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ABSTRACT

This work comprehensively evaluates onshore wind farms, focusing on their technological efficiency, environmental
impact, economic viability, and societal implications. Onshore wind energy has emerged as a prominent renewable
energy source, leveraging the kinetic power of wind to generate electricity on a substantial scale. The evaluation
encompasses a detailed analysis of wind resource assessment, turbine technology, grid integration, environmental
considerations, economic feasibility, and stakeholder engagement. Findings reveal that onshore wind farms exhibit
commendable technological advancements, with modern turbines showcasing higher efficiency and capacity. Envi-
ronmental assessments highlight their lower carbon footprint compared with conventional energy sources, albeit
with considerations for land use and wildlife impacts. Economic evaluations emphasize the decreasing costs of
wind energy, yet challenges persist concerning upfront investment and intermittency. Stakeholder engagement
emerges as a crucial aspect, stressing the importance of community acceptance and regulatory compliance. The
assessment illuminates the multifaceted aspects of onshore wind farms, underscoring their potential as a sustainable
energy source while acknowledging the need to address technological, economic, and social barriers to widespread
adoption. We use a multi-criteria decision-making (MCDM) model to evaluate onshore wind farms. The Measuring
Attractiveness by a Categorical Based Evaluation Technique (MACBETH) method is used to rank the alternatives.
The MCDM method is applied under a single-valued neutrosophic set (SVNS), which addresses uncertainty in the

evaluation process.
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1. INTRODUCTION

Onshore wind energy is a cornerstone in the global pursuit
of sustainable and renewable energy sources. In the quest to
decarbonize power generation and mitigate climate-change
impacts, onshore wind farms have emerged as pivotal con-
tributors, harnessing the natural kinetic energy of wind to
produce clean electricity on a significant scale [1, 2, 3].

The proliferation of onshore wind farms reflects the conver-
gence of technological advancements, favorable geographical

conditions, and a growing recognition of the urgency to tran-
sition toward low-carbon energy sources. These sprawling
landscapes adorned with towering turbines symbolize the
promise of abundant and environmentally friendly energy
generation [4, 5, 6, 7].

The significance of evaluating onshore wind farms transcends
mere technological prowess; it extends to multifaceted di-
mensions spanning environmental impact, economic viability,
technological innovation, and societal acceptance. At the
core of this evaluation lies a nuanced understanding of the
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opportunities, challenges, and potential trade-offs inherent in
harnessing wind power for electricity generation [8, 9, 10].

Onshore wind farms are characterized by their ability to lever-
age strong and consistent wind resources, making them attrac-
tive propositions for renewable energy deployment. However,
evaluating their efficacy necessitates an assessment of var-
ious factors, including wind resource assessment, turbine
efficiency, grid integration, environmental implications, land-
use considerations, and community engagement [11, 12].

The evolution of onshore wind technology is marked by inno-
vations in turbine design, rotor efficiency, and enhanced grid
connectivity, driving higher capacity factors and cost compet-
itiveness. These advancements have propelled onshore wind
farms into prominence within the renewable energy land-
scape, competing favorably with traditional fossil-fuel-based
power generation [13, 14].

When many experts are present and a limited number of
choices are available, one popular cognitive method for se-
lecting the closest option or options is the decision-making
process. However, given the intensive nature of the subject,
finding an effective solution is not always simple. Uncertain-
ties are among the most important elements when making
a choice. To address these issues, academics have devel-
oped a variety of models in different contexts, such as fuzzy
sets (FS), Atanassov intuitionistic fuzzy sets (A-IFS), and
SVNS [15, 16].

The uncertainties in the data may be effectively measured us-
ing these ideas. Numerous scientists and academics have
investigated approaches within the multi-attribute group
decision-making (MAGDM) framework that can accurately
characterize fuzziness in the information used for decision-
making. For example, Xu introduced mathematical opera-
tions for pairs of A-IFS, while Yager investigated the concept
of intuitionistic fuzzy numbers. Xu et al. introduced an
A-IFS clustering technique, and Zhang and Yu explained
measurements between pairs of fuzzy and interval-valued
fuzzy sets [17, 18].

In FS and A-IFS theories, an expert provides ratings with
the condition that each degree is dependent on the others.
Conversely, a decision-maker may provide evaluations im-
partially in various circumstances [19]. To address this issue,
Smarandache combined three separate degrees to establish
a neutrosophic set in 1998. Owing to the distinct attributes
of each membership level [20], neutrosophic sets are impor-
tant in information fusion when merging data from different
sources [21, 22].

2. PRELIMINARIES

This section introduces the mathematical foundations of
SVNS.

Definition 1. A neutrosophic set can be given by

N ={(x,8(x),X(x),v(x)) | x € 9},

where
67X7v : (p 4> ]_07 1+[7

and

~0 <supS(x)+supX(x)+supv(x) < 3.

Definition 2. An SVNS is represented as
N = {(x,5(x),X(x)7v(x)) |x € (P}>

subject to
0<o+X+v<3.

Definition 3. Let two neutrosophic numbers be N; =
(81,X1,v1) and N, = (8, X2, v2). Their complement is

N = (v.,X,9).

The comparison, equality, intersection, and union operations
are
N <N,
NI =N,
NINN, =
NIUN, =

it 81 <&, Xi =Xz, vi > v,

if N; <N and N, < Nj,
(min(8y, 8,), max(X;,X,), max
(max(8;,8,), min(X;,X>),

(vi,v2)),

min(Vth)).

Definition 4. The basic operations of SVNS are

Ni&N> = (8140, — 0102, X1 X2, ViV2),
NIEN, = (816, X1 + X2 — X1 X, Vi+ V2 — Vi),
ANi = (1—(1=8)*, xt, v),
NF = (8, 1-(1—Xx)* 1—(1—v)*).

Definition 5. The score function of an SVNS is
S(N)=6—-X—,
and its accuracy function is

AN)=0+X+v.

Rank the

alternatives
Compute the

overall score
Compute the

MACBETH score
Compute the reference

levels of every factor
Construct the

decision matrix

Figure 1. The steps of the MACBETH method.

3. MEASURING ATTRACTIVENESS BY A
CATEGORICAL-BASED EVALUATION TECH-
NIQUE (MACBETH)

MACBETH was first created by Costa and Chagas. This
approach determines the ranking by first setting the reference
levels of each criterion and then computing the MACBETH
score for each option. The following stages constitute the
MACBETH technique [23, 24, 25, 26, 27]. This study uses
an MCDM model with SVNS to handle multiple criteria [28].
Figure 1 shows the steps of the proposed method.
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Step 1. Construct the decision matrix with SVNS.

Step 2. Compute the reference levels of every factor:

r;r = ml_alx(xij), €))
V}F = m_in(xij), (2)
r; = mjn(xij)7 (3)
r; =max(x;j). )

Y s -sep)], )

where S(r;") = 100 and S(r; ) = 0.

Step 4. Compute the overall score:

4. RESULTS

n
Y=Y wjxHj. (6)
j=1

Evaluating onshore wind farms involves considering various
criteria related to efficiency, reliability, environmental impact,
and economic feasibility. The following criteria are com-
monly used to assess onshore wind farms [29, 30, 31, 32, 33]:

1. Wind Resource Assessment: Conduct thorough assess-

. Grid Integration and Transmission Infrastructure: An-

alyze the compatibility and integration of wind farms with
existing power grids, ensuring efficient electricity trans-
mission and grid stability.

. Environmental Impact Assessment: Evaluate environ-

mental implications, including impacts on wildlife, visual
landscapes, noise pollution, and land use, to ensure mini-
mal ecological disruption.

. Land Use and Site Suitability: Assess land availability,

local regulations, community preferences, and potential
conflicts with other land uses to determine suitable loca-
tions for wind-farm development.

. Economic Viability and Cost-Effectiveness: Conduct a

cost-benefit analysis considering initial investment costs,
operation and maintenance expenses, and the levelized
cost of energy (LCOE) to determine economic feasibility.

. Community and Stakeholder Engagement: Consider lo-

cal community acceptance, stakeholder engagement, and
social impacts to ensure that the project aligns with soci-
etal values and gains support from affected communities.

. Permitting and Regulatory Compliance: Ensure com-

pliance with legal and regulatory requirements, obtain the
necessary permits, and adhere to environmental standards
throughout the project lifecycle.

. Operational Performance and Reliability: Monitor the

operational performance, reliability, and downtime of
wind turbines to ensure consistent and efficient energy

ments of wind speed, direction, and consistency at poten-
tial sites to ensure optimal turbine placement and maxi-
mum energy capture.

. Turbine Technology and Efficiency: Evaluate the effi-
ciency, size, and reliability of wind-turbine technology,
considering factors such as rotor diameter, generator effi-
ciency, and maintenance requirements.

. Capacity Factor and Energy Production: Assess the
capacity factor, which measures the actual energy produc-
tion of a wind farm compared with its maximum potential
output, to gauge its performance and efficiency.
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generation over the project’s lifetime.

11. Lifetime and Decommissioning Planning: Assess plans

for turbine decommissioning and land restoration after
the project lifespan, ensuring responsible and sustainable
project closure.

12. Health and Safety Standards: Ensure adherence to

health and safety standards for workers during wind-farm
construction, maintenance, and operation.

By evaluating onshore wind farms using these criteria, stake-
holders can make informed decisions regarding site selection,
technology deployment, and project management, ultimately
ensuring successful and sustainable wind-energy generation.
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Figure 3. The rank of 18 alternatives in this study.
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Alternative
OSA1
OSA2
OSA3
OSA4
OSAS
OSA6
OSA7
OSA8
OSA9
OSA10
OSAI11
OSA12
OSA13
OSA14
OSAI1S5
OSA16
OSA17
OSA18

0OSC1
157.1429
171.4286
157.1429
200
142.8571
100
114.2857
157.1429
142.8571
128.5714
171.4286
185.7143
200
142.8571
171.4286
185.7143
200
157.1429

0SsC2
200
171.4286
185.7143
200
157.1429
142.8571
100
114.2857
157.1429
142.8571
128.5714
171.4286
185.7143
200
185.7143
171.4286
200
142.8571

0OSC3
185.7143
185.7143
200
185.7143
171.4286
128.5714
142.8571
100
114.2857
157.1429
142.8571
128.5714
171.4286
185.7143
200
157.1429
142.8571
128.5714

Table 1. The MACBETH score.

0sc4
114.2857
171.4286
185.7143
100
157.1429
114.2857
185.7143
157.1429
142.8571
128.5714
171.4286
185.7143
200
185.7143
171.4286
157.1429
185.7143
100

0SC5
116.6667
116.6667
166.6667
133.3333
133.3333
100
166.6667
183.3333
133.3333
200

150

200
183.3333
116.6667
183.3333
133.3333
150

100

0SC6

0SC7

0SCs8

0SC9

133.3333
133.3333
116.6667
200
116.6667
150
200
150
100
150
133.3333
183.3333
200
166.6667
200
116.6667
200
150

157.1429
157.1429
142.8571
157.1429

100

100
142.8571
185.7143

200
157.1429
185.7143
171.4286
142.8571
185.7143
171.4286
171.4286
142.8571
142.8571

100
100
150
133.3333
150
150
200
133.3333
183.3333
133.3333
133.3333
166.6667
183.3333
200
183.3333
183.3333
183.3333
116.6667

100
100
100
100
200
185.7143
171.4286
128.5714
142.8571
200
157.1429
142.8571
100
157.1429
200
200
128.5714
171.4286

0sc10
142.8571
142.8571
142.8571
157.1429
200
185.7143
171.4286
128.5714
142.8571
157.1429
100
114.2857
200
185.7143
171.4286
128.5714
142.8571
185.7143

0oscCi1
157.1429
128.5714
200
157.1429
114.2857
100
142.8571
185.7143
171.4286
128.5714
142.8571
157.1429
200
185.7143
142.8571
157.1429
157.1429
200

0SsC12
128.5714
200
185.7143
171.4286
128.5714
142.8571
157.1429
200
185.7143
157.1429
114.2857
100
142.8571
128.5714
157.1429
142.8571
128.5714
157.1429

Step 1. Construct the decision matrix between criteria and
alternatives. The criteria weights are then computed using
the mean method, as shown in Figure 2.
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Figure 2. The criteria weights.

Step 2. Compute the reference levels of every factor for
benefit and cost criteria using Eqs. (1)—(4).

Step 3. Compute the MACBETH score using Eq. (5), as
shown in Table 1.

Step 4. Compute the overall score using Eq. (6), as shown
in Table 2. The alternatives are then ranked as shown in
Figure 3.

5. CONCLUSIONS

Evaluating onshore wind farms confirms their pivotal role in
the global transition toward renewable energy sources. Tech-
nological advancements have promoted these wind farms,
showcasing higher efficiency and reliability. Environmen-
tal assessments affirm their role in reducing greenhouse-gas
emissions, albeit with considerations for ecological impacts
and land use. Economic evaluations highlight decreasing
costs and favorable trends in the levelized cost of energy, sig-
naling a positive trajectory for wind-energy adoption. How-
ever, challenges persist, including intermittency concerns,
upfront investment costs, and the need for enhanced grid
infrastructure.

Table 2. The overall score.

Alternative 0OSC1 0SC2 0SC3 0SC4 0SC5 0SC6 0SC7 0scCs8 0SC9 0SCi10  OscCi1 0SsC12
OSA1 12.65133 19.49153 19.27966 8.958838  8.65113 11.86441 10.65375 8.050847 6.779661 13.61985 11.65254 11.71308
OSA2 13.80145 16.70702 19.27966 13.43826  8.65113 11.86441 10.65375 8.050847 6.779661 13.61985 9.533898 18.22034
OSA3 12.65133 18.09927 20.76271 14.55811 12.35876 10.38136  9.68523 12.07627 6.779661 13.61985 14.83051 16.91889
OSA4 16.10169 19.49153 19.27966 7.838983 9.887006 17.79661 10.65375 10.73446 6.779661 14.98184 11.65254 15.61743
OSA5 11.50121 1531477 17.79661  12.3184 9.887006 10.38136 6.779661 12.07627 13.55932  19.0678 8.474576 11.71308
OSA6 8.050847 13.92252 13.34746 8.958838 7.415254 13.34746 6.779661 12.07627  12.5908 17.70581 7.415254 13.01453
OSA7 9.200969 9.745763 14.83051 14.55811 12.35876 17.79661  9.68523 16.10169 11.62228 16.34383 10.59322 14.31598
OSA8 12.65133 11.13801 10.38136  12.3184 13.59463 13.34746  12.5908 10.73446 8.716707 12.25787 13.77119 18.22034
OSA9 11.50121 1531477 11.86441 11.19855 9.887006 8.898305 13.55932 14.75989  9.68523 13.61985 12.71186 16.91889
OSA10 10.35109 13.92252 16.31356 10.07869 14.83051 13.34746 10.65375 10.73446 13.55932 14.98184 9.533898 14.31598
OSALll 13.80145 12.53027 14.83051 13.43826 11.12288 11.86441  12.5908 10.73446 10.65375 9.533898 10.59322 10.41162
OSAI12 14.95157 16.70702 13.34746 14.55811 14.83051 16.31356 11.62228 13.41808 9.68523 10.89588 11.65254 9.110169
OSA13 16.10169 18.09927 17.79661 15.67797 13.59463 17.79661  9.68523 14.75989 6.779661  19.0678 14.83051 13.01453
OSA14 11.50121 19.49153 19.27966 14.55811  8.65113 14.83051  12.5908 16.10169 10.65375 17.70581 13.77119 11.71308
OSA15 13.80145 18.09927 20.76271 13.43826 13.59463 17.79661 11.62228 14.75989 13.55932 16.34383 10.59322 14.31598
OSA16 14.95157 16.70702 16.31356  12.3184 9.887006 10.38136 11.62228 14.75989 13.55932 12.25787 11.65254 13.01453
OSA17 16.10169 19.49153 14.83051 14.55811 11.12288 17.79661  9.68523 14.75989 8.716707 13.61985 11.65254 11.71308
OSA18 12.65133 13.92252 13.34746 7.838983 7.415254 13.34746  9.68523 9.392655 11.62228 17.70581 14.83051 14.31598
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Moreover, social aspects such as community engagement and
regulatory compliance emerge as critical determinants of suc-
cessful wind-farm development. Addressing these challenges
requires collaborative efforts among stakeholders, including
governments, industry participants, and local communities.
Strategic interventions in technological innovation, policy
support, infrastructure development, and public engagement
are imperative to unlock the full potential of onshore wind
farms as a sustainable and integral component of the global
energy mix. The MACBETH method was used as an MCDM
model under SVNS to evaluate onshore wind farms. SVNS
was used to address uncertain data in the evaluation process.
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