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A B S T R A C T   

In this study, a novel approach that incorporates the wake effect as a penalty criterion within the Analytical 
Hierarchy Process (AHP) method is proposed. The research introduces the wake penalty criterion for the first 
time, considering both existing and newly located turbines. The results demonstrate the impact of the wake effect 
and identify areas with varying wake penalties. A comprehensive suitability analysis is conducted using AHP and 
Geographic Information System (GIS) techniques, resulting in a suitability map for wind turbine site selection. 
The analysis considers seven criteria, including the novel wake penalty criterion. The suitability map reveals a 
distribution of suitability ranges, with 73.8% of the total area excluded due to various constraints. Additionally, a 
comparative analysis is performed by excluding the wake penalty criterion, highlighting the contrasting effects of 
wake on turbine placement. Case studies in the Karaburun and Çeşme regions of İzmir further illustrate the 
influence of wake on turbine clusters and their alignment with prevailing wind directions. The findings indicate 
that the inclusion of wake effects provides a more precise and realistic depiction of viable wind turbine site 
selection. This is evident in the reduction of 55.5% and 18.6% in the most suitable region (80–100% suitability) 
and highly suitable region (60–80% suitability), respectively.   

1. Introduction 

Wind power has become a popular source of energy due to devel
oping technology and increasing consciousness about the renewability 
of energy sources. Among the various renewable energy options, wind 
energy is preferred due to its minimal environmental impact [1]. 
Additionally, developed countries, which often have limited solar power 
potential in their terrains, tend to favor wind power over solar power. As 
a result, wind energy has gained popularity due to the increased in
vestments made by developed countries in recent years [2]. 

When it comes to any energy conversion site, it is crucial to carefully 
choose the most suitable location, whether it’s for a wind farm or a small 
wind turbine. Undoubtedly, the primary consideration is the energy 
source. However, there are additional criteria that must be taken into 
account for site selection beyond just the energy source. These criteria 
can be grouped into three categories: economic, environmental, and 
social [3]. It’s worth noting that the total number of criteria across all 
classifications can exceed ten, making decision-making challenging. 
Consequently, numerous researchers have proposed various methods for 

multi-criterion decision-making (MCDM). Some of these methods [4] 
are Analytical Hierarchy Process (AHP) [5], ELECTRE [6], TOPSIS [7] 
and PROMETHEE [8]. Among these MCDM methods, the AHP method is 
widely considered the most preferred approach for spatial analysis of 
renewable energy sources [9–11]. AHP has been applied to the selection 
of wind power transformation sites worldwide: Brazil [12], China [13, 
14], Egypt [15], Germany [16], Ghana [17], Greece [11,18–20], India 
[21], Nigeria [22], Pakistan [23], Saudi Arabia [24], Sudan [25], 
Tunisia [26], Türkiye [27], UK [28] and USA [29]. 

During the implementation phase of the AHP method, it is crucial to 
define and select the criteria along with their weights. The determina
tion of these criteria and their weights is typically accomplished through 
expert judgment [12,16,22,27] or by conducting surveys [15]. Not only 
for the AHP method but also for other MCDM methods, researchers 
establish the criteria based on the unique characteristics of the site. For 
on-land sites, commonly used criteria include wind speed, wind power 
density, distance from roads, distance from transmission lines, terrain 
slope, distance from urban areas, distance from airports, proximity to 
water bodies, land cover, presence of forests, elevation, and protected 
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areas. Table 1 provides a summary of the criteria used for on-land wind 
turbine site selection. For offshore sites, frequently employed criteria 
include wind speed, bathymetry, wave height, accessibility to the elec
tricity grid, ground distance, distance to ports, cost, fishing areas, 
shipping routes, protected areas, and the presence of submerged cables 
or pipes. Table 2 presents an overview of the criteria used for offshore 
wind turbine site selection. 

Different criteria have been utilized depending on the specific cir
cumstances of the site being considered, as indicated in Tables 1 and 2. 
The primary objective is to identify suitable and profitable locations for 
wind turbines. In this regard, the main source of income is derived from 
the wind speed and power density, which are natural factors that cannot 
be increased. However, the presence of turbines themselves can have a 
negative impact known as the wake effect, resulting in a decrease in 
downstream wind speed. The wake effect has been extensively studied 
and various theoretical definitions can be found in the literature 
[39–43]. When optimizing the layout of wind farm sites, these wake 
effects are taken into account, as they affect the downstream wind speed 
of the turbines [44–48]. The focus of these layout optimizations is not on 
the suitability of the region itself, but rather on mitigating the wake 
effect by strategically placing a cluster of wind turbines on the selected 
site. 

In the context of wind turbine or wind farm site selection research, 
the wake effect plays a significant role in considering the impact of both 
existing turbines and the placement of new turbines on the existing ones. 
The presence of structures alters the downstream wind speed. Moreover, 
it is important to avoid placing a new turbine either downstream or 
upstream of an existing turbine. 

To maximize the overall energy output of the site, a Euclidean dis
tance from existing turbines can be used as a penalty criterion within the 
AHP method. However, this approach may penalize unnecessary regions 
around existing turbines because each existing turbine has a prevailing 
wind direction and crosswind regions are actually suitable for locating 
new turbines [48]. Instead of using Euclidean distance as a penalty 
criterion in the AHP method, upstream and downstream regions are 
defined based on Jensen’s model [39] and a wake penalty criterion is 

applied to these defined regions. The amount of penalty is linearly 
related to the wake deficit as defined by Jensen’s model. 

Briefly, in this research, the novelty lies in the inclusion of the wake 
effect, which leads to a decrease in wind source, in the suitability 
analysis. This is achieved by introducing a wake penalty criterion, 
alongside other essential criteria within the AHP method. Notably, this 
study marks the first instance of incorporating the wake effect into the 
suitability analysis for wind turbines. 

2. Methodology 

In this research, the focus is on finding a suitable site for wind turbine 
allocation, taking into account multiple criteria. To handle the 
complexity of considering various criteria, the AHP is chosen as the 
preferred method, known for its popularity among MCDM methods. A 
key aspect of novelty in this article is the detailed definition and 
explanation of the wake penalty criterion, which is introduced alongside 
the other criteria used in the analysis. 

2.1. The AHP method 

The AHP is a MCDM method that is commonly utilized for deter
mining the weights assigned to each criterion. In the AHP method [49, 
50], the relationships between criteria are established through expert 
input [11,16,17,51–54] or surveys [15,21]. By representing the pairwise 
relationships in matrix form, where each element is defined based on 
expert judgment, a constant matrix is obtained. This constant matrix is 
square, with its dimensions corresponding to the number of criteria 
being considered. To calculate the weights for each criterion, the con
stant matrix is normalized by dividing each element by the column-wise 
summation, and the row-wise means of the resulting matrix are 
computed. These row-wise means represent the weights assigned to each 
criterion. The sum of the weights for all criteria amounts to 100%, and 
these percentages are subsequently used in spatial analysis within a 
geographic information system (GIS). 

Table 1 
On land site selection criteria in literature.   

Wind 
speed 

Wind 
power 
density 

Distance 
to roads 

Dist. to 
trans. 
lines 

Terrain 
slope 

Dist. to 
urban 
areas 

Distance 
from 
airport 

Proximity to 
water bodies 

Land 
cover 

Presence 
of forests 

Elevation Protected 
areas 

Ali et al. [23] ✓ ✓ ✓ ✓ ✓ ✓ ⨯ ⨯ ✓ ⨯ ✓ ⨯ 
Rekik et al. 

[26] 
✓  ✓ ✓ ✓ ✓   ✓ ⨯  ⨯ 

Asadi et al. 
[30]  

✓ ✓ ✓ ✓ ✓      ✓ 

Zalhaf et al. 
[25] 

✓  ✓ ✓ ✓ ✓ ✓    ✓  

Amjad et al. 
[17] 

✓  ✓ ✓ ✓ ✓ ✓  ✓    

Konstantinos 
et al. [11] 

✓  ✓ ✓ ✓ ✓     ✓ ⨯ 

Baseer et al. 
[24] 

✓ ✓ ✓ ✓  ✓ ✓      

Höfer et al. 
[16]  

✓ ✓ ✓ ✓ ✓  ✓ ✓ ⨯  ⨯ 

Jangid et al. 
[21] 

✓  ✓  ✓    ✓    

Noorollahi 
et al. [31] 

✓  ✓ ✓ ✓ ✓ ✓ ✓    ⨯ 

Watson et al. 
[32] 

✓  ✓ ✓  ✓      ⨯ 

Latinopoulos 
et al. [18] 

✓  ✓  ✓    ✓   ✓ 

Gorsevski et al. 
[29] 

✓  ✓ ✓  ✓   ✓   ✓ 

Tegou et al. 
[33] 

✓  ✓ ✓ ✓ ✓ ✓ ⨯ ✓ ✓  ✓ 

Note: ✓ for constraint type of criterion, ⨯ for restriction type of criterion. 
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2.1.1. Site properties 
In the present study, a specific peninsula of İzmir, encompassing the 

districts of Alaçatı, Urla and Karaburun districts, is selected as depicted 
in Fig. 1. This peninsula is widely recognized as the windiest region in 
Türkiye. Additionally, there are numerous operational wind turbines 

already present in this area (refer to Fig. 1). As a result, this peninsula is 
chosen as the application site for the proposed methodology, allowing 
for a tangible demonstration of the impact of wake effects from existing 
turbines on the allocation of new turbines. To facilitate this allocation, 
seven criteria are defined, namely: wake penalty, wind potential, 

Table 2 
Offshore site selection criteria in literature.   

Wind 
speed 

Bathymetry Wave 
height 

Acc. to 
electricity grid 

Ground 
distance 

Distance to 
ports 

Cost Fishing 
areas 

Shipping 
routes 

Protected 
areas 

Presence of subm. 
cables and 
pipelines 

Gil-Garcia 
et al. [34] 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ⨯ ⨯ ⨯ ⨯ 

Diaz et al. 
[35] 

✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓ ✓ 

Vinhoza et al. 
[12] 

✓ ✓   ✓ ✓  ⨯ ⨯ ⨯ ⨯ 

Mahdy et al. 
[15] 

✓ ✓  ✓ ✓   ⨯ ⨯ ⨯ ⨯ 

Vagiona et al. 
[20] 

✓ ✓       ⨯ ⨯  

Vasileiou 
et al. [19] 

✓ ✓  ✓ ✓ ✓   ⨯ ⨯  

Waewsak 
et al. [36] 

✓ ✓   ✓ ✓   ⨯ ⨯ ⨯ 

Cavazzi et al. 
[28] 

✓ ✓  ✓ ✓ ✓ ✓ ⨯ ⨯ ⨯ ⨯ 

Wu et al. [13] ✓ ✓ ✓   ✓  ⨯ ⨯   
Fetanat et al. 

[37] 
✓ ✓ ✓ ✓ ✓  ✓   ⨯  

Wu et al. [14] ✓ ✓ ✓ ✓ ✓ ✓ ✓  ⨯   
Kim et al. 

[38] 
✓ ✓ ✓ ✓ ✓  ✓ ⨯ ⨯ ⨯  

Note: ✓ for constraint type of criterion, ⨯ for restriction type of criterion. 

Fig. 1. Map of existing turbines.  
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distance to bird migration routes, land use, distance to transmission 
lines, distance to roads, and slope. 

2.1.2. Wake penalty 
The wake effect refers to the phenomenon occurring downstream of a 

turbine where the wind speed decreases due to change in dynamics of 
particles interacting with a structure [55,56]. This decrease in wind 
speed is commonly referred to as the wake effect and has been theo
retically defined in numerous research studies [39–41]. In the context of 
optimizing wind farms on a particular site, the wake effect has been 
taken into consideration. Among the various wake models available, 
Jensen’s model is often the preferred choice in these optimization 
studies [39]. 

Jensen’s model provides a description of the wake effect using a 
function (eq. (1)), which establishes a constant wind speed at any given 
distance downstream. As depicted in Fig. 2, the wake effect impacts the 
wind speed experienced at a specific location, referred to as the actual 
wind speed ux, rather than the speed at the location of the turbines. The 
wind speeds affected by the wake can be calculated using eq. (1). 

vx = ux

(

1 − 2 /3

(
ro

ro + αx

)2
)

(1)  

where v is the constant wind speed at distance x, u is the actual wind 
speed at distance x, ro is the radius of the turbine, α is the wake angle 
which is taken as 0.1 and x is the distance from the turbine to a location 
in the downstream direction. 

According to Jensen’s model, the wind speed immediately after a 
turbine is approximately one-third of the wind speed that the turbine is 
facing. The impact of the wake effect diminishes as the distance from the 
turbine increases. In Ref. [48], the concept of wake decay is utilized 
within specific ranges. For the prevailing wind direction, it is assumed 
that the wake effect ceases beyond a downstream distance of 14 times 
the diameter of the turbine (14D). In Table 3, wind speeds are listed for 
distances of 14 times the turbine’s diameter (14D) from the turbine’s 
location. 

In the literature, various ranges or constraints have been employed in 
optimization problems for the allocation of wind turbines within a 
cluster of turbines (wind farms). Minimum proximity distances between 
turbines have been defined as 2D [57], 4D [46,58–61] and 5D [62–72] in 
different studies. Alternatively, some research uses fixed distances such 
as 5D [73] or 8D [74] instead of defining limits. 

In the context of this research, the aim is not to determine a specific 
range between neighboring turbines, but rather to define a wake region 

where penalties are applied for the allocation of new turbines. However, 
a limit is necessary to specify the extent of the wake effect. Therefore, it 
has been decided to use a distance of 15D as the limit for the wake effect. 
According to this assumption, approximately 95% of the wind speed is 
recovered after reaching the defined limit. 

The wake penalty criterion is a novel concept, and for the first time, it 
is being introduced as a criterion in an MCDM method. As mentioned 
earlier, instead of using the Euclidean distance, the wake-affected range 
is preferred for applying penalties. This choice is motivated by the fact 
that, while a Euclidean definition constrains an area of π225D2, the 
wake effect definition only constrains an area of 30D2 + 0.4

2π π225D2. The 
Euclidean definition encompasses both the crosswind region and the 
prevailing wind region, as depicted in Fig. 3. However, allocating a 
turbine in the prevailing wind region of an existing turbine leads to the 
wake effect, whereas there is no wake effect in the crosswind regions. 
Therefore, by applying the wake penalty only within the wake-affected 
range, land can be saved for the allocation of new turbines. 

To establish a defined region around a turbine, the diameter of the 
turbine, denoted as D, needs to be determined. For this study, a turbine 
diameter of 100 m is assumed. When employing the Euclidean type of 
regional definition, it constrains an area of 7 km2. On the other hand, by 
utilizing the wake effect type of regional definition, with an assumed 
wake effect limit of 15 D (equivalent to 1.5 km), the area constraint is 
reduced to 0.75 km2. Consequently, using the wake effect type of 
regional definition (prevailing wind region) saves approximately 6.25 
km2 of land compared to the Euclidean type of regional definition. 

The methodology of establishing the penalty region as a map is 
outlined in the appendix. In summary, the coordinates of existing tur
bines are extracted from the map displayed in Fig. 1. For each turbine, 
the surrounding area is categorized as delineated in Fig. 3 based on the 
prevailing wind direction derived from the wind direction map in Fig. 4. 
This classification is carried out on a pixel-by-pixel basis, with each pixel 
assumed to measure 50 m. By adhering to the steps outlined in the ap
pendix, the wake penalty map, depicted in Fig. 5, is generated. 

In addition to wake penalty region, to restrict the allocation of a new 
turbine around an existing turbine, a region is defined based on a 
Euclidean type of definition. The radius of this restricted region is set as 
2D [57]. Additionally, the constraint region, defined by the wake pen
alty map, is scaled according to the distance from the existing turbine, as 
outlined in Table 5. 

2.1.3. Annual wind speed 
Wind potential is the only income for electricity production. 

Fig. 2. Illustration of wake effect.  
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Therefore, it is selected as a criterion for site allocation unexceptionally 
for every research in the literature. Two commonly used alternatives are 
employed to assess wind potential: wind speed and wind power density. 
While wind power density [16,30] is utilized in some studies, wind 
speed [11,12,15,17,18,20,21,25,28,29,31–34,36,75] is predominantly 
favored as an indicator of wind potential. Therefore, in this research, 
annual wind speed is employed to evaluate the potential of the wind at 
each site. 

The wind speed map of the site is depicted in Fig. 6(a), providing a 
visual representation of the wind speed distribution across the area. The 
map showcases a maximum wind speed of approximately 14 m/s, while 
the minimum wind speed measures around 2 m/s. Sub-criteria per
taining to wind speed are outlined in Table 5, further detailing the 
specific factors considered in the evaluation process. 

2.1.4. Distance to bird migration patterns 
Birds pose potential risks to wind turbines and conversely, turbines 

can also pose risks to birds, so it is crucial to consider the impact on both 
the ecosystem and investment. Therefore, in this study, the criterion of 
proximity to bird migration routes is included in the site allocation 
process. Bird migration paths have been reconstructed based on data 
from Ref. [76] and visualized in Fig. 6(b). To ensure safety, a proximity 
range of 2.5 m is established for turbine site selection, and the constraint 
rate is defined to decrease linearly with increasing distance from the bird 
migration patterns, as outlined in Table 5. 

2.1.5. Land use 
While there may not be any specific governmental restrictions on 

wind turbine allocation, it is important to consider the preservation of 
nature even when utilizing renewable energy sources. In the selected 
region, the terrain is fertile and predominantly used for agricultural 
purposes. To protect the natural environment, restrictions are imposed, 
and wind turbines are only permitted to be allocated on bare grounds 
and rangelands. The land use map is given in Fig. 6(c). 

2.1.6. Distance to transmission lines 
The initial cost of a wind turbine is inversely related to the distance 

to the transmission line. Therefore, this criterion has been widely 
considered in previous research studies [16,33], including the present 
study. The sub-criteria for distance to the transmission line are provided 
in Table 5. Additionally, in order to ensure safety and avoid interference, 
turbines are not permitted to be allocated in close proximity to trans
mission lines. A limit of 500 m has been set, as depicted in Fig. 7(a), to 
maintain a safe distance between turbines and transmission lines. 

2.1.7. Distance to roads 
Having a wind turbine in close proximity to the road network offers 

several advantages. It reduces both the initial cost and maintenance cost 
of the turbine. Additionally, being near a road improves accessibility, 
enhancing safety during emergency situations. However, it is important 
to maintain a safe distance from the road to ensure the overall safety of 
the turbine. In this study, a constraint of 100 m is imposed to restrict 
turbine allocation near existing roads, as shown in Fig. 7(b). Further 
constraints related to road proximity are defined in Table 5. 

2.1.8. Slope 
The slope of the terrain is an important factor to consider for the safe 

operation of a wind turbine. To ensure safety, it is necessary to maintain 
a safe distance between the tips of the turbine blades and the ground. In 
this study, a constraint is imposed to restrict turbine allocation on slopes 

Table 3 
Wake decay for downstream ranges based on Jensen’s model [39].  

x 0 D 2D 3D 4D 5D 6D 7D 8D 9D 10D 11D 12D 13D 14D 

v 0.33 0.54 0.66 0.74 0.79 0.83 0.86 0.88 0.90 0.91 0.93 0.93 0.94 0.95 0.95  

Fig. 3. Difference between Euclidean and wake type of definition of region 
around a turbine. 

Fig. 4. Prevailing wind direction map.  
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steeper than 24%, as depicted in Fig. 7(c). Additional constraints are 
defined in Table 5 to enhance safety and reduce the initial construction 
cost of the turbine. 

3. Results and discussions 

Table 4 provides insights into the wake effects and their corre
sponding areas resulting from a decrease in wind speed at 100 m 
elevation also shown in Fig. 5. Jensen’s model was employed to calcu
late these effects, and the wake penalty is expressed as a percentage. 

The area around a turbine must be restricted due to some safety 
conditions. Accordingly, the radius of this restricted region is set as 2D 
resulting in a total restricted area of 53.2 km2. Moving to the next 
category, where the wake penalty ranges from 100% to 50%, a smaller 
area of 1.8 km2 experiencing this reduced wind speed is observed. 

Continuing down the table, a gradual decrease in the wake penalty 
percentages and an increase in the corresponding areas affected due to 
the Jensen’s model. It is noteworthy that at lower wake penalty ranges, 
such as 13-8% and 8-4%, the affected areas are quite substantial. 

A reliable AHP analysis involves three important steps. The first step 
is to identify and specify the criteria. Once the criteria are established, 
the next step is to calculate the weights of each criterion based on the 
interrelationships defined in a constant matrix. Finally, accurate defi
nition of sub-criteria indicators for each criterion is necessary prior to 
conducting suitability analysis in GIS software. The weights of the 
criteria and the indicators of the sub-criteria are summarized in Table 5. 
By implementing these steps, a suitability map for wind turbine place
ment (Fig. 8) is generated through the analysis conducted in ArcGIS. For 
the classification process, Natural Breaks (Jenks) classification is 
utilized. 

The analysis results reveal a distribution of the area covered by 
various suitability ranges, which exhibits a typical normal z distribution 
pattern, as shown in Table 6. Additionally, it is observed that 73.82% of 
the total area is restrained and excluded from consideration due to 
several factors, including land use restrictions, slope limitations, wake 
penalty constraints, distance to transmission lines, distance to roads, and 
proximity to bird migration paths. 

The suitability map presented in Fig. 8 highlights the impact of wake 
effects. To further investigate and ascertain the definitive effect of wake, 
a repeated suitability analysis is conducted. In this second analysis, the 
wake penalty criterion is not excluded by assigning it a weight of zero. 
Instead, the indicators for each sub-criterion within the wake penalty are 
assigned a value of 9 (maximum value in suitability analysis), repre
senting non-affected regions. As a result, the wake penalty criterion 
becomes insignificant due to its own weight, while the other criteria 

Fig. 5. Wake penalty map.  

Table 4 
Wake penalties and corresponding area of wind speed 
decrease.  

Wake penalty (%) Area (km2) 

restricted 53.2 
100–50 1.8 
50–40 4.3 
40–32 7.9 
32–26 12.5 
26–19 17.6 
19–13 28.0 
13–8 44.0 
8–4 49.8 
<4 1541.8  
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Table 5 
The AHP criteria.  

Criterion Weight Sub-criteria Indicators Criteria Weight Sub-criteria Indicators 

Annual wind speed (m/s) 28 <3 1 Wake penalty (%) 28 100 restrained 
3–5 3 100–50 1 
5–7 6 50–40 2 
>7 9 40–32 3   

32–26 4 
26–19 5 
19–13 6 
13–8 7 
8–4 8 
4–0 9 

Land Use 11 Water restrained Distance from transmission line (km) 8 0–0.5 restrained 
Trees restrained 0.5–1 9 
Flooded veg. restrained 1–2 8 
Crops restrained 2–4 7 
Built area restrained 4–8 6 
Bare ground 8 8–16 4 
Snow/ice restrained >16 2 
Rangeland 9   

Slope (%) 4 0–3 9 Distance from road (km) 4 0–0.1 restrained 
3–6 8 0.1–1 9 
6–9 7 1–2 8 
9–12 4 2–4 7 
12–24 2 4–8 6 
>24 restrained >8 4     

Bird migration paths (km) 17 0–2.5 restrained 
2.5–5 3 
5–10 6 
>10 9  

Fig. 6. Wind speed, Distance to bird migration and Land use maps.  

Fig. 7. Distance to transmission lines, distance to roads and slope.  
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remain influential. 
The outcome of the suitability analysis conducted without consid

ering the wake penalty criterion is displayed in Fig. 9(b), allowing for a 
comparison with the suitability analysis that includes the wake penalty 
criterion shown in Fig. 9(a). The contrasting effects of the wake penalty 
are depicted for better visualization. Two specific regions, Karaburun 
(Fig. 10) and Çeşme (Fig. 11), are given to showcase the impact of wake 
in more detail. 

In the Karaburun region, there are two distinct clusters suitable for 
turbine placement. The first cluster is situated in the northwest, char
acterized by mountainous terrain with elevations ranging from 0 to 300 
m. Due to the challenging topography, the turbines in this cluster are not 
evenly distributed and do not follow a regular pattern. 

On the other hand, the second cluster is located in a linear formation, 
extending from the north to the south of the region (refer to Fig. 10). The 
turbines in this cluster effectively cover a significant portion of the 
surrounding suitable areas. 

However, it is worth noting that there is a large expanse of suitable 
land in the south of Karaburun. This area has an elevation of 1113 m, 
making it the highest point within the site. Consequently, investors have 

been hesitant to utilize this region due to the higher initial cost associ
ated with turbine installation in such challenging terrain. 

In the Çeşme region, there are seven distinct clusters of turbines, as 
depicted in Fig. 11. The first cluster is situated in the western part of the 
region. Although the turbines in this cluster are individually placed, the 
overall allocation direction of the cluster does not align perpendicularly 
with the prevailing wind direction. Consequently, the turbines within 
this cluster are affected by each other, as observed in the second, third, 
and half of the fourth clusters. 

The fourth cluster is particularly interesting as it consists of two 
groups of three turbines. The first group, located to the west within the 
cluster, is oriented in the north-south direction, while the second group, 
positioned to the north within the cluster, is oriented in the east-west 
direction. It should be noted that the prevailing wind direction for this 
cluster is north to south (as shown in Fig. 4). In this context, the align
ment of the first group is not optimal, causing some turbines to be 
affected by wake. Conversely, the second group is perfectly aligned and 
perpendicular to the prevailing wind direction, resulting in no wake 
effect on any of the turbines. Instead, the regions to the north and south 
of the second group experience the wake effect, as implemented by the 
novel wake penalty criterion. 

Similar effects of the wake penalty criterion are also observed in the 
fifth, sixth, and seventh clusters. The wake penalty criterion reduces the 
suitability rank of the affected regions within these clusters, highlighting 
the impact of wake on turbine site selection. 

In addition, Table 7 presents a comprehensive comparison between 
the proposed method in which wake effects are considered and methods 
that do not incorporate such wake penalties. It is evident considering 
wake effects leads to notable changes in the distribution of suitable areas 
for wind turbine site selection. When wake penalties are included, re
gions previously deemed highly suitable experience reductions in 

Fig. 8. Suitability map.  

Table 6 
Distribution of suitability ranges.  

Suitability (%) Distribution of area (%) 

Unsuitable 73.82 
0–20 0.93 
20–40 8.01 
40–60 12.83 
60–80 4.37 
80–100 0.04  
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Fig. 9. Suitability maps (a) with wake penalty and (b) without wake penalty.  

Fig. 10. Suitability maps of Karaburun (a) with wake penalty and (b) without wake penalty.  

Fig. 11. Suitability maps of Çeşme (a) with wake penalty and (b) without wake penalty.  
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suitability. The regions categorized as "60–80%" and "80–100%" suit
ability, in particular, undergo significant decreases in the suitable area 
by − 18.6% and − 55.5%, respectively. These findings suggest that 
incorporating wake effects offers a more accurate and realistic repre
sentation of feasible wind turbine locations. In terms of the economic 
aspects of wind turbines, the inclusion of wake penalties holds impli
cations for the overall financial feasibility of the chosen sites. While 
methods that exclude wake effects may identify larger areas as suitable, 
these findings might not accurately reflect the actual energy production 
potential of the turbines. Incorporating wake effects provides a more 
precise estimation of energy generation, as it considers the impact of 
existing turbines on the efficiency of new ones. Although including wake 
effects might lead to a reduction in the overall suitable area, it can 
potentially result in higher energy output from the selected sites, 
translating to improved economic returns in the long run. Thus, the 
consideration of wake effects aligns with a more economically prudent 
decision-making process for wind turbine site selection. 

4. Conclusions 

In the present study, a comprehensive analysis of wind turbine site 
selection by incorporating the wake effect into MCDM process is pre
sented. The research focuses on both existing and newly located tur
bines, considering the impact of wake on the downstream wind speed 
and overall energy output of the site. This study marks the first instance 
of integrating the wake effect into the suitability analysis for wind tur
bines. The AHP method is utilized and seven criteria, including the novel 
wake penalty criterion, are selected to evaluate the suitability of po
tential wind turbine locations. These criteria encompass various eco
nomic, environmental, and social factors relevant to wind turbine site 
selection. 

The results reveal the wake effects and their corresponding areas of 

reduced wind speed. Using Jensen’s model, the wake penalty percent
ages, ranging from 67% to 4% and corresponding affected areas are 
calculated. After conducting AHP analysis, a suitability map for wind 
turbine placement is generated using ArcGIS. The map exhibits a dis
tribution of suitability ranges, following a typical normal z distribution 
pattern. Furthermore, a repeated suitability analysis, excluding the 
wake penalty criterion, is performed to compare the impacts of 
considering and not considering the wake effect. The results demon
strate the contrasting impacts of wake on turbine site selection. Specific 
regions, such as Karaburun and Çeşme, are examined in detail, pre
senting the influence of wake on the allocation and orientation of wind 
turbine clusters. 

In summary, the main contribution of this study is to introduce the 
wake effect as a criterion in the site selection process for wind farms. 
Including wake effects significantly shifts suitable areas, affecting initial 
high-suitability regions. While excluding wake effects might expand 
suitability, it undermines energy predictions and economic feasibility. 
Accounting for wake effects provides a more accurate energy estimate, 
enabling informed decisions and potential long-term economic gains. 
This integration bridges theoretical and practical wind energy consid
erations, creating a robust framework for economically sound turbine 
site selection. 
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Appendix. Wake penalty 

To initiate the procedure, the coordinates of the turbines, turcoor, and the wind direction (in angle), wang, are required. Additionally, certain limits 
and parameters need to be defined to establish the calculation algorithm, including the pixel dimension, pd, wake angle, α, the number of turbines, not, 
the maximum distance that the wake effect extends, wed, and the maximum number of affected pixels for a turbine, mnoep. 

The coordinates of the existing turbines, turcoor, are obtained from the map shown in Fig. 1. Image processing techniques are employed to identify 
and locate the existing turbines, which are represented by red on the map. 

Table 7 
Comparison of the areas with and without wake penalty criterion.  

Suitability 
(%) 

Area without wake 
penalty (km2) 

Area with wake 
penalty (km2) 

Change 
(%) 

Unsuitable 1276.3 1300.0 1.9 
0–20 4.9 16.4 236.6 
20–40 132.5 141.1 6.5 
40–60 251.4 225.9 − 10.2 
60–80 94.6 77.0 − 18.6 
80–100 1.3 0.6 − 55.5  
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Input ( , , , , , , ) 
for i = 1 : 
 Step1 : Assign wake direc�ons of turbine 
  Input ( , , ) 
  Output ( ) 
 Step2 : Determine �p coordinates of turbine 

Input ( , ) 
  Output ( ) 
 Step3 : Specify neighbor pixels under wake effect 
  Input ( , , , , , 

) 
  Output ( ) 
end 
Step4 : Apply wake effect to wind map (Figure 13) 

Input ( , , , ) 
 Output ( ) 

Fig. 12. Algorithm of methodology  

The calculations to determine the affected neighbor pixels, effnp, of turbines, i, begin by determining the wake direction of each turbine, turang, as 
depicted in Fig. 12. While wind direction can vary over time, it is assumed that wind turbines predominantly operate in the prevailing wind direction. 
Therefore, the wake direction of a turbine is assumed to align with the prevailing wind direction at its location. Wind directions are obtained as angles 
from the wind speed map presented in Fig. 4, utilizing image processing techniques. 

The pixel dimension, pd, is set to 50 m which is assumed turbine radius. As a result, while the center of a turbine is represented by a single pixel, the 
turbine’s tips should be represented by neighboring pixels. To determine the tip coordinates of a turbine, the prevailing wind direction at the turbine’s 
location is taken into account. It is important to note that there may be an inherent error in the orientation of a turbine due to the pixel-based 
representation. For the assumed pixel dimension, the maximum error in turbine orientation is ±22.5◦. 

In the final step of generating the wake penalty map, wpm, the ratio of the effect on neighbor pixels, effnp(i,noefn,3), is applied to a blank map 
(colored as white). Following the completion of the entire procedure outlined in Fig. 12, the region downstream of the turbine is determined. To define 
the region upstream of the turbine, the procedure needs to be repeated once more. As a result, regions are defined both upstream and downstream of 
the turbine, as shown in Fig. 3. 

The procedure outlined in Fig. 13 is essential for accurately generating the wake penalty map. This is because there are cases where turbines are 
located downstream of other turbines, and it is necessary to map the wake effect of an upstream turbine before considering the downstream turbine. By 
following this procedure, the wake penalty map is obtained correctly.

Fig. 13. Algorithm for wake penalty map    
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Based on the assumption of a wake loss limit of 15D, the wake effected distance, wed, is set as 30, which represents effected region around the 
turbine’s location. Accordingly, the maximum number of effected pixels for a turbine, mnoep, is set to be smaller than wed× wed. 

References 

[1] John CA, Tan LS, Tan J, Kiew PL, Shariff AM, Abdul Halim HN. Selection of 
renewable energy in rural area via life cycle assessment-analytical hierarchy 
process (LCA-AHP): a case study of tatau, sarawak. Sustainability 2021;13. https:// 
doi.org/10.3390/su132111880. 

[2] Kaldellis JK, Zafirakis D. The wind energy (r) evolution: a short review of a long 
history. Renew Energy 2011;36:1887–901. 
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