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Abstract 
Wind power is a safe form of renewable energy and is one of the most promising alternative en-
ergy sources. Worldwide, the wind power industry has been rapidly growing recently. It is crucial 
that the locating of new projects must address both environmental and social concerns. The Red 
Sea shoreline in Egypt provides excellent wind power potential sites for the Red Sea Governorate. 
In this study, appropriate zones for wind power farms were mapped using remotely sensed data 
and a GIS-based model namely Spatial Multi-Criteria Evaluation (SMCE). This model incorporated 
several criteria, two sets of factors and a set of constraints. First, resource factors included wind 
speed, elevation zones used to derive the wind power density. Second, economic factors included 
distances from urban areas, roads and power-lines. Third, land constraints were excluded from 
the evaluation. The land constraints set included land slope angles, shoreline, urban areas, pro-
tectorates airports and ecologically sensitive and historical areas. The Analytical Hierarchy Proc-
ess was used to assign the criteria relative weights. The weighted criteria and constraints maps 
were combined in the MCE model. The model identified the zones with potential wind power en-
ergy. Such zones were found to exist along the northern parts of the Red Sea shoreline. Some of 
which are unsuitable due to their location within a sensitive eco-system, high slopes and/or a 
nearby airport. By excluding such land constrains, the model identified the most appropriate 
zones satisfying all assigned suitability conditions for wind farms. Ideal zones amount to 706 sq. 
km with suitability values ranging from 83% to 100% and highly suitable zones amount to 3781 
sq. km having suitability values ranging from 66% to 83%. 
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1. Introduction 
1.1. General 
An increase in public awareness regarding the negative impact of traditional power-generating methods, espe-
cially coal and oil-fired power stations, has created a demand for using environmentally friendly renewable energy 
sources. Developing electrical energy from renewable sources is becoming a necessity because it does not release 
harmful emissions into the environment (Fernandez et al., 2006) [1]. 

Historically, wind power has been used as a source of power for ships and wind mills. Today, huge wind tur-
bines are used as a renewable energy resource for generating electricity. They are erected in particularly windy 
places, because wind farms can operate only where steady winds prevail year round. 

Various environmental impacts of wind energy are commonly known by scientists. These impacts may be listed 
as effects on animal habitats (particularly bird collisions), noise generation, visual impact, and electromagnetic 
interference. A further impact of wind energy on habitat is noise. Example of regulations by authorities as given 
by Tester at al. (2005) [2]; Ramiraz-Rosado et al. (2008) [3] stated that wind turbines should be located at least 
500 m away from nearest habitat and they studied the visual impact of the wind turbines. Baban and Parry (2001) 
[4], Nguyen (2007) [5] stated that wind turbines should be located 2000 m away from large settlements because of 
aesthetic concerns and safety. According to Yue and Wang (2006) [6] wind turbines must be located at least 500 m 
away from wildlife conservation areas and ecological sites such as bird migration sites. 

Site selection for large wind turbine requires consideration of a comprehensive set of factors and balancing of 
multiple objectives in determining the suitability of a particular area for a defined land use (Bennui et al., 2007) [7]. 
Literature on the siting of wind power facilities generally incorporates the integration of many factors in order to 
determine a suitable location. Wind resources are the most important criteria. Such resource is classified based on 
the annual mean wind speed (Patel and Rosier, 2013) [8]. For annual average wind speed between 6 and 10 m/s 
its production varies between 2.4 and 6.5 GWh. Wind farms require a lot of space. Most wind farms fall into a 
range of 0.1 - 1 km2 per installed MW (Elliason, 1998; Walker and Jankens, 1997; Afgan and Carvalho, 2002) 
[9]-[11]. 

GIS can have significant contribution as a decision support tool in identifying environmentally feasible loca-
tions for wind turbines which require management and analysis of wide range of spatial data types. GIS analysis 
might aid to determine appropriate zones according to specific criteria for future development. A MCE is the 
evaluation of a set of alternatives, based on multiple factors and constraints, where the factors are quantifiable 
indicators of the extent to which decision objectives are realized (Malczewski, 1999) [12]. The most important 
factor in MCE is how to establish “weights” for a set of criteria according to importance. Location decisions such 
as the ranking of alternative communities are representative multi-criteria decisions that require prioritizing 
multiple criteria. A MCE enables the outcomes to be visualized in maps (Wood and Dragicevic, 2007) [13]. One 
of the most useful GIS decision making tools is the Analytical Hierarchy Process (AHP). This process is a com-
prehensive, logical and structural framework, which allows analyzer to improve the understanding of complex 
decisions by decomposing the problem in a hierarchical structure. Such structure shows the relationship between 
the goal, objectives, criteria, and alternatives (Bennui et al., 2007) [7]. This will also allow for unique ecological, 
social, economic and/or combined scenarios to be modeled (Mann et al., 2012; Bartnicki and Williamson, 2012) 
[14] [15]. This process enables the analyst to perform multiple scenarios by altering factor weights depending on 
the user’s preference.  

Different modeling approaches have been conducted to arrive to the most appropriate sites for wind farms. 
Economic factors for the siting of wind power facilities include wind speed and/or wind power density and dis-
tance to hydro lines, roads and slopes. Socially influenced factors included distance from urban areas and historic 
sites. Environmental variables generally included distance from wetlands, forests and water bodies (Baban and 
Perry, 2001; Mann et al., 2012; Rodman and Meentemeyer, 2006; Bartnicki and Williamson, 2012) [4] [14]-[17].  
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1.2. Wind Energy in Egypt 
In fact, limited primary energy resources are consumed in Egypt. The most important of these resources are oil, 
natural gas, coal and hydropower. In addition, new and renewable energy resources such as solar and wind have a 
good potential. Due to its geographic location and varied topography, Egypt has some good locations with an 
average wind speed reaching 10 m/sec capable of producing competitive wind energy from wind turbines.  

Since the early 1980’s renewable energy has been considered as an integral part of the Egyptian policy. In a 
significant move, the Egyptian Government has launched a national program to apply new and renewable energy 
technologies. A new and Renewable Energy Authority (NREA) was established in 1986. The NREA’s objectives 
are to introduce renewable energy technologies to Egypt on a commercial scale. The Egyptian Renewable Energy 
Development Organization (EREDO) was established in 1992 by mutual financing from Egypt and European 
Communities, covering renewable energy technologies, testing and endorsing certificates of components. The 
government program includes wind to supply energy to remote areas, which are located far from the grids, or 
directly to the grid in case of large wind power generation. 

Recent achievements have been realized in the areas of institutional building, field testing, technology adoption 
and development of local wind industries. Currently, a wind farm of 6 MW is operative at Zafarana on the Gulf of 
Suez coast, where the first large commercial wind farm of 60 MW is being developed. Rapid penetration of dif-
ferent applications in many sectors is expected in the next few years, especially for the extension of the wind- 
electricity generation. 

1.3. Description of the Red Sea Governorate 
The Red Sea Governorate extends in a northwesterly direction between latitude 22˚N 30˚N. It is bordered from the 
east by the Red Sea and the Gulf of Suez coastal line and from the west by the eastern desert (Figure 1). The Red 
Sea coast line extends for 1080 km from the Gulf of Suez at latitude 29˚N to the borders of Sudan at latitude 22˚N. 
Area is equivalent to 120 thousand sq. km. and comprising six cities; Ras Gharib, Hurghada, Safaga, El Quseir, 
Marsa Alalm, and Shalateen. Between the Eastern Desert mountains and the Red Sea shoreline, there is a coastal 
plain of almost level land that extends along the edges of the Gulf of Suez and the Red Sea. The width of such 
ranges from 8 to 35 km. 

The Red Sea Coast is characterized by a dominantly hot, dry and windy climate. In Hurghada city for example 
the annual average temperature is 24.5˚C, the relative humidity is 79.6%, evaporation is 9.8 mm per day. The 
annual amount of rainfall is 4 mm. Thus the area is arid with sparse vegetation. The wind speed reaches 7.6 m/sec 
and of dominating NW direction. In some zones, the wind speed may reach 10 m/sec which is a high potential for 
wind energy. 

The population of the Red Sea Governorate live in a number of cities on the coastline and few scattered villages 
in between. Tourist resorts are spreading down all coastlines. Egyptian Red Sea coast in general has very limited 
freshwater resources due to its geographical location in the arid sub-tropical region. The Egyptian Red Sea is also 
a major transportation route due to the Suez Canal and a key location for petroleum and natural gas production. 
The Red Sea Governorate is the richest province of the republic in mining and mineral potentials. It has the vast 
majority of metallic and non-metallic ores and ornamental stones and is quite rich in investment opportunities. 

The economic base is partially tourism, which is nature based, occupying a large portion along the Red Sea 
shores. The Red Sea Governorate is rich in biodiversity providing potentials for ecotourism and nature preserva-
tion. Based on Shobrak et al. (2003) [17] and Baha El Din et al. (2003) [18], Egypt comprises a wide range of 
habitats critical for birds. These include: wetlands, high altitude mountains, desert wadis, coastal plains and ma-
rine islands (Egyptian Environmental Affairs Agency, 2014) [19]. The Red Sea islands of Tiran, Ashrafi, North 
Qeisum, Tawila and Zabargad are amongst the most important islands in the Egyptian Red Sea for breeding sea-
birds. About 150 of birds species are considered as resident with breeding populations (Baha El Din, 1999) [20]. 
Within birds populations, 16 species of global conservation concern have been recorded in Egypt (Collar et al., 
1994) [21]. The region is internationally famous for diving activities. Fishing is another important economic ac-
tivity in the region (Baha El Din et al., 2003) [18]. 

Development in Red Sea Governorate faces two main challenges; water and energy. The governorate has po-
tentials for renewable energy such as solar and wind energy. Renewable energy can therefore be the backbone for 
development. Provision of necessary power can provide water by desalination of water from the Red Sea. Less 
than 1% of Egypt’s current energy mix comes from wind, despite an abundance of wind resources, particularly in  
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Figure 1. Location of the study area.                                                                        
 
the Gulf of Suez area. As of 2008/2009, Egypt’s Renewable Energy Authority (NREA), affiliated with the Min- 
istry of Electricity manages Egypt’s clean energy portfolio. It has installed 425 MW of wind power, including a 
wind farm at Zafarana, in Suez Governorate. Such wind farm has been operational since 2004 and has a capacity 
of 360 MW, where wind averages 9 meters/second (Shata and Hanitsch, 2006) [22]. A record summary of wind 
observations at some meteorological stations in Red Sea and Gulf of Suez is shown in Table 1. 

2. Materials Used in the Study 
Several data and information were collected, from the different sources to be used in order to achieve the overall 
objectives of this study, these include:  

2.1. Remote Sensing Data: Optical and Radar Data Were Used for This Study as Follows 
1) Landsat ETM+ images, to delineate shoreline and to investigate land use/land cover patterns. 
2) Shuttle Radar Topography Mission (SRTM) elevation and derived land slope. 

2.2. Maps 
Various types of maps covering the study area have been compiled, digitized. All data were projected to WGS-84 
of the Universal Transverse Mercator System (UTM) of geographic coordinates. The digitized layers were im-
ported to a geographic database using ESRI ArcGIS 9.3 software [24]. 

These include: 
1) Topographic maps at scale 1:50,000 published by the Egyptian General Survey Authority (1989) [25]. 
2) Climatic Atlas of Egypt, published by the Egyptian Meteorolgical Authority (1996) [26]. 
3) Wind Atlas of Egypt, published by Mortensen et al. (2005) [23]. 
4) Map of natural protectorates and birds sites, published by the Egyptian Environmental Affairs Agency 

(EEAA) [19]. 
A description of the main GIS layers used and sources is presented in Table 2. 
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3. Methodology 
3.1. Theory and Approach 
Spatial Multi-Criteria Evaluation (MCE) was conducted using analytical approach to determine suitable locations 
for the project. Analytical Hierarchy Process (AHP) is a multi-criteria decision method that uses hierarchical 
structures to represent a problem and then develop priorities for alternatives based on the judgment of the user 
(Saaty, 1980) [27]. The AHP procedure involves five essential steps (Lee et al., 2008) [28]: 1) Develop the AHP 
hierarchy; 2) Pairwise comparison; 3) Estimate the relative weights; 4) Check the consistency; 5) Obtain the 
overall rating.  

1) Develop the AHP hierarchy: In this step the complex problem is decomposed into a hierarchical structure 
with decision elements i.e.: objective, attributes or criterion map layers and alternatives (Vahidniaa et al., 2008) 
[29].  

2) Pairwise Comparison: AHP method is based on pair-wise comparison within a reciprocal matrix, in which 
the number of rows and columns is defined by the number of criteria. Accordingly, it is necessary to establish a 
comparison matrix between pairs of criteria, contrasting the importance of each pair with all the others. The 
comparison ratings are provided on a nine-point continuous scale, which was proposed by Eastman (1995) [30]. If 
we call that weight aij, and use that scale of comparison and if the relative weighting is a23 = 3/1, then the relative 
importance of attribute 3 with regard to 2 is its reciprocal a32 = 1/3. This process generates an auxiliary matrix in 
which the value in each cell is the result of the division of each value judgment (aij) by the sum of the corres- 
ponding column. Finally, the average of the normalized values of rows is obtained, which corresponds to the 
priority vector (Wj). This is normalized by dividing each vector value by n (the number of vectors), thus obtaining 

 
Table 1. A record summary of wind observations at some meteorological stations in the Red Sea and Gulf of Suez: Data- 
collecting period, height above ground level of anemometer, data recovery rate (R), Weibull A and K parameters, mean wind 
speed (U), mean power density (E), and direction (DU), magnitude (U) of the mean wind vector. (Source: Mortensen et al., 
2005) [23].                                                                                               

Region/Station period Height [m] R [%] A [m∙s−1] k U [m∙s−1] E [W∙m−2] DU [deg] │U│[m∙s−1] 
Gulf Suez          

Ras Ghareb 5y 24.5 85.5 11.0 3.40 9.9 775 322 8.7 
Red Sea          

Hurghada WETC 11y 24.5 79.6 7.6 2.32 6.7 308 322 4.9 
Hurghada (62463) 10y 10.0 n/a 7.6 2.66 6.7 285 325 5.4 
Kosseir (62465) 4y 10.0 97.1 5.1 2.03 4.6 178 334 3.5 

Kosseir 4y 24.5 88.7 6.5 2.32 5.8 197 321 4.3 

 
Table 2. Description of GIS data layers used in the current study.                                                 

GIS data layer Description Data Source 
Vector (polygon) Wind speed Ministry of Electricity and Energy 

Raster Elevation Shuttle Radar Topography Mission (SRTM) 
Raster Slope Shuttle Radar Topography Mission (SRTM) 

Vector (line) Power lines Topographic map, scale 1:50,000, Egyptian General Survey  
Authority 1989 

Vector (line) Highways Ministry of Transportation 
Vector (point) Airport areas General Organization for Physical Planning 

Vector (polygon) Birds sites General Organization for Physical Planning 
Vector (polygon) National Protectorates Egyptian Environmental Affairs Agency (EEAA) 

Vector (point) Cities and urban settlements General Organization for Physical Planning 
Vector (point) Archaeology sites General Organization for Physical Planning 

Raster Land use/land cover Classification of Landsat ETM + imagery and 
FAO Africover data for Egypt 

Vector Shoreline Digitized from Landsat ETM + imagery 
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the normalized overall priority vector, representing all factor weights (Wj) (Table 3(a)). 
3) Estimate the relative weights: To determine the weighted sum vector we multiplying matrix of comparisons 

on the right by the vector of priorities to get a new column vector. Then divide first component of new column 
vector by the first component of priorities vector, the second component of new column vector by the second 
component of priorities vector, and so on. Finally, sum these values over the rows.  

4) Estimation of the consistency vector: To calculate the consistency vector we divide the weighted sum vector 
by the criterion weights. Once the consistency vector is calculated it is required to compute values for two more 
terms, lambda (λ) and the consistency index (CI). The value for lambda is simply the average value of the con-
sistency vector. The calculation of CI is based on the observation that λ is always greater than or equal to the 
number of criteria under consideration (n) for positive, reciprocal matrices and λ = n, if the pair wise comparison 
matrix is a consistent matrix. Accordingly, λ − n can be considered as a measure of the degree of inconsistency and  

( ) ( )CI n n 1λ= − −                                   (1) 

The term CI, referred to as consistency index, provides a measure of departure from consistency. To determine 
the goodness of CI. The consistency ratio (CR) can be defined as follows: 

CR CI RI=                                       (2) 

where Random Index (RI) is the CI of a randomly generated pairwise comparison matrix of order 1 to 10 obtained 
by approximating random indices using a sample size of 500 (Saaty, 1980) [27]. Table 3(b) shows the value of RI 
sorted by the order of matrix. 

The consistency ratio (CR) is designed in such a way that if CR < 0.10, the ratio indicates a reasonable level of 
consistency in the pairwise comparisons; if, however, CR > 0.10, then the values of the ratio are indicative of 
inconsistent judgments. 

5) Overall rating: A weighted linear combination (WLC), a simple additive weight method was used to combine 
the criteria and constraints to yield the suitability map as follows: 

( ) ( )constraint mapj ijS W X= × ∏∑                            (3) 

S = composite suitability score, 
Wj = weights assigned to each factor j, 
Xij = attribute score i of factor j. 

 
Table 3. (a) AHP weighting scale (Saaty, 1980); (b) Random index (RI) (Saaty, 1980) [27].                            

(a) 

Intensity 
Definition (i in regards to aj) 

Values Numbers 

Relative importance aij aji 

1 Equal importance 1 1 

2 Intermediate 2 1/2 

3 Moderate importance 3 1/3 

4 Intermediate 4 1/4 

5 Strong importance 5 1/5 

6 Intermediate 6 1/6 

7 Very strong importance 7 1/7 

8 Intermediate 8 1/8 

9 Extreme importance 9 1/9 

(b) 

Order Matrix 1 2 3 4 5 6 7 8 9 10 

RI 0.00 0.00 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 



H. A. Effat 
 

 
364 

3.2. Application on the Red Sea Governorate 
3.2.1. Evaluation Criteria for Zoning Potential Wind Farms 
Evaluation criteria are grouped into factors and constraints. Factors are criteria that promote the development of a 
certain activity. Constraints are concerned with the zones that could be negatively affected by a specific activity. It 
is thus such zones that should be avoided and/or protected from change. In GIS analysis, the constraints issue can 
be solved by keeping a set-back zones or buffer zones. A buffer zone is decided by setting a threshold value. The 
distance from a facility can be either a factor or a constraint or both. For example getting closer to a main road can 
be an economic factor that minimize transportation costs. Yet, getting too close to such road could be non-aes- 
thetical, cause accidents, noise, compete with other land-use. It is therefore, necessary to reach a threshold that 
limits the factor from the constraint for a wind farm siting decision 

3.2.2. Criteria and Thresholds 
The preferences of each group for geographical locations use a set of specified criteria. For example, the envi-
ronmentalists group can select maps of the impact of wind farms, or maps of the distances of wind farms ecol-
ogically sensitive areas due to bird collisions. Wind energy resource is the most important criteria for siting a wind 
energy farm. While performing site selection, both the wind energy potential and environmental acceptabil-
ity/fitness need to be considered. A location which does not have sufficient wind energy potential is not an ap-
propriate location for wind turbines no matter how high it satisfies all acceptability objectives and concerns. A 
conceptual flow chart for the criteria and methodology is shown in (Figure 2). 

3.2.3. Wind Power Density 
According to (Mortensen et al., 2005) [23] the wind resources of Egypt have recently been assessed by the New 
and Renewable Energy Authority, the Egyptian Meteorological Authority and Risø National Laboratory; (NREA) 
the results are reported in detail in a Wind Atlas for Egypt. The primary purpose of the Atlas is to provide reliable 
and accurate wind atlas data sets for evaluating the potential wind power output from large electricity-producing 
wind farms. Numerical wind atlas methodologies have been used to solve the issue of insufficient wind meas-
urements based on meteorological stations. Based on Mortensen et al. (2005) [23], the KAMM/WAsP method 
was developed and used by Riso laboratory to produce estimates of wind resource on a national scale. A predicted 
map for wind climate of Egypt was determined by meso-scale modeling. The map shows the mean wind speed in 
[m∙s−1] at height of 50 m over the actual land surface. The horizontal grid point resolution is 7.5 km. 

The wind power in a given site depends on having sufficient wind speed available at the height at which the 
turbine is to be installed (Vanek and Albright, 2008) [31]. Wind power density is a most important factor be-
cause it provides information on the most feasible and profitable areas in the region for siting a wind power pro-
ject (Baban and Perry, 2001) [4]. Bartniki and Williamson, 2012 [15] explain that wind power density is a func-
tion of the area’s average wind velocities and the air densities, which involves land elevations. The wind power 
density is derived by Equation (4) and Equation (5) (Hughes, 2000) [32]. 

( ) ( )41.225 1.194 10 elevation mρ − = − × ×                          (4) 

31 2wpd Vρ=                                   (5) 

where: V = average wind speed (m/s); ρ = air density (kg/m3); wpd = wind power density (watt/m2). 
Shuttle Radar Topography Mission SRTM digital elevation model (figure) was used to model the air density 

using (Equation (4)). The wind speed energy map (V) developed by Mortensen et al., 2005 [23] was downloaded 
geometrically corrected, digitized, projected , converted to raster format and a resample function was applied. The 
data was finally used to calculate the wind power density using Equation (5). 

3.2.4. Power-Lines Proximity and Setback Buffer 
A suitable location will need to be in close proximity to existing roads and hydro lines to minimize production 
costs (Nextra Energy Canada, 2011 [33]; Bartnicki and Williamson, 2012 [15]). The distance to transmission lines 
is a necessity in order to transport the energy created by the wind turbines and reduce costs. Land that is connected 
to an electrical grid therefore provides a more suitable site. For setback distance, according to Moiloa 2009 [34] 
and the DEADP, 2006 [35] suggests a minimum distance of 250 meters should be kept apart from high voltage  
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            Figure 2. A conceptual chart for the applied methodology.                              
 
lines. Same distance was considered for the current study. 

3.2.5. Roads Proximity and Setback 
Wind farms should be set apart from roads and railroads. According to Moiloa, 2009 [34] and the DEAP 2006 [35] 
suggested a distance of 2.5 km from main roads and railroads and a distance of 500 meter from secondary roads. 
Construction costs start to increase the further away a project is from existing roads due to the need for new road 
construction (Bartniki and Williamson, 2012) [15]. A distance function was used to classify the region, where the 
areas closer to the roads setback buffers were given high suitability while areas further to the buffer were given 
low suitability. For the present study, a setback of 500 m was used. 

3.2.6. Urban Areas and Cultural Sites Proximity and Setback 
CNdV Africa 2006 [36] report defines heritage sites as sites of historical and cultural value either with national or 
provincial designations. These sites are considered cultural amenities that should be protected. Bartnicki and 
Willamson, 2012 [15] used a 550 m setback for urban, recreational and historic areas are granted. For the current 
study, a setback of 1000 m was used for historic sites while 2000 m was used for cities to account for growth 
expansion. 

3.2.7. Slopes 
Luo et al., 2007 [37], Bartnicki and Williamson 2012 [15] explain that at the summit of steep slopes wind may not 



H. A. Effat 
 

 
366 

hit the turbine rotor at a perpendicular angle. This will result in an increased level of fatigue for the turbine. Thus 
a slope of greater than 5 degrees will yield more turbulent wind patterns causing disruptions in turbine stability. 
Building on higher slopes also increases project costs. Ideally, the terrain should be rounded or flat because they 
will be exposed to higher, more constant wind speeds (Baban and Parry, 2001) [4]. The slope was reclassified to 
three categories with most suitable for flat to 5 degrees and unsuitable for slopes greater than 10 degrees and 
marginally suitable for values in between. 

3.3. Ecological and Social Factors (Exclusion Zones/Constraints) 
Ecological and social evaluation criteria can be factors or constraints. A constraint or an exclusion zone is re-
strictedly unsuitable zone for wind turbine installation. It is excluded for protecting effects on environment, com- 
munities, visualization, eco-conservation, and engineering frontier (Bennui et al., 2007) [7]. For constraint criteria, 
a threshold was assigned. Such threshold classifies a criteria raster into suitable and unsuitable pixels using a bi- 
nary classification (Effat and Hegazy, 2013; Effat, 2014) [38] [39]. Suitable pixels are assigned a value of “one” 
while unsuitable pixels are assigned a “zero” value. In the last stage of data analysis, inappropriate zones will be 
combined in a single constraints binary map and excluded. Constraints for the present study are explained as 
follows: 

3.3.1. Shoreline Setback 
Wind farms should be set apart from inhabited areas. According to Moiloa, 2009 [34] and the DEAP, 2006 [35] 
suggested a setback distance of 4 km from the coast. A similar buffer zone was used around the shoreline con-
sidering possible birds flight paths and future tourism marine activities. 

3.3.2. Protected Areas (Cultural, Ecological and Birds Areas) 
Regionally important geological/geomorphologic sites, and other natural reserves are protected by national leg-
islations. Such lands were considered constraints as the development of a wind farm may have a significant impact 
on the environmental values of such areas. According to Moiloa, 2009 [34], the DEAP 2006 [35] a distance of 500 
meter from nature reserves and a distance of 1 km from national protectorates, nesting areas and flying routes of 
protected species is appropriate. CNdV Africa 2006 [36] used a distance of 2 km from national protectorates for 
the development of Western Cape, South Africa. For the present study, a distance of 1 km around the natural 
protectorates and ecological sites was considered appropriate. 

3.3.3. Land-Use—Land-Cover 
Certain land-use have to be set apart from wind farms. Airports is one the most important as navigation can be 
affected by such operations. CNdV Africa (2006) [36] applied a distance of 25 km from airport with primary radar 
for the development of Western Cape. Same distance was adopted as buffers for the airports. 

3.3.4. Developing a Pairwise Comparison Matrix 
The Pairwise Comparison Matrix used for the present study was developed based on the review of relevant lit-
erature. However, there could be a different judgment for the relative magnitude of the criteria when these are 
compared in pairs. The decision making process in the multiple criteria problems is a subjective process de-
pending on the decision maker vision. 

3.4. Standardization of the Criteria 
For each factor, the attributes were standardized by transforming the original values to a suitability value using 
Saaty’s, (1980) [27] suitability scale from 1 - 9. The higher value is more favorable and vice versa. Areas deemed 
as constraints will have a suitability score of zero. Areas with a higher suitability will have a higher score (Bart-
nicki and Williamson, 2012) [15]. 

3.5. Combining the Criteria 
Evaluation criteria were combined in a grid that contains all standardized grids calculated from each of the indi-
vidual grids. All the input evaluation criteria were in standardized raster grid format and with a 100 m cell size. 
Equation (3) generates a suitability grid that ranks the suitable areas by percentage. 
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4. Results and Discussion 
The study was conducted using satellite data from Landsat ETM+ and SRTM and geographic information systems 
(GIS) for mapping the suitability of the Red Sea Governorate for siting wind farms. Results revealed that coastal 
areas along the Gulf of Suez and the northern zones of the investigated region have high wind energy potentials. 
Such zones are appropriate for setting up electricity generating wind turbines. The total investigated area is 
equivalent to 120 thousand sq. km. Most suitable zones amounts to 706.5 sq. km with suitability percent ranging 
between 83% and 100% and highly suitable zones amounting to 3781 sq. km having suitability percent that range 
from 66% to 83%. The results reveal that the northern part of the investigated area is quite rich in wind power 
potentiality. Results can be explained as follows: 

 

4.1. Wind Power Map (Wind Resources Criteria) 
The study revealed that coastal areas along the Gulf of Suez and the northern zones of the Red Sea coast with an 
area equivalent to 120 thousand sq. km have high wind energy potentials. Such zones are appropriate for setting up 
electricity generating wind turbines. The calculations of wind power density from the wind speed maps reveal a 
maximum value is around 660 watt/m2 and a mean value of 97 watt/m2. The elevation, air density, average wind 
velocity and the resultant wind power density maps are presented in Figures 3(a)-(d) respectively. 

4.2 Economic Criteria Maps and Standardization 
The standardized economic criteria maps for distance to roads, distance to power lines, distance to settlements are 
depicted in Figures 4(a)-(c). The slope suitability attrubyte map is shown in Figure 5. Assigned weights resulting 
from applying Analytical Hierarchy Process (AHP) are presented in Table 4. The standardized attribute values 
based on suitability for siting wind energy zones are presented in Table 5. 

4.3. Ecological and Cultural Criteria Maps (Constraints) 
The ecological and cultural values criteria maps are binary maps. Such maps are presented in Figure 6. In each of 
the constraints maps, the excluded zones are presented in black color while the rest of the study area is presented in 
white color. Figures 6(a)-(f) depict the excluded zones for the national protectorates, shoreline, airports, cities, 
main roads and birds sites respectively. The set back buffer zones are described in Table 6. 

4.4. Suitability Map 
The suitability index values resulting from the overlay (suitability function) was classified into five suitability 
classes. Each class representing a suitability range (Table 7). 

Most suitable zones of class 5 have wind velocity that range between 8.0 to 11.0 m/sec. and wind power den-
sity ranging between 543 to 659 watt/m2 is a huge energy potentiality and flat lands. Such class exists along the 
north-east shores of Gulf Suez and Red Sea and extend inlands towards the west. Two airports exist in such zone 
namely Ras Shukhayr new airport and Ras Jismah new airport. Such airports necessitates setback buffers each of 
which is assigned an area of 20 - 25 km for proper navigation needs. In addition, ecological areas for bird flight 
sites and high slope lands were excluded. Suitable net areas for class 5 is equivalent to 706.7 sq. km with suit-
ability values from 84% -100% (Figure 7). 

Highly suitable zones in class 4 area have wind power density ranging between 310 - 425 watt/m2 and a land 
area equivalent to 3781.2 sq. km after subtraction of setback buffers and constraints. This class exists almost 
parallel to the Gulf Suez and the northern parts of the Red Sea , mostly flat lands to very gentle slopes (less than 9 
degrees) and are in close proximity to class 5 (Figure 7). Suitability values for this class range from 65% to 83%. 

Moderately suitable zones in class 3 have wind velocity range of 4.5 - 6.4 m/sec which is acceptable to good, 
but the slopes are quite steep. The slope constraint cause more turbulent wind patterns and may cause disruptions 
in turbine stability and also reduces the suitability values. Net area of such class is around 35,300 sq. km with 
suitability values ranging from 50% to 65% (Figure 7). 

Less suitable zones in class 2 have wind velocity range of 4.5 - 5.0 m/sec. which is marginally acceptable. 
Steep slopes exceed the accepted threshold (greater than 9 degrees) in such areas which in turn lead to low sui- 
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(a)                                     (b) 

 
(c)                                     (d) 

Figure 3. Wind power density evaluation criteria (grids in true value categories) (a) elevation; 
(b) air density; (c) average wind velocity; and (d) wind power.                              

 
tability values. Total area of such class is equivalent to 45,690.7 sq. km with suitability values ranging from 31% 
- 49% (Figure 7). 

Unsuitable zones in class 1 are excluded zones (zones treated as constraints). Total area of such class is 
equivalent to 35,298.8 sq. km and a suitability range (0 - 30%). Regardless of the wind velocity, such zones were 
excluded for ecological, social and economic reasons (Figure 7). 

5. Conclusion and Recommendation 
The current study employed remotely sensed data in a GIS-based multi-criteria evaluation model to identify and 
map appropriate zones for wind energy farms. The method was quite flexible in creation of the evaluation criteria, 
assigning importance weights, standardization and map overlay. It provides visual intermediate and final results in  
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(a)                      (b)                         (c) 

Figure 4. Standardized suitability grids for economic evaluation criteria: (a) proximity to roads; (b) proximity to cities; 
(c) proximity to power lines.                                                                               

 

 
Figure 5. Suitability grid for slope.               

 
Table 4. Pairwise comparison matrix for criteria weight assignment.                                               

Criteria Wind power  
density 

Slope  
(degrees) 

Proximity to  
power lines Proximity to roads Proximity to  

urban centers 
Calculated  

weight 
Wind power density (W/m2) 1 4 7 9 9 0.618 

Slopes 1/4 1 7/4 9/4 9/4 0.155 
Proximity to Power Lines 1/7 4/7 1 9/7 9/7 0.088 

Proximity to Roads 1/9 4/9 7/9 1 1 0.068 
Proximity to Urban centers 1/9 4/9 7/9 1 1 0.068 
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(a)                              (b)                              (c) 

 
(d)                              (e)                              (f) 

 
(g) 

Figure 6. Ecological and cultural (constraints): (a) natural Protectorates; (b) shoreline; (c) airports; (d) cities and historical 
sites; (e) roads; (f) birds protection sites; (g) combined constraints map.                                                   
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Figure 7. Suitability index for most appropriate zoning of wind farms in Red Sea Governorate.  

 
Table 5. Standardization of the wind farm site evaluation criteria.                                                  

Standardization of the evaluation criteria standardization of evaluation factors 

Suitability scale Wind power  
density (watt/m2) Slope degrees Proximity to power lines (m) Proximity to cities (m) Proximity to roads (m) 

0  >=9 0 - 249 0 - 2000 0 - 500 
1 14 - 86  214,445 - 265,452 286,108 - 321,870 68,713 - 77,301 
2 87 - 158  176,969 - 214,444 250,344 - 286,107 60,124 - 68,712 
3 159 -229  147,822 - 176,968 214,581 - 250,343 51,353 - 60,123 
4 230 -301 >5 < 9 123,879 - 147,821 178,818 - 214,580 42,946 - 51,352 
5 302 - 373  100,977 - 123,878 143,054 - 178,817 34,356 - 42,945 
6 374 - 445  77,034 - 100,976 107,291 - 143,053 25,768 - 34,356 
7 446 -516  52,050 - 77,033 71,528 - 107,290 17,179 - 25,767 
8 517 -588  24,985 - 52,049 35,764 - 71,527 8590 - 17,178 
9 589 - 660 <=5 250 - 24,984 2000 - 35,763 500 - 8589 
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Table 6. Excluded zones (Constraints) threshold.                                                               

Criteria (excluded zones) Buffer zone (m) around excluded zones 
Protectorates 1000 m around protectorates 

Shoreline 4000 m around shoreline 
Birds sites 1000 m around birds sites 
Power lines 250 m around power lines 

Cities 2000 m around cities 
Historic sites 1000 m around historic sites 

Roads 500 m around roads 
Airport 25,000 m around main airports 
Slopes More than 9 degrees 

 
Table 7. Suitable classes and land areas for wind power energy crop.                                              

Class Rang and percentage of suitability values Class description Area (sq. km) Percentage of total area 
1 0 - 0.30 Unsuitable 35298.8 0.294 
2 0.31 - 0.49 Least suitable 45690.7 0.380 
3 0.50 - 0.65 Suitable 35300.7 0.294 
4 0.66 - 0.83 Highly suitable 3781.2 0.031 
5 0.84 - 1.00 Extremely suitable (ideal) 706.5 0.005 

 
the form of thematic maps that are comprehensive and useful for planning purposes. The method succeeds in 
mapping potential zones rich in wind power energy and avoiding sensitive ecological sites, while considering  
some economic factors such as slopes, accessibility and power network. By excluding the land constraints, the 
developed model identified the ideal zones with all suitability conditions for siting wind energy farms in the 
northern Red Sea Coast. These ideal zones amount to 706 km∙sq. with suitability values of 83% - 100%. Also, 
highly suitable zones amounting to 3781 km∙sq. with suitability values of 66% - 83% have been determined. Thus 
multi-objectives could be reached. The results of the current study highlights the need of adopting a holistic in-
tegrated approach that integrates land resources, potentials and constraints in the land-use decision strategies for 
achieving sustainable planning at a regional scale. Applying such techniques unveils the relationship between 
potential resources and vulnerable features that can be spatially competing. Thus providing indicator maps; as a 
guide for zoning and land-use strategies. The methodology is applicable and can be conducted for creating zoning 
maps of wind power energy in other regions. 

Based on the output of this study, potential zones in each individual location should be field investigated and an 
environmental impact assessment to be further assessed. It is highly recommended that the land-use decision 
makers adopt the Spatial Multicriteria Evaluation analysis. Such method is believed to overcome the shortcomings 
of the current planning practice especially in developing countries, due to need of a multidisciplinary approach 
and evaluation tools in the land-use planning decisions.  
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