calculated from the 10-min wind 
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where �  is the number of wind speed data points. Note that Equation (2) needs to be solved 

numerically, for example, by iteration. The frequency distribution of the measured wind speeds can 

be obtained by binning the data points into 1-m/s-wide intervals and displaying the percentage of 

data points for each bin. Comparing this distribution with the corresponding Weibull distribution, it 

is possible to judge how well the Weibull distribution approximates the real distribution. 

For the extrapolation of wind speeds for a certain height z, the wind profile log law is used: 

� = ��

ln (� ��⁄ )

ln (�� ��⁄ )
 (4) 
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Here, ��  is the wind speed at the reference height �� and �� is the roughness length [15]. This is a 

rough estimate; the profile can locally be quite different in hilly terrain, for example. The wind power 

density E is given by [17]: 

� =
1

2
���� �1 +

3

�
�, (5) 

where � is the air density and � is the gamma function. To estimate how air density varies with the 

elevation � (in meters), the following expression can be used [15]: 

� = 3.4837
101.29 − � ∙ 0.011837 + �� ∙ 4.793 ∙ 10��

�
 (6) 

where T is the temperature in Kelvin, which for estimations, can be set to the mean temperature of 

Eritrea (296 K). 

3. Method and Observations 

The time series of wind data from a number of sites in Eritrea were analysed and summarized 

using the tools presented above. The measurement series and site characteristics are described in 

detail below. 

3.1. Measurement Series 

In 1998, the Department of Energy at the Ministry of Energy and Mines of Eritrea initiated a 

project in cooperation with the engineering consultant company Sweco, with the intention of 

mapping the wind and solar energy potential for different parts of Eritrea. As part of this, the Wind 

and Solar Monitoring Network (WSMN) was established in 1999 with 25 meteorological stations 

installed around the country. Each station was equipped with either one or two RM Young model 

05103 wind monitors for measuring wind speed and direction, and data were logged in 10-min 

intervals. All stations had one wind monitor placed at 10 m height while five of the stations had one 

additional identical monitor placed at 30 m height. 

In a not-openly-available internal report from the Ministry of Energy and Mines in 2006 [18], the 

mean wind speed values from these measurements were briefly presented. However, the results were 

not interpreted as the potential for wind energy in the different regions, and additional parameters 

such as prevailing wind direction, shape parameters, and standard deviation were not presented. 

Besides [18] and a brief reference to un-published data from the measurement series in [13], the 

results from all 25 wind sites have not been published in a comparative way before this work. 

There are missing data for some periods of time in a few stations. Discontinuous curves in the 

plots indicate insufficient data for the corresponding month. The year 2000 is nearly complete for all 

stations (only one month with missing data for Idi). It should be mentioned that the data presented 

here, although old, is the most recent wind measurement campaign covering all topographic regions 

for Eritrea. Although there has been a negative trend in wind speed in the Red Sea area for the years 

1985–2015, the effect on the southern wind characteristics for Eritrea was small [19]. This, together 

with the fact that the terrain of the 25 sites studied here is more or less unaltered since the year 2000, 

shows that the wind data have not become obsolete. 

3.2. Potential Sites for Wind Farms in Eritrea 

Eritrea can be divided into the western lowland, the coastal region and the central highlands, 

which separates the two first [20]. These three regions, within which the 25 wind sites studies in this 

work are distributed, are described in the sections below. The site positions can be seen in Figure 1 

with additional information in Table 1. The table includes the wind power density as given by the 

free, web-based homogenous large-scale dataset Global Wind Atlas (GWA) v3.0 which is based on 

atmospheric re-analysis data [21]. The table also includes the roughness length �� which is visually 

estimated using available satellite map services such as Google Earth. 
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The coastal region is situated along the Red Sea coast in the central to southeastern part of Eritrea 

and includes altitudes up to 1000 m [20]. The only current wind farm in Eritrea, consisting of three 

250-kW turbines is situated here, at the port of Assab on the Red Sea coast [6,13]. Besides the year-

round warm climate, the Red Sea coast is characterized by the two distinct monsoon seasons 

occurring in the summer and winter. Most coastal sites are located in open and flat terrain, although 

Idi has some surrounding obstacles. Additionally, the coastal region includes the deep depression 

site, Bada, which, although located 45 km from the sea shore, has a similar topography as the other 

coastal sites. 

The western lowland stretches from the north eastern Eritrea towards the central region and 

includes both deserts and savannas with altitudes ranging within 500–1500 m. Although these areas 

are as warm as the coastal region in the summer, the temperature is typically lower in winter time. 

Most of the sites here are placed in open and flat landscapes with, at most, small obstacles in the 

vicinity. However, the higher altitude site, Keren, is on the border to the central highlands where the 

terrain is considerably rougher with surrounding hills and valleys. 

The central highland reaches up to 3000 m and has a cooler climate and more fertile land than 

the two lowland regions, which it separates [20]. The central highland includes mountainous terrain 

as well as a 2000-m altitude plateau that includes the capital, Asmara. This region contains the 

majority of the Eritrean population and hence also has the largest electricity demand. Most central 

highland sites are placed in a rough mountainous landscape. Exceptions are the urban Asmara sites, 

the southern high-altitude sites, Halay and Kohaito, with open and regular surface, and the Areza 

and Mailehan sites that are surrounded by low-vegetated agricultural landscape. 

Table 1. Location of the studied wind sites. “Map no.” refers to the site location in Figure 1. The 

roughness length �� is visually estimated. The mentioned wind speed (10 m above ground) and wind 

power density E (100 m above ground) is from the Global Wind Atlas (GWA) v3.0 [21]. 

Region 
Map 

No. 
Site Lat Long 

Alt. 

(m) 

�� 

(m) 

���� 

(m/s) 

E 

(W/m2) 

W
es

te
rn

 

lo
w

la
n

d
 1 Aligedir 15°7.32′ N 36°34.73′ E 758 0.1 3.5 175 

2 Kerkebet 16°3.53′ N 37°25.89′ E 450 0.01 3.5 275 

3 Agordet 15°33.12′ N 37°52.55′ E 633 0.05 <2.5 100 

4 Keren 15°46.64′ N 38°28.27′ E 1400 0.25 <2.5 100 

C
en

tr
a

l 
h

ig
h

la
n

d
 

5 Adobha 17°7.42′ N 38°14.03′ E 1870 0.05 4.0 450 

6 Nakfa 16°39.00′ N 38°24.00′ E 2690 0.3 4.25 225 

7 Gizgiza 16°0.24′ N 38°30.71′ E 1180 0.05 3.5 225 

8 Debresina 15°45.28′ N 38°42.29′ E 2210 0.25 6.5 500 

9 Embatkala 15°23.83′ N 39°4.37′ E 1361 0.15 <2.5 125 

10 Asmara ERTC 15°21.48′ N 38°53.46′ E 2230 0.05 3.25 125 

11 Asmara Airport 15°17.52′ N 38°54.23′ E 2325 0.15 3.0 125 

12 Dekemhare 15°4.82′ N 39°3.12′ E 2000 0.1 4.75 150 

13 Halay 15°1.19′ N 39°19.18′ E 2700 0.05 3.5 150 

14 Kohiato 14°53.97′ N 39°24.58′ E 2600 0.1 4.5 275 

15 Areza 14°54.79′ N 38°33.83′ E 2029 0.03 3.5 200 

16 Maileham 14°41.86′ N 38°43.42′ E 1980 0.05 3.75 150 

C
o

a
st

a
l 

re
g

io
n

 

17 Hashmet 17°44.15′ N 38°44.14′ E 10 0.005 4.5 250 

18 Dahlak 15°44.70′ N 39°59.55′ E 3 0.005 3.0 125 

19 Massawa 15°39.30′ N 39°28.35′ E 5 0.01 3.0 75 

20 Ingel 15°8.15′ N 39°51.86′ E 60 0.03 3.0 125 

21 Tio 14°40.75′ N 40°57.70′ E 0 0.005 4.0 225 

22 Bada 14°33.25′ N 40°7.92′ E -90 0.1 3.25 250 

23 Idi 13°55.78′ N 41°41.27′ E 10 0.01 4.25 350 

24 Assab Airport 13°1.60′ N 42°38.94′ E 0 0.03 6.0 700 

25 Gahro 12°47.47′ N 43°4.24′ E 30 0.03 6.0 750 



Energies 2020, 13, 1846 5 of 12 

 

 

Figure 1. Map with the wind sites studied in this work, marked out. Red markers represent sites in 

the coastal region, blue markers the western lowland and green markers the central highlands. For 

site numbering, see Table 1. 

4. Results and Discussion 

All results presented here, including Figures 2–5, are based on wind measurements for the year 

2000 (the years 2000–2005 for Figure 6). Furthermore, most of the results are based on measurements 

performed at 10 m height, although some 30-m measurements are presented. In Table 2, the mean 

wind speed, standard deviation, prevailing wind direction, and shape parameters for the year 2000 

for all 25 sites can be observed. Furthermore, in Table 2, the wind power density for 100 m above 

ground is presented for all sites. It is calculated from the 10-m mean wind speed using Equations 4–

6 and altitude and roughness length from Table 1. Furthermore, the seasonal variation of wind speed 

can be seen in Figures 3–5. 

Comparing the three regions to each other, sites in the coastal region have typically the highest 

wind power density followed by the central highlands. However, sites with, as well as without, 

potential can be found within all the regions. The coastal sites Assab and Gahro, both situated in the 

far southern part of Eritrea near the mouth of the Red Sea, have the highest mean wind speeds as 

well as the highest wind power density. However, some central highland sites, such as Gizgiza and 

Dekemhare, also show potential for wind power. For the western lowlands, Kerkebet is the only site 

that can be deemed to have potential. To generalize, based on the results from the 25 meteorological 

stations, the best wind sites can be found at the coastal area of the southern part of Eritrea with good 

sites also found in the central highlands. However, due to local orographic and roughness speedup 

effects as well as an uneven stability over land, the logarithmic wind profile will not always be 

accurate. This will provide a significant uncertainty when extrapolating the wind speed from 10 m to 

100 m, which must be considered regarding the wind power density values. It should also be 

emphasized that, aside from the measured sites, good wind sites are likely to be found in all regions, 

especially in the central highlands when focusing on mountain ridges. 

In Figure 2, the relationship between the values from measurements and the values from GWA 

can be seen for both the wind power density and the 10-m wind speed. It can be noted that the wind 

power density from measurements are typically somewhat higher than the GWA values. It can also 

be noted that the central highland sites have the largest deviations between measured and GWA 
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values, with Nakfa and Dekemhare having the largest differences (see Table 1 for GWA values). 

Between the three regions, the coastal region sites have the highest correlation between measured 

and GWA values. The larger deviations for the central highland sites are probably linked to the more 

complex, hilly terrain. GWA has a ruggedness index layer, indicating increased uncertainty if this 

index is nonzero, which is the case in most of the central highland sites. The roughness length used 

by GWA in some of these sites also seem inappropriately chosen, judging from a visual inspection of 

satellite pictures, which adds to the uncertainty of the comparison. To generalize, when using GWA 

to find good wind sites in north eastern Africa, the results are likely to be more reliable for less 

complex terrains like coastal regions. Regardless of these deviations, the wind power density is 

generally found to be highest for the (south) coastal region and lowest for the western lowlands, 

considering the measurements as well as the GWA. It should also be noted that from the GWA 

mapping of Eritrea, it is obvious that the measurement stations were not placed on sites with the best 

local wind conditions, especially for the central highlands, where stations have been placed close to, 

but not on top of ridges. 

Table 2. Wind speed and characteristics based on measured wind data for the year 2000. Note that 

�̅��  measurements only were available for five sites. All parameters are based on the �̅��  values 

including the wind power density E which is recalculated for 100 m. 

Region 
Map 

No. 
Site 

���� 

(m/s) 

���� 

(m/s) 

E 

(W/m2) 
std � � 

Prev. 

Dir. 

W
es

te
rn

 

lo
w

la
n

d
 1 Aligedir 3.06 4.00 92 1.47 2.18 3.46 N 

2 Kerkebet 5.20  422 3.16 1.70 5.81 NW 

3 Agordet 2.48  55 1.33 1.71 2.76 
SW, 

NW 

4 Keren 4.60  379 2.26 2.1 5.2 NE 

C
en

tr
a

l 
h

ig
h

la
n

d
 

5 Adobha 4.11  180 2.1 2.02 4.62 NE 

6 Nakfa 4.87 4.87 615 3.42 1.51 5.45 SE, NW 

7 Gizgiza 6.14  523 2.48 2.58 6.85 NE 

8 Debresina 3.98  231 1.93 1.88 4.38 NE 

9 Embatkala 3.80  376 2.6 1.26 4.11 NE, SE 

10 Asmara ERTC 3.27  89 1.74 1.95 3.67 NE 

11 
Asmara 

Airport 
3.31 4.89 118 1.75 1.91 3.72 NE 

12 Dekemhare 5.97  531 2.60 2.46 6.74 NE 

13 Halay 4.33  147 1.63 2.85 4.86 NE 

14 Kohiato 5.11  297 2.17 2.53 5.73 NE, SE 

15 Areza 5.16  295 2.44 2.21 5.80 E, NW 

16 Maileham 5.07  355 2.75 1.94 5.74 NE, SW 

C
o

a
st

a
l 

re
g

io
n

 

17 Hashmet 4.74  266 2.50 1.98 5.34 NW, SE 

18 Dahlak 4.30  200 2.26 1.97 4.85 N 

19 Massawa 3.66  125 1.85 2.05 4.11 NE 

20 Ingel 3.85  178 2.04 1.92 4.32 N 

21 Tio 4.45 5.03 220 2.34 1.99 5.02 NE, SE 

22 Bada 4.22  336 2.59 1.71 4.70 N 

23 Idi 4.60  336 2.92 1.60 5.13 NE, SE 

24 Assab Airport 6.72 7.51 840 3.20 2.17 7.53 SE 

25 Gahro 6.91  834 2.97 2.50 7.80 SE 
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Figure 2. The relation between values calculated from measurements and GWA values. Note that the 

wind power density E is for 100 m above ground and the wind speed is for 10 m above ground. 

Being only a short distance from one another, Assab and Gahro have a similar seasonal variation 

with the highest wind speed in the period November–March. Dekemhare, Gizgiza, and Kerkebet, on 

the other hand, do not show any strong seasonal patterns, indicating that the coastal region has 

stronger seasonal variations than the central highlands. In Figure 6, the mean wind speed per month 

for the years 2000–2005 for these five potential sites are presented. It can be seen that the mean wind 

speeds and seasonal patterns recur for these sites and, to a large extent, are consistent with that of the 

year 2000. It can be noted that Nakfa has the same mean wind speed for 10 m and 30 m, and this is 

probably due to the local topography with the measurement mast being placed in a hilly landscape. 

In Figure 7, wind roses displaying the distribution of wind directions for the year 2000 for the five 

most potential sites can be seen. Notably, the coastal region sites Assab and Gahro both stand out, 

with strong southeastern patterns due to the wind following the Red Sea coast from the Bab-El-

Mandeb strait, as clearly shown in [12]. The central highland sites Dekemhare and Gizgiza have 

northeastern patterns, while the western lowland site, Kerkebet, has northwestern patterns. 

Prevailing wind directions for all 25 sites can be seen in Table 2. 

The wind distribution is shown for Gahro and Gizgiza in Figure 8. It can be noted that, for Gahro, 

the distribution follows the corresponding fitted Weibull distribution relatively closely, which is also 

the case for most of the other sites (not shown). However, the distribution of the Gizgiza site deviates 

somewhat from the corresponding Weibull fitted distribution. This is due to a sometimes-strong 

diurnal pattern with lower wind speeds during the night. Inspired by [22], an attempt was made to 

capture this pattern by doing one separate Weibull fit to the night periods showing a mean speed 

below 3 m/s (for data inspection, the night periods are considered to last 10 h starting at 11 a.m.). 

These low-speed night periods constitute 9.3% of the total data for Gizgiza, providing a Weibull fit 

of � = 1.3, and � = 2.1 m/s. The fit for the rest of data is � = 3.4, and � = 7.3 m/s. The resulting 

modified (combined) Weibull distribution is shown in Figure 8, and the energy density based on this 

distribution is calculated to be 507 W/m2, only slightly lower than the one shown in Table 2, which is 

based on the simple Weibull fit. Hence, the given Weibull parameters in Table 2 can be used to 

roughly estimate the production from wind farms at all of the sites. 

Besides using the results from this study to map suitable areas for wind power, it can also be 

used to assess wind turbine noise if wind turbines were to be erected at the studied sites, for example, 

with the methods proposed in [23,24]. Noise is one of the most impactful environmental aspects 

limiting the growth of wind power, but it can be handled through proper wind farm layout [25,26], 

or possibly by using the more quiet vertical axis wind turbine technology in the future [27,28].  

It should also be noted that a large expansion of wind power in a small developing country as 

Eritrea will be challenging for the stability of the electrical grid, due to the variable production. It is 

likely that various measures will be needed, including concepts such as electricity storage, load 
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management, and wind forecasting. It would be interesting to study the potential of AI-based 

forecasting [29,30] in this context. 

 

Figure 3. Mean wind speed per month for the year 2000 for the central highland sites. 

 

Figure 4. Mean wind speed per month for the year 2000 for the coastal region sites. Note that the April 

mean value is missing for Idi (12 days of data are missing). 
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Figure 5. Mean wind speed per month for the year 2000 for the western lowland sites. 

 

Figure 6. Mean wind speed per months for years 2000–2005 for the five sites deemed as most potential. 

Months with insufficient data are left out. 
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Figure 7. Wind roses for the year 2000 for the five sites deemed as most potential. 

 

Figure 8. Distribution of the wind speeds for Gahro and Gizgiza for the year 2000. The distribution 

based on the fitted Weibull parameters are also indicated. For Gizgiza an additional modified Weibull 

fit is indicated, where high and low wind speed periods are singled out and fitted separately. 

5. Conclusions 

The wind energy potential and wind characteristics for 25 sites distributed over Eritrea was 

presented. The best sites for wind power installations were found in the coastal region, especially for 

the southern part of the country, near the mouth of the Red Sea. Good sites can also be found in parts 

of the central highland region. It should be noted that, aside from the measured sites, good wind sites 

are likely to be found in all regions, especially in the central highlands when focusing on mountain 

ridges. Since there is an uncertainty, due to extrapolating the wind speed from the 10-m 

measurements, more in-depth analyses should be performed before planning for the erection of wind 

turbines at any of the studied sites. For the good sites, the seasonal variations are most prominent in 

the coastal region with a peak during the period November–March. The variation over different years 

are generally found to be small. Comparing results from measurements with values from GWA, both 

the mean wind speed and wind power density are typically higher for the measurements. The 

difference is especially large for the more complex-terrain central highland sites where GWA results, 
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as well as the extrapolation of the wind speeds, becomes more uncertain. The result of this study can 

be used to make preliminary assessments on possible power production potential at the given sites. 
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