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Wind turbines are prone to frequent failures due to harsh environmental
conditions, and maintenance and repair (M&R) costs constitute a significant
portion of their lifecycle costs. This paper presents a mathematical model for
simultaneous optimization of M&R strategy and resource allocation in wind
farms. The model considers three wind farms with turbines consisting of four
main components (rotor, bearing, gearbox, and generator) following a Weibull
failure rate distribution. Maintenance operations are defined as preventive and
corrective replacements, and resources are classified into four categories: tools,
technicians, transportation equipment, and lifting equipment. The objective
function minimizes the average total cost of resource allocation, maintenance
and repair costs, and resource shortage penalty cost over the typical lifecycle of
wind farms (20 years). The model is solved using a single-objective genetic
algorithm. Numerical results show that the optimal preventive replacement
plan includes 7 replacements for the rotor, 6 for the bearing, 4 for the gearbox,
and 6 for the generator, achieving an average total cost of approximately
$68,529 per year. Sensitivity analysis is performed under four scenarios
(individual and group replacement with and without resource constraints) and
on Weibull distribution parameters. Results reveal that reducing available
resources decreases the number of preventive replacements, and individual
component replacement incurs lower cost than group replacement. Moreover,
changes in the Weibull scale parameter have a greater impact on total cost than
the shape parameter. Future research directions include real case studies and
integration of resource logistics.
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1. Introduction

Wind energy has experienced remarkable growth
over the past two decades, establishing itself as a
primary source of clean and competitive energy
worldwide. It is projected that wind power could
supply 20-38% of global electricity by 2050.
However, wind turbines operate under harsh and
variable environmental conditions, making them
susceptible to frequent failures. Maintenance and
repair (M&R) costs can account for 12-32% of the
total lifecycle costs of wind farms, underscoring the
critical need for efficient maintenance strategies.
Despite extensive research in wind farm
maintenance optimization, a systematic literature
review reveals several research gaps: (1) limited
integration  between  maintenance  strategy
optimization and resource allocation; (2) insufficient
attention to shortage penalty costs for maintenance
resources; (3) lack of comparison between individual
and group component replacement strategies under
resource constraints; and (4) short-term planning
horizons in most existing studies. Recent research
has moved toward simultaneous optimization of
maintenance  strategies considering resource
constraints (Ji et al., 2025; Li et al., 2026; Xiang et al.,
2024), yet the mentioned gaps persist.

This paper presents a novel mathematical model for
simultaneous optimization of maintenance strategy
and resource allocation in wind farms. The model
integrates preventive and corrective replacements
under Weibull failure rate distribution, while
considering resource shortage penalty cost as a key
component of the objective function. The main
contributions of this work are: (1) simultaneous
optimization of preventive replacement strategy and
resource allocation in an integrated model; (2)
modeling of shortage penalty cost for maintenance
resources (tools, technicians, transportation, and
lifting equipment); (3) comparative analysis of
individual versus group component replacement
under different resource constraint scenarios; and (4)
long-term planning horizon (20 years) aligned with
wind farm lifecycle.

2. Methodology

This study considers three wind farms (A, B, and C)
with 20, 20, and 40 turbines respectively, sharing a
common maintenance system. Each turbine consists
of four main components: rotor, bearing, gearbox,
and generator, each following a Weibull failure rate
distribution. Maintenance operations include two
types of replacements: preventive (scheduled) and
corrective (failure-based). Resources are classified
into  four  categories:  tools, technicians,
transportation equipment, and lifting equipment.

A mathematical model is formulated to minimize the
average total cost over the typical lifecycle of wind
farms (20 years, equivalent to 240 months). The
objective function includes three cost components:
(1) resource allocation costs to wind farms; (2)

maintenance and repair costs (preventive and
corrective replacements); and (3) resource shortage
penalty costs. The decision variable is the number of
preventive replacements for each component (N;),
while auxiliary variables include total average cost
(E[C7]), number of required maintenance operations
(NPy;), allocated resources (NVj;), resource
consumption (L;), and resource shortage (S;).

Due to the NP-hard nature of the problem—arising
from discrete decision variables and a nonlinear
objective function (including Weibull failure rate
integrals)—exact solution methods are impractical
for large-scale instances. Therefore, a single-
objective genetic algorithm (GA) is developed as an
efficient  metaheuristic = approach. The GA
chromosome consists of four genes representing the
number of preventive replacements for each
component (values between 1 and 240). The
algorithm uses roulette wheel selection, single-point
crossover, and mutation operators. Parameters
(population size, crossover probability, mutation
probability, and maximum iterations) are calibrated
using the Taguchi design of experiments method
with an L9 orthogonal array, maximizing the signal-
to-noise (SNR) ratio criterion. The optimal parameter
values are: population size = 100, crossover
probability = 0.8, mutation probability = 0.2, and
maximum iterations = 1000 the methodology section
of your paper, you should provide details of the
methods used in your research. This includes an
explanation of the data collection methods, tools,
techniques, and statistical analyses used in the
research.

The goal is for the reader to be able to understand
how your research was conducted and, if necessary,
replicate it. In other words, the methodology section
should be clear enough to allow for an assessment of
the replicability and validity of the study's results.

3. Results and Discussion

Numerical experiments are conducted on a dataset
from (Zhang & Yang, 2021) with three wind farms
(20, 20, and 40 turbines) over the typical lifecycle of
wind farms (20 years). The optimal preventive
replacement plan obtained is N = [7,6,4,6],
representing 7 replacements for rotor, 6 for bearing, 4
for gearbox, and 6 for generator, with an average
total cost of E[C;] = 1,370,586% over 20 years,
equivalent to approximately 68,529$ per year. The
resource allocation matrix (NV) and average
monthly resource consumption (L) are:

52197 9.6620 4.3962 4.3962
NV =15.2197 9.6620 4.3962 3.962 |,
10.4394 19.3240 8.7925 8.7925
L =1[20.9,38.6,17.6,17.6].
The genetic algorithm convergence diagram confirms
proper performance, with the objective function
steadily decreasing toward the optimal value.
Sensitivity Analysis is performed under four
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scenarios: (1) individual replacement with unlimited
resources; (2) individual replacement with resource
constraints; (3) group replacement with unlimited
resources; and (4) group replacement with resource
constraints. Additionally, sensitivity analysis is
conducted on Weibull distribution parameters (f
and 1) and inflation rate.
Scenario 1: With unlimited resources, the penalty
cost has no effect on the optimal solution. The
preventive replacement plan remains constant
at N = [7,6,4,6] regardless of penalty cost values.
Scenario 2: Under resource constraints (10% to 80%
reduction), the optimal replacement plan changes
significantly. With 20% resource reduction, the plan
becomes N = [5,3,4,4] under heavy penalty and N =
[5,4,4,4] under light penalty. At 30% to 80%
reduction, the plan stabilizes at N = [3,2,4,3] under
heavy penalty and N = [4,3,4,4] under light penalty,
indicating a saturation point where further resource
reduction does not change the optimal plan. In the
light penalty scenario, the model accepts a small
penalty cost to maintain more preventive
replacements, avoiding higher corrective costs.
Scenario 3: Under group replacement with unlimited
resources, the optimal plan is N = [5,5,5,5] with
total cost of 1,410,800$%, higher than the individual
replacement scenario. Although group replacement
consumes fewer resources (L = [18.4,34,15.5,15.5]
vs. L =[20.9,38.6,17.6,17.6]), it results in higher
total cost due to increased corrective replacements
caused by longer intervals between preventive
replacements.
Scenario 4: Under group replacement with resource
constraints, the plan stabilizes at N = [3,3,3,3]
under heavy penalty and N = [4,4,4,4] under light
penalty, regardless of resource reduction level. This
demonstrates that group replacement strategy is less
flexible than individual replacement in responding to
varying resource constraints.
Weibull Parameter Sensitivity Analysis: Changes
in the scale parameter () have a much greater
impact on total cost than changes in the shape
parameter (f8). Under 40% resource constraint with
heavy penalty, reducing 1 to half (0.51) increases
total cost to over five times (from 4,187,868$ to
21,263,547%), while increasing 1 to 15 times
eliminates penalty costs and significantly reduces
total cost to 933,3358%. Increasing f§ to twice the base
value reduces total cost by up to 72% under resource
constraints.
Inflation Rate Analysis: It is mathematically proven
that a constant inflation rate appears as a fixed
coefficient in the objective function and does not
affect the optimal replacement plan. While inflation
impacts absolute cost values, the structure of the
optimal replacement plan remains unchanged.
Key findings from sensitivity analysis:

e Resource constraints have a direct and

significant impact on reducing preventive
replacements.
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e Lower shortage penalty costs encourage more
preventive replacements.

e A saturation point exists at 30% resource
reduction under heavy penalty, beyond which
further resource constraints do not affect the
optimal replacement plan.

e Individual replacement outperforms group
replacement in terms of total cost.

e The lowest resource consumption does not
necessarily imply the lowest total cost; a
balance must be struck between current costs
(resources and preventive maintenance) and
future costs (failures and corrective
replacements).

e The Weibull scale parameter (1) has a
significantly greater impact on total cost than
the shape parameter (f).

e Constant inflation rate does not affect the
optimal replacement plan, only absolute cost
values.

4. Conclusions

This paper presents an integrated mathematical
model for simultaneous optimization of maintenance
strategy and resource allocation in wind farms. The
model incorporates preventive and corrective
replacements, resource allocation costs, and resource
shortage penalty costs within a 20-year planning
horizon. A genetic algorithm with Taguchi-calibrated
parameters is developed to solve the NP-hard
problem.

The optimal preventive replacement plan (N =
[7,6,4,6]) achieves a total cost of 1,370,586$ over 20
years. Sensitivity analysis across four scenarios
reveals that: (1) under unlimited resources, penalty
cost has no effect on the optimal solution; (2)
resource constraints significantly reduce preventive
replacements; (3) lower shortage penalty costs
encourage more preventive maintenance; (4) a
saturation point exists at 30% resource reduction
under heavy penalty; (5) individual replacement
consistently outperforms group replacement in
terms of total cost; (6) group replacement is less
flexible under varying resource constraints; and (7)
Weibull parameter analysis shows that the scale
parameter () has a significantly greater impact on
total cost than the shape parameter (f3).

Theoretical contributions: This study introduces a
four-component integrated model for simultaneous
maintenance and resource optimization, models
resource shortage penalty costs, and compares
individual versus group replacement strategies under
various resource constraints with a long-term
horizon and provides comprehensive sensitivity
analysis on Weibull distribution parameters.
Practical contributions: The framework provides
managers with a decision-making tool for
determining optimal maintenance strategies,
resource allocation, and cost management under
different resource constraint scenarios. The
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sensitivity analysis demonstrates that investing in
resource availability (e.g., warehouse fortification)
enhances both reliability and cost efficiency. The
sensitivity analysis demonstrates that investing in
higher-quality components (with lower failure rates)
and maintaining adequate resource availability can
significantly reduce total costs.

Limitations: One limitation is the assumption of a
constant inflation rate over time, while in reality
inflation may  fluctuate. = However, it is
mathematically proven that a constant inflation rate
does not affect the optimal replacement plan.
Additionally, the model does not consider the time
required for maintenance operations or logistics and
transportation of maintenance resources.

Future research directions: (1) extending the model
to multi-objective optimization  including
sustainability and environmental goals (e.g., carbon
emission reduction); (2) incorporating uncertainty in
failure rates and costs using stochastic or fuzzy
approaches; (3) investigating weather conditions'
impact on resource accessibility in offshore wind
farms; (4) developing an integrated model covering
maintenance strategy, resource allocation, and
logistics simultaneously; and (5) developing age-
based group replacement models considering
remaining component life the conclusion section of
the article, a summary of the main findings and
content of the article should be provided, so that the
reader can have a clear understanding of the topic
and message of the article.

Also, the questions raised in the introduction should
be answered and the importance of the work done
and its impact on future research should be stated.
Avoid presenting new information or detailed
discussions and focus on summarizing and
summarizing the main points.
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Figure 1. Coding of preventive replacement
schedule.
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Table 2. Main effects of genetic algorithm
parameter levels based on SNR criterion
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Table 3. Failure rate parameters of wind turbine
components
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Table 4. Replacement costs of wind turbine
components
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Figure 2. Convergence diagram of the genetic
algorithm.
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Table 8. Comparison of the proposed model results with the reliability threshold strategy (Zhang & Yang, 2021)
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Table 9. Sensitivity analysis in individual replacement with unlimited resources
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Table 10. Sensitivity analysis in individual replacement with resource constraints and heavy shortage penalty
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Table 11. Sensitivity analysis in individual replacement with resource constraints and light shortage penalty
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Table 12. Sensitivity analysis in group replacement with resource constraints and heavy shortage penalty
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Table 13. Sensitivity analysis in group replacement with resource constraints and light shortage penalty
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Table 14. Sensitivity analysis of shape parameter () with unlimited resources
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Table 15. Sensitivity analysis of shape parameter (§) with 40% resource constraint and heavy penalty
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Table 16. Sensitivity analysis of scale parameter (1) with unlimited resources
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Table 17. Sensitivity analysis of scale parameter (17) with 40% resource constraint and heavy penalty
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