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Abstract

The growing global demand for energy, driven by population growth and industrial de-
velopment, has increased the importance of renewable sources such as wind energy. In
this context, Tiirkiye has made remarkable progress in expanding its wind energy capacity,
particularly in the Aegean Region. The Bergama district, located in the northern part of
[zmir, stands out as a promising area for sustainable wind power plant investments due
to its favorable average wind speeds of 8-9 m/s measured at a hub height of 100 m. This
study proposes an intelligent fuzzy multi criteria decision framework to determine the
most suitable sites for wind power plant installation in the Bergama region. The evaluation
process is structured around four main criteria, economic, technical, environmental, and so-
cial, each comprising five sub-criteria. Six alternative locations are comparatively assessed
using an integrated Fuzzy Analytic Hierarchy Process and Fuzzy Weighted Sum Model
approach. The combined model enabled effective handling of uncertainty in decision
parameters and provided a consistent ranking of alternatives. Based on the results, Site 6
emerged as the most suitable location due to its superior wind resource characteristics, tech-
nical feasibility, and accessibility advantages, and the proposed approach offers a decision
support framework for regional planners to guide strategic wind energy development.

Keywords: wind power; renewable energy; fuzzy logic; analytic hierarchy process;
weighted sum model

1. Introduction

Turkiye possesses considerable advantages in wind energy potential, owing to its
geographical position and climatic diversity. Surrounded by seas on three sides and
characterized by varied topography and elevation differences, the country provides highly
favorable conditions for wind power generation. In recent years, the wind energy sector in
Tiirkiye has undergone significant expansion, driven by the global shift toward renewable
energy and the nation’s strategic goal of reducing dependence on imported energy sources.

According to the latest statistics published by the Turkish Wind Energy Association,
Tiirkiye’s technical wind energy potential is estimated at approximately 48,000 MW [1].
This potential, however, is not uniformly distributed across the country. The Aegean Region,
particularly the provinces of Izmir, Balikesir, and Canakkale, exhibits the highest wind

Sustainability 2026, 18, 1950

https://doi.org/10.3390/su18041950


https://crossmark.crossref.org/dialog?doi=10.3390/su18041950&domain=pdf&date_stamp=2026-03-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2669-3135
https://orcid.org/0000-0002-6271-2746
https://doi.org/10.3390/su18041950

Sustainability 2026, 18, 1950

2 0f 23

energy potential. Several other regions, including parts of the Marmara, Mediterranean,
and Central Anatolia regions, also demonstrate notable wind energy capacity, although to
a comparatively lower extent.

As of the end of 2023, Tiirkiye’s total installed wind energy capacity reached
11,654 MW, accounting for nearly 10% of the country’s total electricity generation [2].
Over the past 15 years, the wind energy sector in Tiirkiye has experienced a significant
transformation driven by supportive energy policies and increasing investment in renew-
able technologies. Installed capacity increased from only 20 MW in 2005 to 1320 MW in
2010, followed by a rapid expansion to 4718 MW in 2015, 8832 MW in 2020, and finally
11,654 MW in 2023 [3]. This sustained growth trend highlights Ttirkiye’s commitment to
expanding wind energy as a key component of its renewable energy strategy and reflects
broader global shifts toward low carbon energy systems, as illustrated in Figure 1.
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Figure 1. Tirkiye’s installed wind power capacity by year [4].

Most of the wind power plants in Ttirkiye currently consist of onshore turbines. In
recent years, technological advances have facilitated the deployment of higher capacity
and more efficient turbine systems [3]. The Ministry of Energy and Natural Resources is
presently developing a 2 GW offshore wind power project in the Black Sea, as outlined in the
TUBITAK Wind Energy Technologies Roadmap [5]. At the same time, domestic production
of wind turbine components has increased, contributing to industrial development and
reducing external dependency.

Tiirkiye’s future wind energy development trajectory is closely aligned with global
renewable energy targets. According to national planning documents, the country aims to
reach an installed wind power capacity of 16,000 MW by 2027, 24,000 MW by 2030, and
29,000 MW by 2035 [3,6]. Also, a number of European Union member states stand out for
generating high shares of electricity from renewable resources [7,8]. Therefore, Tiirkiye’s
renewable energy policies increasingly reflect international sustainability objectives and
climate neutrality targets.

The motivation of this study arises from the need to support regional wind energy
planning through an effective decision support structure. Instead of relying on single factor
assessments, the study adopts a multi criteria perspective that simultaneously considers
economic, technical, environmental, and social dimensions of site suitability under uncer-
tain conditions. Selecting an appropriate location for wind power plant installation is a
critical task due to high initial investment costs and the need to ensure long term technical
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and economic feasibility. Wind energy projects require site conditions that support stable
energy production while remaining compatible with environmental and social constraints.
Consequently, site selection decisions must be based on systematic evaluation approaches
capable of balancing multiple and often conflicting criteria. To address this requirement,
an integrated fuzzy multi criteria decision support framework is employed. The Fuzzy
Analytic Hierarchy Process (FAHP) is used to determine the relative importance of evalua-
tion criteria based on expert judgments, while the Fuzzy Weighted Sum Model (FWSM) is
applied to rank alternative locations according to their overall performance. This integrated
structure enables consistent criteria and alternative site comparisons.

Despite the rapid expansion of wind energy capacity, the effective utilization of
this potential strongly depends on appropriate site selection practices. In this context,
the contribution of the present study lies in presenting a region specific and practically
applicable framework for evaluating wind power plant locations. The proposed approach
integrates economic, technical, environmental, and social criteria within a unified fuzzy
multi criteria structure, in which environmental and social aspects operate as suitability
constraints alongside technical feasibility. By focusing on the Bergama region, which already
hosts active wind power installations, the study provides insights that may be beneficial
for regional stakeholders involved in wind energy investment planning. Furthermore, by
integrating fuzzy logic into the analytic hierarchy process (AHP) and weighted sum model
(WSM), the methodology becomes more reliable and robust to human error. Though it can
easily be adapted to other sites and applications.

2. Sustainability and Wind Power Studies

In today’s developed world, human development and technological progress have
accompanied people throughout history. New eras bring new inventions, discoveries, and
advances. We are currently living in the Fourth Industrial Revolution (Industry 4.0), which,
like every revolution, is associated not only with rapid technological changes but also with
social and economic ones. These changes also influence human lifestyles as well as digital
and environmental awareness. The dynamic development of technology, engineering,
automation, and industry have also impacted the natural environment. The impact of
human activity, especially in energy production, has a huge impact on the entire ecosystem.
Changes in the hydrosphere [9], atmosphere [10] and biosphere [11] can be observed, with
also negative effects on human health. Many countries still rely a lot on non-renewable
energy sources, such as hard coal, lignite, and crude oil. This further increases pressure
on the environment. For this reason, it is crucial to look for alternative solutions for heat
and electricity production through the development of renewable energy sources. These
solutions minimize the negative impacts of human activity.

In terms of sustainable development, keeping the balance between three pillars is
crucial: the economy, society, and the environment [12]. This means that economic growth,
despite that it is essential, cannot be achieved with natural degradation at the same time.
Actions undertaken in the industrial and energy sectors should take into account social
needs and the need to protect the natural environment. Trying to achieve harmony between
these three elements is important for responsible and sustainable development.

For this reason, a growing number of initiatives are being undertaken, aimed at both
the development and efficient use of renewable energy sources. The most important
renewable energy sources include solar energy, wind energy, hydropower (including river
hydropower, tidal energy, and wave energy), geothermal energy, and energy obtained from
biomass and biogas. These sources have a significantly lower environmental impact than
fossil fuels. Renewable energy sources are playing an increasingly important role in energy
transition, constituting a key element in achieving climate and sustainable development
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goals. This article focuses on wind energy, and therefore the following sections will
address it.

It should be noted that a lot of research is being conducted in the field of wind energy,
and these studies are published on popular scientific databases. The Scopus database
includes many papers which deal with the topic of wind energy. To present the most
important numbers in this term, we used the search engine in the Scopus database. The
authors focused on articles that have keywords “wind power” or “wind energy”. The
search formula is written as follows—Equation (1):

KEY (“wind power”) ORKEY (“wind energy”) AND PUBYEAR > 2005 AND PUBYEAR < 2026 1)

The search covered the last 20 years, but data for 2025 are incomplete because the
analysis results were due on 13 December 2025. It should also be noted that publications are
entered into the database with a delay, so all data for 2025 will be included in the database
after some time. As of the day of analysis, 7534 articles with the mentioned keywords
were indexed in the Scopus database. The total number of articles from 2006 to 2025 was
113,876. Over the last 20 years, the number of articles in the database has been on the rise.
In 2006, there were 1284 articles. In subsequent years, the number of articles increased. In
2011, the number decreased slightly compared to 2010. A similar situation occurred in 2015
compared to 2014. However, between 2015 and 2023, the number of articles increased year
by year. In 2023, the number reached 8920 articles on the researched topic. In 2024, the
number is slightly lower at 8555. These data prove that over the last 20 years, awareness
and scientific interest in the topic of wind energy have been growing, so it can be said that
there has been development in the subject of this type of renewable energy source in the
scientific context. Figure 2 shows the analyzed data.
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Figure 2. Number of papers in the Scopus database with the keywords “wind energy” and “wind
power” published by year; n = 113,876 (data state on 13 December 2025).

The Scopus database also allows for thematic segregation of analyzed articles. An anal-
ysis of the number of articles assigned to specific research areas indicates a clear dominance
of Engineering sciences, which comprises 68,284 publications. Among these papers, there
are papers published in 2025, for example, on wind energy harvesters’ technology [13,14],
wind power monitoring [15] or fault diagnosis of wind turbines [16,17].

Energy science ranks second with 61,497 articles, underscoring the growing impor-
tance of energy-related research, including renewable energy sources, energy efficiency,
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and energy transition. Publications from 2025 in this field include for example the follow-
ing topics: global power trade networks [18], usage of Al and special algorithms [19,20],
wind power prediction [21], and optimizing off-grid wind systems with battery and water
storage [22]. In addition, as renewable energy resources and especially wing energy is
getting more into use, energy storage becomes also an important issue and receives more
attention in research [23-25].

Computer Science (22,512 articles) and Mathematics (17,499 articles) also have a
significant share in the publication structure, indicating a strong connection between the
analyzed field and modeling, simulation, and computational methods. In 2025, there is
for instance research on model for short-term wind speed prediction [26], wind power
forecasting accuracy under extreme weather [27], improvement of fast simulation methods
of the flow field in vertical-axis wind turbine wind farms [28], wind power prediction based
on hybrid deep learning and Monte Carlo simulation [29], and more.

Environmental Science also has a significant share (13,505 articles), confirming the
interdisciplinary nature of the research and its connection to environmental protection and
sustainable development. Examples of publications in this area include: navigating towards
environmental sustainability assessments of offshore wind farms at the end of life [30],
high-value recycling strategies for retired wind turbine blades [31], and comparisons of
renewable energy implementation in different regions [32].

Further areas, such as Physics and Astronomy (with 9957 publications, for example
about a machine learning model for hub-height short-term wind speed prediction [33] and
equilibrium optimizer-based double integral sliding mode maximum power point tracking
for wind energy [34]), Materials Science (with 7855 papers, for instance, a paper from 2025
on aerogel-based evaporator prepared from waste wind turbine blades [35]), and Earth
and Planetary Sciences (with 4533 articles, for example, a study on soil resistance during
vibratory pile installation [36]) demonstrate a strong base of fundamental and material
sciences, essential for the development of modern energy technologies.

A smaller but still significant share is held by the Social Sciences area (3961) and
Decision Sciences area (3137). For example, there are papers presenting wind power devel-
opment by regional newspapers in Northern Sweden and Finland [37] and the potential
path disturbing effect induced by the offshore wind energy technology [38]. Then, there
is the Chemical Engineering area (2303). Subsequently, there are fields such as Business,
Management and Accounting (2259) and Economics, Econometrics, and Finance (1583),
with examples of papers on topics such as financial product prioritization in the case of
wind turbine projects [39] and empirical bidding curves in the electricity spot market [40].
This demonstrates the growing interest in analyzing the economic, organizational, and
decision-making aspects of the issues under study.

Other fields, including Agricultural and Biological Sciences and Chemistry, comple-
ment the overall research picture, confirming its multidimensional and interdisciplinary
nature. The “other” category (3059 articles) includes publications assigned to less numerous
areas. Taken together, these data indicate that the analyzed topics are strongly rooted in
technical and energy sciences, with a simultaneous growing importance of environmental,
social and economic aspects. The chart in Figure 3 shows the most important areas to which
the above-mentioned articles belong.
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Figure 3. Number of papers in the Scopus database with the keywords “wind energy” and “wind
power” published by thematic area; n = 113,876 (data state on 13 December 2025).

An analysis of publications indexed in the Scopus database indicates the dynamic and
diverse development of wind energy research over the past two decades. The dominance
of engineering and energy sciences confirms the technological nature of this field. However,
the significant contribution of areas such as environmental sciences, computer science,
mathematics, social sciences, and economics demonstrates its interdisciplinary nature. The
growing number of publications in modeling, prediction, optimization, and environmental
and economic analysis demonstrates that wind energy is perceived not only as a technical
solution but also as a crucial element of energy transition, climate policy, and sustainable
development. The collected data confirm that wind energy research is currently a key
direction of contemporary scientific research, responding to global environmental, social,
and economic challenges.

Wind farms are currently a key element of energy transition, enabling an increased
share of renewable energy sources while simultaneously reducing negative environmental
impacts. However, their effective planning and location require a consideration of nu-
merous complex technical, economic, environmental, and social factors. Therefore, this
article undertakes research on wind energy. The article presents a study on the selection
of optimal wind farm locations in the Bergama region of Turkey, using intelligent multi
criteria decision support methods.

3. Selection Problems in Energy Operations

The selection of wind power plant locations is a critical issue in energy operations, as it
directly influences project efficiency, sustainability, and investment performance. To address
the complexity of site selection decisions, numerous multi criteria decision-making (MCDM)
techniques have been employed in the literature, particularly within the context of offshore
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wind power projects. These approaches aim to balance technical feasibility, economic
performance, and environmental constraints within structured evaluation frameworks.

A substantial portion of existing research has focused on offshore wind farm site
selection. In this context, Tasri and Susilawati [41] applied the FAHP to compare renew-
able energy alternatives, while Chaouachi et al. [42] conducted a multi criteria evaluation
for offshore wind farm sites in the Baltic States. Similarly, Wu et al. [43] assessed multi-
ple decision-making techniques and identified PROMETHEE as an effective method for
offshore wind power station evaluation in China. Offshore-focused studies have also
been carried out in different geographical settings, including Nigeria [44], Morocco [45],
Egypt [46], and Brazil [47], frequently integrating MCDM methods with Geographic Infor-
mation Systems to support spatial analysis.

Comparative reviews of decision-making methods applied in renewable energy
planning indicate that AHP, the Analytic Network Process, ELECTRE, TOPSIS, and
PROMETHEE are among the most commonly used techniques in this research do-
main [48,49]. Among these, the FAHP has received particular attention due to its ability to
represent uncertainty and incorporate expert judgments, as demonstrated in GIS-based
offshore wind farm studies conducted in Croatia [50]. These findings confirm the method-
ological maturity of MCDM approaches in offshore wind energy planning.

In contrast to the offshore-oriented literature, relatively few studies have addressed
onshore wind power plant site selection using integrated multi criteria decision support
frameworks, particularly in regions with active energy production. In this study, the pro-
posed framework is applied to the Bergama region, where onshore wind power generation
is already operational, and average wind speeds reach approximately 8-9 m/s in selected
zones. As illustrated in Figure 4, six alternative onshore locations are evaluated under
real operational conditions, enabling a systematic and quantitative comparison of candi-
date sites. By focusing on an actively producing region, the study contributes practical
insights into the literature and supports transparent decision processes in sustainable wind
energy planning.

Bergama Region

Wind Speed
(m's)

. 2
35
K

Figure 4. Alternative wind turbine location selection in the Bergama region [51].

4. Solution Methodology

In the present study, AHP and WSM are both fuzzified and integrated to determine
the most appropriate wind power plant site. Rather than providing an extensive theoretical
discussion, the methodology is presented in an application-oriented manner, focusing
on how the selected techniques are implemented within the scope of the study. Initially,
FAHP is employed to calculate the relative importance weights of the selection criteria,
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represented as fuzzy triangular numbers. Subsequently, FWSM is utilized to evaluate
and rank the alternative site options based on these weighted criteria. This two-stage
structure allows for a transparent and systematic comparison of candidate locations under
uncertainty. The proposed hybrid decision-making approach and its implementation steps
are presented in detail in Sections 5.1 and 5.2.

4.1. Fuzzy Analytic Hierarchy Process to Compute Fuzzy Coefficients of Selection Criteria

In the first phase of the study, FAHP is applied to determine the fuzzy coefficients of
the selection criteria. The emphasis in this phase is placed on the practical derivation of
criteria weights rather than an extensive theoretical exposition of the FAHP method.

Assume there are n evaluation criteria, where each criterion is denoted as C;. Pairwise
comparisons among these criteria are conducted using fuzzy triangular numbers, in which
the lower, middle, and upper bounds correspond to values on the nine-point linguistic
scale proposed for FAHP evaluations [52,53]. Based on expert judgments, a fuzzy pairwise
comparison matrix (P) is constructed, reflecting the relative importance of each criterion.
This matrix is then decomposed into three distinct matrices, namely P ow, Ppip, and Pyp,
representing the lower, modal, and upper bounds of the fuzzy comparisons, as illustrated
in Figure 5.

(1,1,1) (T2, M2, uy2)
Pl= (1, L, 1) (Ly21, M3y, 1ay)

(1,1, 1) (lzzh Moy, “zz)
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Figure 5. Fuzzy pairwise comparison matrix for selection criteria.

AHP is applied separately to each of the three matrices, Prow, Pymip, and Pyp, in order
to obtain three corresponding weight vectors for each selection criterion. Through this
procedure, three distinct importance coefficients are derived for each criterion, forming a
triangular fuzzy weight. Table 1 summarizes the resulting fuzzy importance coefficients
obtained from these computations. The consistency ratio (CR) for all pairwise comparison
matrices are verified to remain below 0.1, ensuring the reliability and logical consistency of
the expert judgments.

Table 1. Fuzzy triangular importance coefficients for selection criteria.

Importance Coefficient for Ci

Selection Criterion

Lower Bound Middle Upper Bound
C1 Cliow Clvp Clyp
C2 C2Low C2Mmip C2up
Cn Cnpow Cnmip Cnyp
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The resulting triangular fuzzy coefficients are subsequently adopted as direct input
parameters for the second stage of the methodology, in which the FWSM is employed to
rank the alternative wind power plant sites.

4.2. Fuzzy Weighted Sum Model to Rank Alternatives

FWSM is employed to compare and rank the alternative wind power plant sites. At
the outset of this process, the set of alternative locations is defined. Assume that there
are k alternatives, where each alternative is denoted as Sj. For each alternative site, 5j, a
performance score expressed on a 100-point scale is assigned for every evaluation criterion.
To account for uncertainty and subjectivity inherent in expert judgments, these performance
scores are represented using fuzzy triangular numbers.

The notation adopted for the fuzzy triangular performance scores is summarized in
Table 2. For each alternative (51-56) the lower bound represents the minimum expected
performance level, the middle value corresponds to the most likely performance score,
and the upper bound indicates the maximum plausible performance level. Similar fuzzy
performance scores are determined for all alternatives and evaluation criteria based on
expert assessments.

Table 2. Fuzzy triangular performance scores of alternative plant locations.

Plant Location Lower Bound Middle Value Upper Bound
S1 S1(L) S1(M) S1(U)
S2 S2(L) S2(M) S2(U)
S3 S3(L) S3(M) S3(U)
S4 S4(L) S4(M) 54(U)
S5 S5(L) S5(M) S5(U)
S6 S6(L) S6(M) S6(U)

FWSM is subsequently applied to calculate the overall performance values correspond-
ing to each alternative site. These aggregated performance values are also expressed as
fuzzy triangular numbers and computed according to Equation (2) [54]. This aggregation
process enables simultaneous consideration of all evaluation criteria by combining fuzzy
performance scores with their corresponding fuzzy importance weights, thereby providing
a comprehensive basis for comparing alternative wind power plant sites.

Total Per formance; = 1Y Cirow-SirowsY_ Cimip-Siamipsy_, Ciup-Sjyp | Vi = 1.k ()

pi(x) =

The fuzzy membership function associated with the triangular total performance
values obtained from Equation (2) is defined in Equation (3) [54]. In this formulation, the
membership degree equals zero when the performance value lies outside the lower and
upper bounds, reaches unity at the midpoint value, and varies linearly between zero and
one within the defined bounds.

0 ifx < ZCiLOW‘SjLOW or ZCiUP'SjUP <X
i

1
X =3 CiLOW'SjLOW

if UCirowSjrow < ¥ < LCimip-Simp (3)
1

Zi CZMIDS]MID - Z'i CiLOW‘S].LOW !

Y ClUP'S]up —X . . . . .
- - ; ; if YCi -S < x <Y Ciyp-S
Y Ciup-Sjyp — Li Cimip-Sivip f —~"MID IMID L Hup Jup

After determining the total fuzzy performance values for all alternative sites, the

alternatives are compared based on their corresponding membership functions. During
the comparison of two alternatives, the intersection points of the membership functions
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pi and p; are calculated to evaluate their relative dominance. If the intersection point
exceeded a predefined threshold level, the alternatives are considered to exhibit comparable
performance; otherwise, the alternative with the higher upper bound value is regarded
as dominant. The threshold level may be selected as 70%, 80%, or 90%, depending on the
desired level of decision strictness and the specific requirements of the case study [54].

5. Application of Model Methodology

The Bergama region in [zmir has been identified as a strategic zone for wind energy
utilization due to its favorable geographical and meteorological characteristics. The region
exhibits an average wind speed of approximately 8.2-8.7 m/s and a wind continuity rate
exceeding 85%, which together provide stable and reliable conditions for sustainable wind
energy generation [55]. These characteristics contribute to extended turbine operating
hours and improved capacity utilization, positioning Bergama among Tiirkiye’s most
productive onshore wind energy regions.

In terms of capacity factors, Bergama demonstrates values exceeding 50% at a hub
height of 100 m, making the region highly attractive for large-scale wind power investments.
According to the Wind Energy Potential Atlas (REPA) published by the Ministry of Energy
and Natural Resources [56], these high capacity zones are primarily concentrated in the
northern subregions of Bergama. Figure 6 illustrates the spatial distribution of capacity
factors, where red-colored areas indicate locations with the highest wind energy potential.
These zones offer advantages such as reduced levelized energy production costs and
improved long-term operational efficiency, supporting both national and global renewable
energy targets.

Capacity Factor Distribution — 100 Meters

Bergama Region

‘Capacity Factor (%)

|__Bt
|
Il 10
B s

B 20
l 25

30
Il 35
U]
I 50
I 0

The capacity factor distribution map was prepared by taking into account the technical values of a 3 MW wind turbine.

Figure 6. Capacity factor distribution for wind energy potential in the Bergama region. Adapted
from [56].

The physical and topographical characteristics of the Bergama region further support
wind turbine deployment under favorable conditions [57]. Figure 7 presents the alternative
onshore sites evaluated within the scope of this study. The predominantly open and
moderately sloped terrain facilitates turbine installation and infrastructure development
while minimizing construction-related constraints. Environmental screening analyses
confirm that the selected alternative sites do not overlap with ecologically sensitive or
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legally protected areas, thereby reducing potential environmental impacts and permitting
risks [58].

Figure 7. Alternative wind turbine installation locations in the Bergama region.

Existing wind power plants operating within the Bergama district provide empirical
evidence of the technical feasibility and energy potential of the region. The currently
installed wind power capacity in Bergama is approximately 396 MW, generating an annual
electricity production of around 1,214,000 MWh, which corresponds to approximately
3.39% of Tiirkiye’s total installed wind capacity and about 0.65% of national electricity con-
sumption [59,60]. These figures highlight Bergama’s tangible contribution to the national
renewable energy portfolio.

The wind turbines installed in the region are designed to operate efficiently within
the prevailing wind speed range of about 8.2-8.7 m/s and are equipped with advanced
monitoring and control systems to optimize performance and minimize downtime [61].
Their structural design accounts for variable wind loads, ensuring operational reliability
and long-term system stability. From an environmental sustainability perspective, the
planning and operation of wind farms in Bergama have been conducted with particular
attention to land-use compatibility and ecosystem protection, supporting low-impact
renewable energy development.

As summarized in Table 3, Bergama’s wind regime, existing infrastructure, and in-
stalled capacity provide a strong foundation for future wind energy investments. The
alignment of turbine technology with local wind characteristics enhances overall system
efficiency, positioning the region as one of Tiirkiye’s leading contributors to renewable
energy deployment and long-term energy transition goals.

Table 3. Technical values of wind power plants in the Bergama region.

Parameter Value Source
Total Annual Energy Production in Bergama 1214 MWh/year [35]
Installed Total Energy Capacity in Bergama ~396 MW

Average Wind Speed in Bergama 8.2-8.7m/s [37]
Contribution of Bergama to National Capacity ~3.39%

Contribution of Bergama to National ~0.65%

Consumption o

Total Installed Wind Capacity in Tiirkiye 11,697 MW [36]
Total Energy Demand in Tiirkiye 185,951,904.15 MWh/year [35]
Technical Wind Energy Potential in Tiirkiye 48,000 MW [1]

5.1. Computing Fuzzy Coefficients of Selection Criteria Using FAHP

The objective of this study is to identify the most suitable wind power plant loca-
tion in the Bergama region through the integration of the FAHP and FWSM. Within this
hybrid framework, multiple site alternatives are evaluated under four primary decision
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dimensions: economic, technical, environmental, and social. Each main criterion includes
sub-criteria that capture the multidimensional structure of wind farm site selection. The hi-
erarchical structure of the decision criteria, including both the main criteria and sub-criteria,
is presented in Table 4.

Table 4. Main decision criteria and related sub-criteria for selection of wind power plant site.

Main Criteria Sub-Criteria

C11: Economic lifetime

C12: Actual operating time
C1: Economic Analysis C13: Initial investment cost

C14: Operational cost

C15: Depreciation

C21: Wind speed
C22: Energy production potential
C2: Technical Analysis C23: Grid connection availability
C24: Topography and accessibility
C25: Operational system and workplace safety

(C31: Land acquisition for the project

(C32: Water resource status

C33: Wildlife, protected areas, and archaeological sites
C34: National aviation status and

communication lines

C35: Contribution to environmental cleanliness

C3: Environmental Analysis

C41: Regional workforce contribution
C42: Development of local trade
C4: Social Analysis C43: Energy supply and infrastructure development
C44: Expropriation impact
C45: Social welfare improvement

As listed in Table 4, the evaluation framework consists of four main criteria groups
(C1-C4), each represented by five sub-criteria. In the following, the rationale for each group is
briefly explained to clarify how the criteria reflect site feasibility and sustainability constraints.

Economic analysis (C1): The economic criteria include economic lifetime (C11), actual
operating time (C12), initial investment cost (C13), operational cost (C14), and depreciation
(C15). In wind power projects, economic feasibility is commonly assessed through major
cost categories, such as turbine capital cost, balance of system capital cost, financing costs,
and operational and maintenance expenditures. Balance of system typically includes elec-
trical infrastructure, grid connection, foundations, spare components, and other associated
site costs. The economic structure varies depending on installation type. As shown in
Figure 8, for land-based wind projects, the wind turbine system accounts for the largest
share (46.4%) of total project costs, whereas for offshore installations, balance of system
constitutes a relatively larger proportion, reaching approximately 31.5% for fixed-bottom
and 43.8% for floating configurations [62-67]. For distributed wind projects, cost structures
differ notably. In residential-scale systems, balance of system contributes to nearly 49.8%
of total costs, whereas in commercial-scale systems, the turbine itself constitutes 51.6% of
overall expenditures [67-69].
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Figure 8. Cost distribution for a land-based wind project established in 2020 with a 25-year operational
period [62].

Technical analysis (C2): The technical criteria include wind speed (C21), energy pro-
duction potential (C22), grid connection availability (C23), topography and accessibility
(C24), and operational system and workplace safety (C25). Wind speed is one of the most
decisive parameters for wind power plant performance. A stable wind speed between 5 and
25m/s is generally considered appropriate for energy extraction [68], while various studies
suggest minimum thresholds such as 6 m/s in conservative assessments [69-71] or lower
values under favorable conditions [72,73]. To ensure consistency in the evaluation dataset,
wind speed inputs in this study were obtained from the Global Wind Atlas (GWA 3.0) for
the same reference height across alternatives [61]. Grid access supports system integration
and reduces transmission constraints, while topography and accessibility directly affect
transport, installation, and maintenance feasibility. In addition, workplace safety is an
integral component of technical feasibility since turbine installation and operational phases
require structured occupational risk management practices [74,75]. The methodology de-
veloped is open to be improved by changing or including more factors. There may be
more technical criteria, such as seasonal effects, turbulence intensity, or wind direction
distribution. However, in this study, a macro perspective is considered. These criteria may
be included in cases where an exact specific area will be selected and also in the design
phase of the wind power plant.

Environmental analysis (C3): The environmental criteria include land acquisition for
the project (C31); water resource status (C32); wildlife, protected areas, and archaeological
sites (C33); national aviation status and communication lines (C34); and contribution to
environmental cleanliness (C35). These criteria ensure that site selection complies with
environmental protection standards, land use regulations, and infrastructure constraints.
In particular, regional regulations indicate that public interest areas cannot be allocated for
energy production without formal amendments to the 1/25,000-scale Master Development
Plan, and infrastructure-related developments must comply with relevant technical surveys
and safety requirements [76]. Given the seismic characteristics of the Izmir region, geotech-
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nical and seismic risk considerations are also relevant for ensuring long-term structural
integrity and operational reliability during the project lifespan [76].

Social analysis (C4): The social criteria include regional workforce contribution (C41),
development of local trade (C42), energy supply and infrastructure development (C43),
impact of expropriation (C44), and social welfare improvement (C45). Previous studies
emphasize that wind energy investments can create employment opportunities, support
local economic activity through procurement and service demand, improve infrastructure,
and influence local acceptance depending on expropriation impacts and perceived bene-
fits [77-79]. These criteria are therefore included to ensure that candidate sites are evaluated
not only by technical performance but also by their potential socioeconomic implications.

After defining the main and sub-criteria, the FAHP methodology is implemented to
compute pairwise comparison matrices and obtain fuzzy importance coefficients. Pairwise
comparisons for the main criteria groups are conducted using fuzzy triangular numbers as
described in Section 4.1, and the AHP procedure is applied separately for the lower, middle,
and upper matrices. The resulting fuzzy importance coefficients for the main groups are
presented in Table 5.

Table 5. Importance coefficients of main groups in the form of fuzzy triangular numbers.

Main Group LOW MID [8)

C1: Economic Analysis 0.140 0.156 0.233
C2: Technical Analysis 0.387 0.440 0.467
C3: Environmental Analysis 0.213 0.275 0.285
C4: Social Analysis 0.088 0.119 0.198

According to Table 5, the technical analysis group (C2) is identified as the most
influential factor, followed by environmental analysis (C3). The economic (C1) and social
(C4) groups exhibit relatively lower weights. Following the main-group weighting, the
FAHP procedure is applied to each sub-criterion, and the fuzzy importance coefficients for
all criteria are summarized in Table 6.

Table 6. Importance coefficients for sub-criteria.

Main Group Sub-Criteria LOW MID UP
C11: Economic lifetime 0.010 0.014 0.038
C12: Actual operating time 0.031 0.048 0.079
Economic Analysis (C1) C13: Initial investment cost 0.038 0.043 0.066
C14: Operational cost 0.016 0.022 0.043
C15: Depreciation 0.015 0.031 0.052
C21: Wind speed 0.102 0.160 0.196
C22: Energy production potential 0.073 0.102 0.116
Technical Analysis (C2) C23: Grid connection availability 0.070 0.084 0.099
C24: Topography and accessibility 0.030 0.040 0.058
C25: Operational system and workplace safety 0.029 0.053 0.098
C31: Land acquisition for the project 0.060 0.106 0.132
C32: Water resource status 0.025 0.039 0.050
Environmental Analysis (C3) C33: Wildlife, protected areas, and archaeological sites 0.034 0.050 0.058
C34: National aviation status and communication lines 0.029 0.053 0.069
C35: Contribution to environmental cleanliness 0.014 0.026 0.045
C41: Regional workforce contribution 0.006 0.013 0.033
C42: Development of local trade 0.006 0.008 0.016
Social Analysis (C4) C43: Energy supply and infrastructure development 0.028 0.046 0.080
C44: Impact of expropriation 0.013 0.020 0.037
C45: Social welfare improvement 0.018 0.032 0.070
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Based on Table 6, wind speed (C21), energy production potential (C22), and land
acquisition (C31) emerge among the most influential parameters in the selection process.
The inconsistency ratio for all AHP computations is found to be less than 0.1, confirming
that the pairwise comparisons are consistent and reliable.

5.2. Comparing Alternative Wind Power Plan Sites by FWSM

The Bergama region accounts for nearly 10% of Tiirkiye’s total installed wind power
capacity, positioning it as a key area for future renewable energy development. Selecting
new wind power plant locations in such a high-potential zone is therefore critical to
ensure both energy efficiency and long-term sustainability. In this context, six alternative
sites (51-56) are analyzed using a hybrid decision-making framework integrating FAHP
and FWSM. The evaluation is conducted based on four main criteria groups (economic,
technical, environmental, and social) and twenty sub-criteria, which were previously
defined and weighted in Section 5.1.

The site selection process is supported by region-specific wind speed and capacity
factor maps, which provide spatial insight into the wind energy characteristics of the
Bergama region (Figure 9). These maps are developed by combining the spatial data from
Figures 4 and 6 to present a detailed representation of local wind speed distributions and
potential turbine zones. The spatial positions of the six alternative sites are overlaid on the
maps to ensure consistency between the quantitative evaluation results and the physical
wind conditions of the region. In addition, the characteristics of the sites are listed in Table 7.
For consistency throughout the analysis, the alternative wind power plant locations are
denoted as S1-S6, where the notation “S” refers to “Site”.

Capacity Factor (%)

Figure 9. Wind speed and capacity maps of the region.

Table 7. Wind power plant location properties.

Alternative Properties

s1 Good wind speed (7-8 m/s), good accessibility, suitable location, and positive local
community response

s Good wind speed (7-8 m/s), poor accessibility, suitable location, and uncertain local
community response

3 Very good wind speed (8-9 m/s), good accessibility, unsuitable location, and supportive
local community

4 Very good wind speed (8-9 m/s), poor accessibility, suitable location, and uncertain local
community response

S5 Very good wind speed (8-9 m/s), poor accessibility, moderately suitable location, and opposition
from local community

6 Very good wind speed (8-9 m/s), good accessibility, suitable location, and positive local

community response
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The performance scores for each alternative site, denoted as S1 through S6, are de-
termined according to the predefined selection criteria. These scores, expressed as fuzzy
triangular values, are presented in Table 8. Each potential wind power plant site received
a normalized performance rating between 0 and 100 for every criterion. For example,
the row corresponding to criterion C13 (initial investment cost) in Table 8 illustrates the
comparative performance of all sites with respect to their investment requirements. Because
initial investment is directly related to the installed capacity of a plant, locations with higher
capacity factors also incur higher investment costs. Consequently, alternatives S3 and S6
show the highest capacity potential and therefore the greatest initial investment cost values.

The fuzzy performance scores are derived based on expert evaluations obtained during
the assessment process. In total, five experts with backgrounds in wind energy systems,
environmental planning, and regional development participated in the evaluation. To
deal with potential subjectivity and individual bias of experts, judgments are aggregated
using fuzzy triangular numbers, allowing uncertainty and variability in assessments to be
systematically represented. By this way, evaluations become less prone to errors and robust
to small variations in the evaluations.

Table 8. Fuzzy performance scores of alternative locations.

Criteria

S1 S2 S3 S4 S5 S6

C11:
C12:
C13:
Cl14:
C15:
C21:

C22

C23:
C24.
C25:

Economic lifetime
Actual operating time
Initial investment cost
Operational cost

workplace safety

C31:
C32:
C33: Wildlife, protected areas, and

Land acquisition
Water resource status

archaeological sites
C34: National aviation status and
communication lines
C35: Contribution to environmental

(60,70,80) (50,60,70) (60,70,80) (70,80,90) (75,85,90) (80,90,95)
(75,80,85) (75,80,85) (75,30,85) (70,80,85) (70,80,85) (80,90,95)
(75,30,85) (80,85,90) (80,90,95) (80,85,90) (75,30,85) (85,90,95)
(70,75,80) (75,80,85) (80,85,90) (80,85,90) (75,30,85) (85,90,95)

Depreciation (60,70,80) (50,60,70) (60,70,80) (70,80,85) (80,85,90) (85,90,95)
Wind speed (70,75,80) (75,80,85) (80,85,90) (70,80,85) (75,80,85) (80,90,95)

: Energy production potential (80,85,90) (80,85,90) (75,80,85) (70,75,80) (75,80,85) (70,80,90)
Grid connection availability (60,70,80) (70,75,80) (80,85,90) (80,85,90) (80,85,90) (85,90,95)
Topography and accessibility (75,80,85) (70,75,80) (75,85,90) (70,75,80) (65,70,75) (70,80,90)
Operational system and

(75,80,85) (70,75,80) (75,30,85) (70,75,80) (65,70,75) (75,80,85)

(65,70,75) (70,75,80) (75,85,90) (80,85,90) (75,30,85) (80,90,95)
(75,30,85) (60,70,80) (80,85,90) (70,80,85) (75,80,85) (85,90,95)

(75,80,85) (70,75,80) (80,85,90) (70,75,80) (75,80,85) (75,85,95)
(75,80,85) (70,75,80) (75,80,85) (75,80,85) (75,80,85) (80,90,95)

(75,80,85) (65,70,75) (80,85,90) (80,85,90) (75,80,85) (80,90,95)

cleanliness

C41: Regional workforce contribution  (70,75,80) (60,70,80) (75,80,85) (75,80,85) (65,70,75) (70,80,90)
C42: Development of local trade (75,80,85) (65,70,75) (80,85,90) (80,85,90) (65,70,75) (85,90,95)
C43: Energy supply and

infrastructure development

C44:

Impact of expropriation

(80,85,90) (70,75,80) (80,85,90) (80,85,90) (60,70,80) (80,90,95)
(75,80,85) (70,75,80) (80,85,90) (75,80,85) (60,70,80) (85,90,95)

C45: Social welfare improvement (75,80,85) (65,70,75) (80,85,90) (75,80,85) (65,70,75) (75,85,95)

Using the fuzzy performance values presented in Table 8 and the fuzzy importance co-
efficients of the decision criteria (Table 6), the overall performance of each alternative site is
calculated using FWSM. The aggregation process yields fuzzy triangular total performance
values for each site, which are summarized in Table 9.
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Table 9. Overall performances of alternative plant sites in fuzzy triangular numbers.

Plant Site LOW MID upP
S1 46.386 76.757 119.345

52 46.145 75.723 116.664

119.596

To facilitate comparisons among alternatives, the resulting fuzzy triangular total
performance values are transformed into membership functions, illustrated graphically as
in Figure 10.

Fuzzy Triangular Performance Comparison

V0 ‘A Threshold valug=0.9

/N

50 60 70 80 90 100 110 120 130 140

Total Performance Score

——S| —4—S52 —4—S3 —8—S4 —@—S5 —8—S6

Figure 10. Membership functions corresponding to total performance scores of alternative plant sites.

For ranking the alternative sites, a threshold value of 0.9 (90%) is determined to ensure
a high level of decision precision. The horizontal red line in Figure 10 explicitly represents
this threshold value, and intersection points above this level indicate performance equiv-
alence, while intersection points below this level indicate dominance relationships. The
calculated intersection points between membership functions are listed in Table 10.

Table 10. Intersection points for membership functions of alternative plant sites.

jli 1 2 3 4 5 6
1 - 1 0.92 0.96 0.98 0.87
2 0.98 - 0.91 0.94 0.97 0.85
3 1 1 - 1 1 0.95
4 1 1 0.96 - 1 091
5 1 1 0.94 0.97 - 0.89
6 1 1 1 1 1 -

Based on the results presented in Table 10, alternatives S3, 54, and S6 exhibit compara-
ble performance levels, as their mutual intersection values exceed the defined threshold of
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0.9. Among these alternatives, S6 demonstrates consistent dominance over S1, S2, and S5,
indicating superior overall performance across multiple criteria groups. This dominance is
primarily attributed to its high wind speed, strong energy production potential, favorable
land acquisition conditions, and positive local community response, which collectively
enhance its aggregated FWSM score. Although S3 and 54 show comparable performance
according to the applied threshold, S6 attains the highest overall fuzzy performance values
across the lower, middle, and upper bounds. Therefore, S6 is identified as the most suitable
wind power plant location among the evaluated alternatives.

6. Results and Discussion

In this study, four main criteria and twenty sub-criteria are defined to evaluate the
suitability of six alternative wind power plant sites in the Bergama region. These alterna-
tives are assessed using an integrated FAHP and FWSM framework. The results indicate
that Sites 6, 3, and 4 achieve the highest overall suitability scores. Among these alternatives,
Site 6 stands out as the most favorable option due to its strong wind potential in the range
of 8 to 9 m per second, suitable topographical conditions, relatively high accessibility, and
acceptable levels of local support. These characteristics directly enhance both the expected
energy yield and the economic feasibility of wind power investments.

The predominance of technical criteria in the final ranking can be explained by the
fundamental characteristics of wind energy systems. Technical parameters such as wind
speed, terrain suitability, grid proximity, and constructability exert a direct influence on
power generation efficiency, investment costs, and long-term operational reliability. Since
the primary objective at the planning stage is to identify locations that can are economically
viable and technically efficient sites, these criteria naturally receive higher importance in the
decision-making process. On the other hand, environmental and social criteria, although
assigned comparatively lower weights in the final results, remain essential components
of the evaluation framework. Their relatively lower influence does not imply reduced
importance but rather reflects their role as suitability and feasibility conditions at the
regional planning level.

The results confirm that Sites 6, 3, and 4 represent the most suitable alternatives for
future wind power plant development within the defined study area. The close ranking of
Sites 3 and 4 highlights the sensitivity of the fuzzy decision model in distinguishing alter-
natives with similar technical characteristics. Both sites exhibit favorable wind conditions
but are subject to moderate accessibility constraints. The consistency between the high-
est ranked sites and existing operational wind power plant locations in Bergama further
confirms that the proposed model successfully reflects real technical and environmental
conditions observed in practice.

The integration of FAHP and FWSM represents another significant contribution of
this study. Combining these methods brings robustness to the decision-making process
by reducing potential human error, bias and uncertainty. In this way, higher accuracy and
consistency can be achieved by the hybrid fuzzy model. Previous research has examined
various fuzzy approaches [80-90], but none have previously combined FAHP and FWSM
within the application of the Bergama region.

7. Conclusions

Selection problems represent one of the most critical challenges in renewable and
alternative energy projects, primarily due to the high capital costs required for equipment,
infrastructure, and technological investments. Therefore, location selection decisions for
energy investments must be evaluated carefully through systematic analytical methods,
such as MCDM techniques. These approaches enable the simultaneous assessment of
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technical, economic, environmental, and social dimensions, thereby minimizing uncertainty
and reducing the risk of suboptimal investment choices.

In this study, the wind power plant site selection problem in the Bergama region is
addressed using an integrated FAHP and FWSM framework. Incorporating fuzzy logic
enhances the model’s ability to manage uncertainty, resulting in more consistent and
reliable evaluations. Six alternative sites are evaluated and ranked based on their overall
fuzzy total performance scores.

The results indicate that Sites 6, 3, and 4 represent the most suitable alternatives for
wind power plant development in the study area. Among these sites, Site 6 achieved
the highest overall performance score due to its favorable wind potential, suitable topo-
graphical conditions, and accessibility advantages. The findings demonstrate that fuzzy
logic-based MCDM techniques provide a robust, systematic, and transparent approach to
wind power plant site selection, contributing to improved decision-making accuracy and
long-term sustainability in renewable energy planning.

From an application perspective, this study should be regarded as a planning-oriented
decision support framework rather than a micro-level turbine siting analysis. The proposed
approach is intended to support policymakers, regional planners, and energy investors
by identifying priority development zones before project-specific feasibility studies are
conducted. In this respect, the study provides practical guidance for strategic renewable
energy investment planning in Tiirkiye.

It is important to emphasize that this study is designed as a strategic planning tool
rather than a micro-level turbine planning analysis. Although the framework is applied
to Bergama, the methodological structure can be directly transferred to other onshore
wind power plant problems by integrating and updating problem-specific selection criteria.
The proposed framework does not aim to determine exact turbine locations or layout
plans. Instead, it provides policymakers and energy planners with a transparent, sys-
tematic, and reproducible decision support structure to guide regional renewable energy
investment strategies.
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