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Abstract: It is observed that the number of onshore wind farms that reach the end of their service life is
continually increasing. The decision-making process that defines the future of the farm is a challenge
for the owners. This systematic review aimed to identify which factors influence the decision-
making process at the end-of-life cycle of onshore wind farms. In accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol, a research strategy
was developed and used the Scopus, Web of Science and EMBASE databases. Initially, 2767 articles
were identified, but, after double-blind screening, 26 articles were analyzed in full. The scarcity of
studies on this topic and little elucidation are limitations of this review. The results include (i) a
systematization of six options for decision making, (ii) thirteen factors influencing the decision-
making process associated with categories of external factors (logistics and infrastructure aspects,
regulatory aspects and public policies, national energy guidelines, the technological development of
the sector); and internal factors (economic/financial, operational and environmental aspects). It is
concluded that most of the publications consist of simulations and theoretical studies highlighting
a bottleneck in experiences and feasible data to support decisions at the end of service life. It is
highlighted that most of the studies showed that partial decommissioning with partial repowering,
as well as total decommissioning, were the most feasible options for the end-of-life cycle, with
aspects related to public policies and regulatory aspects, as well as environmental, operational and
economic/financial aspects, being the most influential, especially due to the wake effect, operation
and maintenance costs (OPEX) and the protection of guarantees and incentives for operation in a
new operating cycle.

Keywords: wind energy; onshore wind farm; end-of-life cycle; decommissioning; repowering;
retrofitting; PRISMA; systematic review

1. Introduction

From the 1990s onwards, with the possibility of the exhaustion of energy sources
derived from fossil fuels, the risk of the destabilization of nations’ economies due to the oil
crisis, as well as problems related to climate change, drove the development of research
and the adoption of renewable energies [1,2].
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This promotion also generated a search for diversification and highlighted the need to
complement energy matrices, especially in countries whose main sources were hydroelec-
trical plants and natural gas. From this perspective, the International Renewable Energy
Agency (2020) shows that the share of renewable sources in energy generation will repre-
sent 28% in 2023 [3]. However, in the scenario projected for 2050, it could reach 86% of all
energy produced, with emphasis on wind energy, which will represent 35% [4].

It is also observed that the projection of installed wind energy capacity will increase
from 837 GW to 8000 GW in the next 28 years [4]. Furthermore, the Global Wind Energy
Council (2022) points out that the installed capacity in 2021 came from onshore and offshore
installations. In this scenario, onshore wind farms represent the largest production capacity,
with 780 GW of the 837 GW produced by the two types of farms [4]. The expansion of the
installation and activation of onshore wind farms has been occurring since the 2000s [5].

According to the Brazilian Wind Energy Association—ABEEólica (2023)—the Brazil-
ian scenario follows this evolution profile. According to Infowind technical overview
no. 30, there are 890 wind farms in commercial operation with an installed capacity of
25.037 GW [6]. Furthermore, in this evolution of installed capacity, it is possible to verify
not only the increase in the number of current installations, but also those whose current
status is in the construction phase and granted (with construction not started). Therefore, it
is estimated that Brazil will reach the mark of 44.78 GW of wind capacity installed and in
commercial operation in 2028 [6].

However, these wind farms have an expected service life of 20 to 25 years, making
defining the final stage a challenge for several countries that have this energy source in
their territory [7]. Ozoemena et al. (2018) and Wang et al. (2019) state that most of the
first installations, in various parts of the world, are still in operation [8,9]. Therefore,
information about the final stage of the life cycle, as well as the management of decision-
making processes, is still scarce [8,9].

In this context, when observing the Brazilian reality, it is possible to see that the first
onshore wind farms have already passed half of their contractual lives, entering the final
phase of their projected service lives, which highlights the need to plan the decision-making
process regarding the future of the wind farms. It is also worth noting that according to
Law 14,182/2021, entrepreneurs can extend the term of the energy generation contract for
onshore farms for up to 20 years [10].

According to the Brazilian Wind Energy Association (ABEEólica), in 2023, approx-
imately 89 wind farms (10.1% of farms in operation) are at least half way through their
service lives, with the end of their service lives expected to be in 2033. In 2038, it is esti-
mated that this number will jump to 563 wind farms (63.8% of the total number of farms
in operation) having gone through 75.0% of their service life, with the end of their service
lives expected to be in 2043 [11].

The literature points to three possible scenarios in which the owner can choose for the
future of the farm, which are decommissioning, the extension of service life or retrofit and
repowering [12]. However, with regard to the final phases of the life cycle, studies still rely
on assumptions, simulations or even exclude this phase in the analysis of their findings,
which may be related to the lack of data and the systematization of successful strategies for
its management [13].

Considering the growing need for studies and analyses related to the end-of-life
cycle of onshore wind farms and the importance of the strategic decision to be taken, the
following problem arises: What factors and variables influence the decision-making process
at the end of the farms’ service life in onshore wind?

Given this, the present study aims to identify the factors and possible variables
influencing the decision process at the end-of-life cycle of onshore wind farms. Furthermore,
this research presents other contributions, including the following:

❖ Carrying out a pioneering systematic review in relation to the factors and variables
influencing the decision-making process at the end-of-life cycle of onshore wind farms;



Energies 2024, 17, 848 3 of 42

❖ Presenting an overview of research that highlights the strategic decision at the end of
the service life of onshore wind farms (Section 4.1);

❖ Identifying decision options at the end-of-life cycle of onshore wind farms.

This article is organized into five sections. After Section 1, with the introduction,
Section 2 presents the Theoretical Background, and Section 3 describes the methodological
approach. Section 4 presents a description of the systematization of factors identified in the
literature. Finally, Section 5 presents the contributions of this study, final considerations,
conclusions and recommendations.

2. Theoretical Background

Decommissioning consists of dismantling, decontamination and preparation for dis-
posal, as well as the final disposal of the wind turbines and other components of the farm,
so that legal requirements for safety and preservation or the recovery of the environment
are met [14]. According to Hall, João and Knapp (2020), the decommissioning process can
be divided into full decommissioning and partial decommissioning [15].

Total or complete decommissioning consists of the complete dismantling and removal
of the farm, from intake structures to management environments and transmission cables.
Furthermore, in this phase, the site is restored to its condition prior to the installation of
the onshore wind farm, with the appropriate disposal of the parts, components and waste
generated that can be reused, recycled and/or discarded [16–19].

The repowering process is related to the renewal of capture equipment, in which
structures, such as wind turbines, are dismantled in order to replace them with more
modern elements with a greater production capacity [20–22]. Repowering also has the
possibility of being carried out partially in wind farms. Thus, there is a combination of
partial decommissioning and partial repowering, as long as this alternative guarantees the
best financial return for the company in relation to the investment and future return [15,21].

Retrofit is the maintenance of the main structure and remanufacturing/modernization
of parts and components with the replacement of these elements, such as the generator, mul-
tiplier box, blades and steering or braking control mechanisms, among others [12,13,23,24].
Faced with these different scenarios, the decision-making process is a complex stage which
highlights the need for technical and economic analysis to determine the best solution
given the context and parameters determined by each company [25].

3. Methodology

In order to conduct this systematic review, the PRISMA Checklist guidelines were
used [26]. Furthermore, the present review followed the methodology suggested by
Yigitcanlar et al. (2019) and Regona et al. (2022), which is organized into three stages:
(I) planning to develop the research aim, question and search criteria; (II) carrying out the
review; and (III) scientific communication and dissemination [27,28].

In the first stage, review planning was carried out, in which the inclusion and exclusion
criteria were listed, as presented in Table 1.

Table 1. Inclusion and exclusion criteria for selected documents.

Inclusion Criteria Exclusion Criteria

Newspaper articles/journals Duplicate records
Peer reviewed Books, Book chapters, Theses, Dissertations and Technical Reports

Full text available online Reports
Any language Document published during conference

Relevance to the research aim Not related to the research aim
End-of-life cycle of onshore wind farms End-of-life cycle of other energy sources as well as offshore wind farms

Source: Prepared by the authors (2023).

In the second stage, carried out in June 2022, a systematic literature review was
conducted following the PRISMA protocol without time or language restrictions. At this
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stage, the Scopus, Web of Science and EMBASE databases were electronically accessed
without restrictions regarding the language of the articles or date of publication.

During the search for possible articles that could integrate or respond to the aim,
the main keywords were identified. Therefore, the terms chosen to construct the search
expression are shown in Figure 1.
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Studies published in books, theses and dissertations, conference reports, editorials,
technical reports, government documents, industrial reports, non-academic documents or
any other material that did not meet the inclusion criteria, as well as other literature reviews
(integrative, narrative or systematic with or without meta-analysis), were not considered.

Initially, the results obtained from 2767 articles from databases were entered into the
Mendeley Desktop® reference manager, version 1.19.4, to eliminate duplicate studies. Then,
2660 resulting articles were identified, which were exported to the Rayyan QCRI® software
(https://rayyan.ai/reviews (accessed on 15 June 2022)) for screening by reading the title
and abstract. Reading the titles and abstracts aims to filter the articles with elements capable
of contributing to the answer to the guiding question, according to the criteria in Table 2.

Table 2. Article selection criteria.

Selection Criteria

✓ Onshore Wind Farms;
✓ End-of-Life Cycle;
✓ Decision at the end of service life;

➢ Deactivation of Commercial Operation (Partial or Full/Total Decommissioning).
➢ Extension of Service Life (Retrofit/Service Life Extension, Partial or Full/Total Repowering.

✓ Factors and Variables Influencing Studies, Analysis and Decisions at the End-of-Life Service of Onshore Wind Farms.

Source: Prepared by the authors (2023).

At the end of the previous stage, 101 studies were selected for full textual reading,
still using the same software, in order to fully observe the relationship with the inclusion
criteria. From this analysis, 26 articles (listed in Table 3) were obtained to be included in
this systematic review and whose data were extracted to be assessed qualitatively and
quantitatively. The complete systematic literature review process, following the PRISMA
model, is illustrated in Figure 2.

Table 3. Characterization of articles according to authors, year, location and journals of publication.

N Authors Year Country Journal

1 Martínez et al. [29] 2009 Spain International Journal of Life Cycle Assessment
2 Martínez et al. [30] 2010 Spain Applied Energy
3 Min, Lou and Wang [31] 2012 USA The Engineering Economist
4 Cherrington et al. [32] 2012 United Kingdom Energy Policy
5 Zhang et al. [33] 2012 China Computers & Chemical Engineering
6 Ortegon, Nies and Sutherland [13] 2013 USA Journal of Cleaner Production
7 Gervásio et al. [34] 2014 Portugal Engineering Structures
8 Prabu and Sasi [35] 2015 India Wind Engineering
9 Liu and Barlow [36] 2017 England Waste Management
10 Sakellariou [37] 2017 USA Energy Systems
11 Martínez et al. [38] 2018 Spain Renewable and Sustainable Energy Reviews
12 Karoui et al. [39] 2019 Tunisia IEEE Transactions on Industry Applications

https://rayyan.ai/reviews
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Table 3. Cont.

N Authors Year Country Journal

13 Teffera et al. [40] 2020 Tunisia International Journal of Life Cycle Assessment
14 Hall, João and Knapp [15] 2020 England and Scotland Environmental Impact Assessment Review
15 Kitzing et al. [41] 2020 Denmark Nature Energy
16 Pryor, Barthelmie and Shepherd [42] 2020 USA Scientific Reports
17 Syed et al. [43] 2020 Pakistan Applied Energy
18 Boopath et al. [44] 2020 India International Journal of Renewable Energy Research
19 Bona, Espindola and Duran [45] 2021 Brazil Renewable and Sustainable Energy Reviews
20 Rajaram, Krishnan and Guru [46] 2021 India International Energy Journal
21 Khan et al. [47] 2021 Pakistan Applied Energy
22 Volk et al. [48] 2021 Germany Resources, Conservation & Recycling
23 Grau, Jung and Schindler [49] 2021 Germany Journal of Cleaner Production
24 Jezierski, Mańkowski and Śpiewak [50] 2021 France Energies—MDPI
25 Leite et al. [51] 2022 Brazil Renewable and Sustainable Energy Reviews
26 Simón-Martín et al. [52] 2022 Spain Renewable and Sustainable Energy Reviews

Source: Prepared by the authors (2023).
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The information from the studies was extracted and placed in the form of tables and
charts, and then organized by the following topics: (a) reference of the article (authors,
location, year of publication); (b) decision regarding the feasibility of the onshore wind
farm at the end-of-life cycle; and (c) factors, types of factors and possible variables that
influenced decision making.

In all stages of study selection, two reviewers (JAN and RLPC), trained to select studies,
used analysis software and extracted studies and data, working independently. With the aim
of guaranteeing the quality of the process, disagreements were resolved through a consensus.
In cases where disagreements persisted, a third reviewer was requested to resolve the impasse
(DCM). The studies referenced in the included articles were also analyzed to identify articles
that met the inclusion criteria and for a timely additional citation.
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4. Results and Discussion
4.1. Classification/Systematization of Publications

In this article, 2660 documents were found. After analyzing the inclusion and exclusion
criteria, 26 articles were selected to compose the results, with a characterization in Table 3,
published in scientific journals. While reading the documents, it was identified that there
are still few studies that highlight the factors and variables influencing the decision-making
process at the end-of-life cycle of an onshore wind farm.

These data coincide with the largest number of wind farms that are reaching the end
of their life cycle, after 20 years or more of operation, especially in the European Union,
the United States, India, China and Brazil [53]. Furthermore, authors point out a tendency
for this scenario to increase between the years 2020 and 2030 [20], which highlights the
importance of carrying out research on this topic in order to support the trajectory of
verifying the feasibility of these farms at the end of the first life cycle.

The research shows that the topic, despite being new in the academic universe, presents
recent evolution, with 16 studies between the years 2018 and 2022 [15,38–52], which represents
61.5% of the total studies published on the topic, with 3.9% in 2018 [38], 3.9% in 2019 [39],
23.10% in 2020 [15,40–44], 23.10% in 2021 [45–50] and 7.7% in 2022 [51,52]. The complete
distribution of publications per year regarding the topic is presented in Figure 3.
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The analysis of publications by country reveals that the largest number of studies on
the subject is concentrated in the United States (n = 4; 15.4%) [13,31,37,42], Spain (n = 4;
15.4%) [29,30,38,52], India (n = 3; 11.5%) [35,44,46], Germany (n = 2; 7.7%) [48,49] and Brazil
(n = 2; 7.7%) [45,51]. The complete distribution of publications by country regarding the
topic is presented in Figure 4.

It is worth noting that the countries where most of the studies were carried out can be
directly related to those that make up the top 10 ranking countires in accumulated installed
capacity of onshore wind farms in operation at the end of 2022, published by the Global
Wind Energy Council—GWEC (2023) [54,55] (Table 4). This relationship highlights not only
the leadership in the production of this energy source, but also a greater accumulation of
farms near the end of their life cycle (service life). Still regarding this comparison, Pakistan
stands out for being the only country with more than one study that does not make up the
global ranking of the ten nations with the highest cumulative installed capacity [56].
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Table 4. Top 10 ranking in accumulated installed capacity by country (MW).

Ranking
(Top 10) Country New Capacity

Installed in 2022 (MW) Accumulated Power/Installed Capacity (MW) Representation (%)

1st China 32,579 333,998 39.7%
2nd United States 8612 144,184 17.1%
3rd Germany 2403 58,951 7.0%
4th India 1847 41,930 5.0%
5th Spain 1659 29,793 3.5%
6th Brazil 4065 25,632 3.0%
7th France 1590 20,653 2.5%
8th Canada 1006 15,261 1.8%
9th United Kingdom 502 14,575 1.7%

10th Sweden 2441 14,393 1.7%
Other Countries = 12,112 142,528 16.9%

TOTAL = 68,816 841,898 100%

Source: GWEC (2023) [55].

The analysis revealed that the 26 selected articles are distributed across 19 journals,
of which only four (n = 4) have two or more publications on the topic, grouping 42.3% of
these articles. The journals with the highest participation in publications on the subject are
Renewable and Sustainable Energy Reviews (n = 4; 15.4%) [38,45,51,52], Applied Energy (n = 3;
11.5%) [30,47] and The International Journal of Life Cycle Assessment [29,40] and the Journal of
Cleaner Production [13,49] with the same number (n = 2; 7.7%) [51,52] (Table 5).

Regarding the farm feasibility decision, ten (n = 10) studies pointed to partial decommis-
sioning with partial repowering as one of the most feasible options [35,36,38,42,43,45,47,50–52],
while seven (n = 7) studies indicated total decommissioning [15,29–32,37,48]. Another im-
portant finding was the possibility of partial decommissioning with repowering and the
hybridization of the farm, having been identified in two studies [44,46] (Table 3).

The study by Martinez et al. (2010) analyzed that despite the good wind potential
where the farm was located, the presence of agents that accelerated the corrosion process of
the blades’ elements, large temperature fluctuations and gusts of wind that caused blades
to break converged on the decision of total decommissioning [30]. In this sense, Abadie
and Goicoechea (2021) point out that when farms are close to the end of their life cycle,
their failure rate increases considerably. However, it is not just the operating time that is
the main factor in the aging of turbines and, mainly, the reduction in their performance [23].
There are other coefficients that lead to a drop in this performance, such as the location of a
wind farm, weather and wind conditions, as well as the frequency of maintenance [23].
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Table 5. Distribution of publications by journals and years.

Journal 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Total

Applied Energy 0 1 0 0 0 0 0 0 0 0 0 1 1 0 3
Computers & Chemical Engineering 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1

Energies—MDPI 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
Energy Policy 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1

Energy Systems 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1
Engineering Structures 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1

Environmental Impact Assessment Review 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1
IEEE Transactions on Industry Applications 1 0 0 0 0 0 0 0 0 0 0 1 0 0 2

International Journal of Life Cycle Assessment 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
International Energy Journal 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1

International Journal of Renewable Energy Research 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
Journal of Cleaner Production 0 0 0 0 1 0 0 0 0 0 0 0 1 0 2

Nature Energy 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
Resources, Conservation & Recycling 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1

Renewable and Sustainable Energy Reviews 0 0 0 0 0 0 0 0 0 1 0 0 1 2 4
Scientific Reports 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

The Engineering Economist 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1
Waste Management 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1
Wind Engineering 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1

Total 1 1 0 3 1 1 1 0 2 1 1 6 6 2 26

Source: Prepared by the authors (2023).
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Therefore, total decommissioning is the last stage of the life cycle and may be related
to financial and operational non-feasibility. This decision implies the total removal of above-
soil structures, such as turbines and infrastructure, especially with the aim of recovering or
restoring the land used [12,57].

In the research carried out in Tunisia, it was necessary to exchange fixed-speed turbines,
which have lower nominal power, for variable-speed turbines. Furthermore, the authors
state that the new turbines improve the stability of the electrical grid in the event of a
voltage drop, due to the converters that act as static compensators during the failure,
as well as generating an increase in the amount of energy and revenue, a reduction in
maintenance costs and noise and layout optimization [39].

In this sense, repowering arises from the need to retrain a wind farm, since its produc-
tion is unattractive from an economic and technological perspective. Furthermore, it is one
of the alternatives to better take advantage of the farm’s profitability, taking advantage of
the initially planned project as well as the need to increase the performance and electricity
production of the wind complex [58].

Technological evolution and reduction in maintenance costs can also influence the
decision to exchange some old components for new ones, even before the farm reaches
the end of its service life [20]. Furthermore, partial repowering can generate the partial
decommissioning of some elements in order to improve production efficiency [24].

In this sense, a study carried out in India demonstrated an increase in the energy factor
that was four times greater [59]. In turn, in Malpica, Spain, despite maintaining the nominal
power prior to repowering, not only did the annual yield double, but the profitability also
became satisfactory even in situations where there were no public subsidies [60].

Another alternative for extending a farm’s service life, also known as retrofit, refers to a
methodology that aims to modernize the existing turbine in a wind farm, in order to optimize
control with automation, increase the plant’s efficiency and extend its service life [24].

To this end, some elements of the turbine are exchanged, such as the gearbox and rotor
blades, for more updated versions and/or turbine assembly with more modern control
and electrical systems, unlike repowering, which is related to the complete replacement of
turbine elements with more modern elements [24].

Regarding the hybridization of farms, in Tamil Nadu, located in India, Boopath et al. (2020)
pointed out that strong solar irradiation during seven months of the year, better use of the wind
density potential at higher heights, the presence of shadow-free regions due to the use of taller
turbines, as well as the optimization of the layout and need, increasing capacity and yield, were
fundamental factors for a farm’s feasibility [44].

As for another hybridization experience, also in India, it was chosen due to the need to
increase energy production, but with limitations on the use of occupied land [46]. Therefore,
in addition to the use of more modern turbines with reduced noise emissions, it also reduced
operational costs and increased the free space for photovoltaic plate installations, which
enhanced the use of wind and solar resources in the region and optimized the use of limited
space [46].

Furthermore, it is worth highlighting that of the 26 articles, only five dealt with
factual experiences. The other 21 surveys deal with estimates or expectations of possible
decisions in real scenarios (Table 6). For Ortegon et al. (2013), in addition to there being
little research on the end-of-life cycle of wind turbines, in the literature, it is possible
to identify a predominance of studies presenting assumptions or incomplete data in the
results, especially regarding successful experiences [13]. This may indicate not only the lack
of expertise in assessing the decision-making process, but also highlights the worrying lack
of studies on the subject, especially given the urgent approach to the end-of-life cycle of
onshore wind farms belonging to the main wind-energy-producing countries of the world.
Therefore, it is observed that the simulations found in the studies in this review constitute
an emerging attempt to address this constraint.



Energies 2024, 17, 848 10 of 42

Table 6. Quantity of studies by continent, methodology and decision.
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Full Decommissioning
(Deactivation)

Total Decommissioning
with Full Repowering

Partial Decommissioning
with Partial Repowering

Partial Decommissioning
with Retrofit

Partial Decommissioning with
Repowering and Hybridization

Partial Decommissioning with
Repowering and Retrofit

North America 04 0 04 02 01 01 00 00 00
South America 02 0 02 00 00 02 00 00 00

Africa 02 02 00 00 01 00 01 00 00
Asia 06 01 05 00 00 03 01 02 00

Europe 12 02 10 05 02 04 00 00 01
TOTAL 26 05 21 07 04 10 02 02 01

Source: Prepared by the authors (2023).
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4.2. Classification of Categories

In the data and information extraction stage, the factors influencing decision making
at the end-of-life cycle of onshore wind farms were identified and subsequently categorized.
These categories were defined according to the similarity of the factors found, which
resulted in seven categories (Appendix A—Table A1).

The categories were divided according to their origin, being the categories with
external aspects and the categories with internal aspects. The external-aspect categories
were defined based on external factors which are associated with national energy planning;
legislations; normative issues; physical and electrical infrastructure; and improving the
efficiency and effectiveness of the technology used. The categories with internal aspects
were classified based on internal factors that are related to the operation, conditions and
situation of the farm. This categorization was defined as follows:

❖ Categories with external aspects:

➢ National energy guideline (national aspect);
➢ Regulatory aspects and public policies;
➢ Logistics and infrastructure aspect;
➢ Technological development in the sector.

❖ Categories with internal aspects:

➢ Economic/financial aspect;
➢ Environmental aspect;
➢ Operational aspect.

Figure 5 demonstrates the forces of influence between the categories and factors identified
in the articles of this systematic review and their relationship in the decision-making process
at the end of the onshore wind farm’s life cycle. These are classified as follows:

❖ The strong-influence arrow refers to the relationship between the categories with
external aspects of factors not controllable by the farm entrepreneur and which are
decisive for the legitimacy, standardization of operation, availability of infrastructure
and production chain—green arrows;

❖ The intermediate/medium-influence arrow refers to the relationship between cate-
gories with uncontrollable external factors that interfere with categories of controllable
internal factors—yellow arrows;

❖ The weak-influence arrow refers to the relationship between the internal-aspect categories
and the internal factors that are controllable by the farm entrepreneur—blue arrows.
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In this research, it was possible to observe that the categories with external aspects
were highlighted as a starting point in the feasibility analyses, since they are related not
only to the insertion of a wind farm to meet the goals of national energy planning, but are
also fundamental for the generation of subsidies in order to promote the continuity of the
farm [13,31,32].

Furthermore, the category referring to the logistics and infrastructure aspect was re-
lated, for example, to the electrical network and external physical structure for transporting
farm components. In turn, the sector’s technological development category was related
to research and the technological evolution of the wind industry. Therefore, the strong
relationship between these two categories was evident, mainly due to the obsolescence
of old elements, as well as the adoption of new parts with greater power and reliability,
which have larger dimensions, making it essential to assess this external structure in the
decision-making process [38,39].

After highlighting the external aspects, it was observed that these reverberate in the
internal-aspect categories (environmental, operational and economic/financial aspects), as
shown in Figure 5.

4.2.1. Categories with External Factors
National Energy Guidelines (National Aspects)

The first category identified from the systematic review was national energy guidelines.
This aspect brings together variables from the national aspects that are associated with the
decision-making process, the most predominant of which are the following:

(a) Energy Planning

National energy guidelines define paths and establish strategies for achieving the
goals set out in the national plan, as well as the agents involved, such as government,
business and society bodies [61]. Based on decisions made by senior government man-
agement, the chain of administrative acts and processes that allow for the organization
and regulation of the nation’s electrical system is defined. In this sense, the guidelines
enable and guide the energy functioning, bureaucratic means and operational control of
the electrical network [61,62].

Therefore, in this study, it was found that the category of national energy guidelines
is interconnected with the category of public policies and regulatory aspects, as it points
to the chain for the implementation, execution and control of the actions outlined in the
planning for the development of the energy matrix and electricity, which can guide the
decision-making process at the end of the farm’s life cycle.

Studies carried out in Germany highlighted the need for greater energy production,
especially from wind farms, in recent years. This led to a greater number of decisions
to repower or decommission farms in operation in the country [48,49]. Nonetheless, it is
observed that in the long term, repowering in isolation will not be able to generate the es-
sential stability for the supply of wind energy, since the increased rigor of the Geographical
Restrictions Law, which determines a minimum spacing between the turbines, as well as
the limitation on installing larger rotors and blades, constitute barriers to the continuity of
the farm [49].

Therefore, in addition to making the adoption of gigantic structures in regions that
have reached their maximum wind capacity counterproductive, the environmental impact
generated goes against what is determined by local legislation, especially regarding the
generation of waste in the dismantling process [48].

Energy planning, in addition to presenting the need for energy diversification and
increasing its generation, can highlight the analysis of the electrical network to drain
the energy produced. Therefore, knowledge of the energy-production capacity of each
source available in the territory allows the execution of good energy planning, as well as
subsidizing the continuity of the farm. Studies carried out in Tunisia [39] and India [46]
demonstrate that the choice of more technological elements improved the stability of the
electrical grid, as the installed converters compensate for production failures, reducing
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voltage drops [39] in the turbines. The most modern systems have improved the integration
of the electrical grid and have complied with the standards required in their country [46].

In India, with the directive to promote the increase in the participation of wind sources
in the electrical matrix, through the Ministry of New and Renewable Energy (MNRE),
promotional policies were created, which boosted the development of renewable capacities
and the installation of state-of-the-art wind turbines. With the advancement of wind
technology, the onshore power generators available today have a rating of 2000 kW to
3000 kW and a service life of wind turbines of approximately 25 years. Therefore, the
advantage of repowering in the study was the removal of a large number of small-capacity
wind turbines, to install fewer turbines with greater power [46].

In the United States, the most cited public policy that is related to national guidelines
is the execution of contracts and assignment of land for the installation of onshore wind
farms [13,31,37,42]. Despite the differences highlighted regarding the renewal of incentives
in the North American territory [37], the places that tend to continue promoting subsidies
can boost the permanence of energy investment through the repowering of the project [13].
On the other hand, the Brazilian study shows that one of the negative results of the lack
of national prioritization in subsidizing repowering and life extension strategies is the
consequent definitive mass decommissioning of wind energy, both locally and around the
world [51].

Public Policies and Regulatory Aspects

The second category identified from the systematic review was public policies and
regulatory aspects. This aspect brings together variables from aspects that are associated
with the decision-making process, the most predominant of which are as follows:

(a) Land-use authorization;
(b) Public policies (laws and/or decrees) related to the renewal of power generation

contracts or decommissioning.

The decision at the end of the onshore wind farm’s life cycle is a complex issue with
several aspects and factors involved. As highlighted in the previous section (National En-
ergy Guidelines (National Aspects)), public policies and regulatory aspects are fundamental
in the decision-making process.

Despite pointing out the conceptual multiplicity of public policies, Stuckert (2015)
explains that it is a set of interconnected decisions, based on the interests of national
planning or management, which involve the selection of aims and the methods necessary
to achieve them, in addition to being able to generate organizational processes, grant
benefits and collect taxes. In this context, regulatory policies are forged in a predominantly
pluralistic scenario, in which the relationship between different actors, their influence and
interests play a crucial role in the ability to approve a particular policy. This aspect, in turn,
has the purpose of defining and regulating standards [63].

Based on its guidelines and political decisions regarding energy generation in each
country, one of the main factors identified were subsidies and political incentives in or-
der to encourage the insertion of other non-governmental actors in energy production.
The following are among those presented:

❖ Encouraging the energy transition as a result of the aim to reduce the use of fossil
fuels and pollutant emissions [33,45];

❖ Incentives under the country’s renewable energy sources law [37,45,46,48,51];
❖ Attractive political and financial subsidies and incentives for continued operation [13,31,42,51];
❖ Guarantees to protect investments against the reduction in the average value of market

clearing prices and the increase in their volatility [52];
❖ The duration of contracts, renewal criteria and obligations of energy generators [13,31,42,51];
❖ The renewal and validity of licenses to operate the farm [13,31,45,48].

From this perspective, the research shows that public policies and regulatory aspects
were cited not only as an aspect that promotes or limits the insertion of wind farms in
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energy generation, but also in the continuity of operation, even after 20 years. In a study
that aimed to analyze public policy instruments for the development of wind farms in
Poland, it was pointed out that regulations are considered during assessment and decisions
for wind investment and can generate infrastructural changes in the supply chain [64].
The authors also highlighted the positive impact on the growth of this sector when there is
legislative stability and the emergence of the wind sector is met [64].

Studies carried out in the United States [13,31] and Spain [52] indicate that the granting
of licenses, the continuity of subsidies and political incentives were directly associated with
the decision to repower and/or decommission a farm. Ortegon, Nies and Sutherland (2013)
also highlight that when these benefits expire, leasing the land used at an attractive price is
an important factor in the decision to repower the farm.

According to Min, Lou and Wang (2012), it is interesting to investigate the conversion
of the initial subsidy to the maintenance and operation (O&M) subsidy. Currently, the
O&M cost subsidy differs from the production tax credit (PTC) used in the United States,
as the PTC is advanced only for the first few years, assuming that a portion of the tax is
paid to the government. Furthermore, it is recommended that the government presents
environmentally conscious purposes that aim to avoid a premature exit from the farms,
based on the renewable site structure, and also encourage the entry of new companies into
the renewable energy market [31].

In Brazil, authors indicated that changes in the requirements to receive discounts on
the transmission system usage tariff and the distribution system usage tariff for producers
of alternative sources of up to 30 MW could be beneficial for the sector, as they can
stimulate the choice for repowering [45]. A study carried out in Germany indicates that
the remuneration guaranteed by the renewable energy law will cease to be in force after
20 years of operation of a wind turbine [49].

Other increments identified were the minimum floor policy for the payment of energy
produced, remuneration through carbon credit titles or efficiency awards [52]. On the other
hand, a study on the effectiveness of the Italian government incentive mechanism showed
contributions in guaranteeing the final price of energy sales; however, the bureaucratization
and lack of standardization of the administrative process in European Union countries puts
the success of the project at risk [65].

In addition to these direct economic incentives, it is important to highlight that indirect
incentives, such as the guarantee of minimum acquisition prices, in order to protect the
fair remuneration of invested capital in the face of market volatility, were characterized
as attractive to investors, especially given the repowering process in which the prices of
new parts can be defining elements for this decision [52]. In this sense, encouraging the
local production of wind equipment can generate stability in prices and product supply
and, thus, benefit the entire production chain of the country’s wind industry [66].

The strong influence of public policies and regulatory aspects is also evident in the
process of decommissioning a wind farm with full or total decommissioning, when leg-
islation defines the criteria for waste disposal, the application and exemption imposed
for waste treatment [48,67]. Therefore, well-defined federal and state legislation on the
end of service life of a wind farm is extremely important to guide the responsibilities and
obligations of energy-generating companies in relation to the removal of equipment and
site restoration [38,48] in order to also reduce the risk of abandoning the project without
correct deactivation [13].

Authors also point out the relationship between investment capital and public policies,
in which governments can impact the service life of wind farms through the application
of or reductions in tax charges and initial investments, as well as during operation [31].
In this sense, the government can configure itself as an agent controlling the number of
energy-producing companies and the country’s renewable energy market.

Research carried out in California, USA, also shows that the preparation of prior stud-
ies in the case of decommissioning is included as a requirement for granting construction
licenses for the farm [37]. These studies consider the type of decommissioning equipment,



Energies 2024, 17, 848 16 of 42

mobilization costs, the type of material that would be discarded and its transportation costs,
as well as the disposal of materials with incineration or landfill, which material would be
recovered, for example, steel towers, and their recycling costs [37].

According to WindEurope (2020), in countries like Denmark, Ireland and the Nether-
lands, there are laws and regulatory standards that indicate various conditions to be met in
the decommissioning process, and even taxation. In Spain, there is no regulatory frame-
work on the decommissioning of wind turbines, but requirements are included in the
environmental impact assessment (EIA) for each project [68].

In the UK, the Electrical Works Regulations state that the competent authority must
not grant the application unless an environmental impact assessment has been carried out,
and these regulations are based on EU Directive 2014/52, which states that information
for the EIAs must include a description of the project’s likely significant effects on the
environment, including demolition work [32]. However, it is not clear whether the term
“demolition” also applies to “decommissioning”. Brazilian legislation is far from these
other countries, as it uses the law created for oil exploration, and the Ministry of Mines and
Energy still does not efficiently regulate this sector [45,51].

Logistics and Infrastructure Aspects

The third category identified from the systematic review was logistics and infrastruc-
ture aspects. These aspects bring together variables from aspects that are associated with
the decision-making process, the most predominant of which are the following:

(a) Electrical network infrastructure;
(b) Physical infrastructure.

The category of logistics aspects and infrastructure encompasses two important pillars.
The first pillar refers to the physical infrastructure responsible for allowing the transport
(roads and access) of the materials necessary for the maintenance and modernization of the
farm and the storage of equipment, as well as the availability of qualified labor to carry
out the activities in cases of the extension of service life [46,52]. In the case of deactivation
and dismantling due to the exchange of parts, the same infrastructure and logistics will
allow the transport of parts, components, wind turbines and waste (scrap) for proper
treatment [15,37,41].

The second pillar of this category is related to electrical energy transmission infrastructure.
It was observed in the studies that for the decision or in the simulation of extending service life,
they pointed to integration with the electrical grid as a key point for the continued operation
of the farm, since most of the projects needed to increase their capacity, consequently ensuring
a stable network for energy transmission [39.50]. In cases of deactivation, there will be greater
availability of energy flow capacity in a given transmission network.

Authors also showed that the main factors related to the logistics aspect and the
process of repowering or extending the service life are related to the possibility of using
the area of an existing wind farm, the new interferences in the environment of other
locations, in addition to increasing the energy yield in areas where it is impossible to
expand land use [49,58,68]. In India, it was observed that the adoption of more modern
turbines generated better integration and compatibility of machines with the electrical grid
and an increase in energy generation without the need for additional land [46].

On the other hand, a study carried out in France that identified interdependence
between repowering and the logistics aspect pointed out that the replacement of elements
with more efficient ones was associated with an increase in logistics costs, since these new
elements with greater production possibilities are longer and heavier [50]. As a result,
in the process of repowering the Treffendel wind farm, there were savings in production
costs due to logistics activities, which made it possible to restore the farm and increase its
energy-production capacity by an average of 15%, representing an energy production of
around 21.28 GWh/year, with the farm’s service life increasing to 25 years [50].

Adequate infrastructure for road, rail and sea transport installed close to the projects
is essential and helps to reduce costs [50]. Logistics support must be present from the
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moment of investment, the construction of a wind farm, the operational system and even
the maintenance and decommissioning process, thus being essential to optimize operations
and reduce unnecessary future expenses [69]. Furthermore, indirectly, the presence of these
wind farms can also add social benefits, since local transport and traffic conditions are often
improved [70].

The intermediate correlation between the internal economic/financial and operational
aspects was verified in the study carried out in Spain, in which the reconfiguration to
mitigate the wake effect generated between the wind turbines in the internal part of the
project and among other existing farms generated concerns about the inability of the
electrical network to evacuate the energy generated due to the increase in its nominal
power [52].

Ortegon et al. (2013) point out that the advantages in repowering are related to im-
proving power density because the production per unit area is increased, the number of
units is reduced, efficiency is improved and opportunities derived from existing infras-
tructure can take advantage of network connections and historical operation. This reduces
logistics costs compared to the construction and development of a new wind farm, as well
as avoiding a new bureaucratic process, such as land, environmental and archaeological
regularization [51].

Technological Development in the Sector

The fourth category identified from this systematic review was technological develop-
ment in the sector. This aspect brings together variables from aspects that are associated
with the decision-making process, the most predominant of which are the following:

(a) Faster Technological Development

The technological development aspect in the sector involves research, development
and innovation associated with the evolution of wind elements, especially wind turbines.
This evolution allows the replacement of old wind turbines with models with more added
technology, with greater efficiency and nominal power [36,39]. This evolution allows for
gains in scale and a reduction in the number of towers while maintaining the installed
capacity, or the same number of towers with a greater installed capacity [38.46]. As a result,
the project generates more energy, taking advantage of investments already made without
the need to increase operating costs by leasing new areas [13,38].

Furthermore, the aforementioned increase in energy generation from new wind tur-
bines allows for the consumption of less reactive power, which is related to the energy that
is lost during transmission and distribution, in addition to presenting greater compatibility
with the grid due to meeting the requirements of the network code [46], which highlights
the correlation with the logistics and infrastructure aspects. Martinez et al. (2018) further
state that the network, the original substation and the transport-related infrastructure must
be considered in any modification and repowering process [38].

In a review of the technological evolution of onshore wind turbines, authors demon-
strate that this evolution is not only limited to cost reduction and increased blades and
nominal power [71], but also incorporates innovations that minimize environmental im-
pacts and social impacts and that meet the conditions and specificities of the projects and
the network, in addition to developing improvements for foundations, installations and
maintenance, which emerge as a new profitable market opportunity [71].

From this perspective, authors point out the importance of adopting regulatory and
incentive strategies as a national investment for research and technological development
in the sector, in order to meet energy production goals and strengthen the country’s wind
industry, thus generating more energy stability as well as of the local market [72,73].

A study carried out in India showed that the country already has extensive experience
with wind energy and that the government has a repowering policy for sites with old
wind turbines [46]. In another Indian study, it assesses that despite advances in the
production of wind elements with the implementation of the country’s wind technology
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center and government incentives, foreign technological dependence and lack of qualified
labor constitute a bottleneck for full sector development [66].

In Brazil, there have been farms in operation for more than ten years, and in new markets,
the end-of-life strategy is not well discussed and established, despite being an urgent factor
for the coming years [51]. Accordingly, there is a clear need to expand the discussion on
innovation policies in wind energy, as well as for other renewable sources. In this sense, the
promotion of technological policies in Brazil needs to be carried out through instruments to
encourage and promote research into wind energy and improvements in its production.

In the study carried out in Tunisia, in which the performances of new wind turbines
and their impacts on the electrical grid were compared with old wind turbines, it was
evidenced that the new turbines guaranteed greater stability and reliability of the electrical
grid, reducing voltage drops due to converters acting as static compensators during failure
and requiring less maintenance [39]. Another point of improvement highlighted is the pos-
sibility of generating energy even at low wind speeds. Therefore, 1.25 MW was produced
with wind speeds of 2 m/s, while the old turbines produced 150 to 250 KW with winds of
5 m/s [39].

In turn, the relationship between the technological development aspect of the sector
and the operational aspect is evidenced in studies when, in the decision-making process,
there is the need to change the layout, the wear of wind elements, and especially the need
to increase energy production with or without limitations due to regulatory aspects and
public policies. From this perspective, in Germany, the installation of taller towers makes it
possible to increase energy capacity, despite geographical expansion restrictions [49].

In the study carried out in England, when they identified wear on the elements of
the towers, especially on the blades that had been in operation for 17 or 18 years, they
assessed that the decision to extend the service life without changing these parts would
require major repair work. On that occasion, they verified that partial repowering with
more efficient and technological blade installations would meet the production need, with
an increase in scale, power and, consequently, blades [36].

In studies that presented hybridization as an option for the maximum use of land
due to a reduction in the number of towers and the emergence of corridors with an
interesting incidence of solar radiation, it brings to light an indirect benefit of technological
improvements in wind elements, applied in the process of repowering.

As a result, the installation of taller towers and solar panels in these corridors increased
the capacity from 1.8 MW to 4 MW from 1.8 MW in Kayathar, India [46], and in Tamil,
India, enabling greater use of the wind potential at higher heights, layout optimization,
better use of the existing network and logistics infrastructures, as well as increased capacity
and yield [44]. Prabu and Kottayil (2015), when assessing the technological development of
Kayathar wind farms in Tamil Nadu in India, corroborate these studies by demonstrating
that as of 2013, energy production was approximately 20,150 MW thanks to the use of
high-technology machines, innovation and efficiency, allowing us to take advantage of the
benefits of wind [35].

Regarding the correlation between the technological development aspect of the sector
and the environmental aspect, studies also demonstrated the improvement of materi-
als in the composition of wind elements in order to reduce environmental impacts at
the end-of-life cycle, such as increasing the recycling rates and improving the disposal
process [34,37,40,48]; reducing human and territorial toxicity [40]; and compensating for
environmental impacts generated in manufacturing, operation and maintenance [29].

As for the correlation with the economic/financial aspect, all studies cited that costs
are a factor considered in the decision-making process at the end of a farm’s life cycle.
In repowering simulations of the Dois Riachos wind farm, it was observed that 2.0 MW
turbines at a height of 100 m demonstrate good performance, surpassing 3.0 MW models.
This finding shows that turbines with lower powers, at greater heights, can perform energy
generation satisfactorily and reduce costs [45].
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In addition to repowering, the process of remanufacturing wind turbines was also
considered as a relevant technology for the wind energy generation market, which is an
alternative to managing the end of use of a previously unexplored product. In this process,
there is the opportunity to reduce the consumption of virgin raw materials, preserving
embodied energy and reducing carbon production resulting from new installations [13].
However, it is worth highlighting that the cost and success of remanufacturing directly
depend on the ways in which recovery and reprocessing activities are carried out, with a
complex relationship between cost, quality, performance, operation/maintenance, tech-
nologies used and market interest [13].

4.2.2. Categories with Internal Factors
Economic/Financial Aspects

The fifth category identified from the systematic review was the economic/financial
aspects. This aspect brings together variables from economic/financial aspects that are
associated with the decision-making process, the most predominant of which are the following:

(a) Investments (CAPEX)/ capital cost;
(b) Operation and maintenance costs in relation to operational output (OPEX):

i. Obsolete parts resulting in a decrease in total power generation and an increase
in operation and maintenance costs (OPEX);

ii. Unsuitable location (presence of degrading agents, causing accelerated depre-
ciation) and higher maintenance costs (OPEX);

iii. Expiration of land-leasing contracts for wind farms;
iv. Leasing time and land-use authorization;
v. Possibility of reducing the number of towers and the operation and mainte-

nance cost (OPEX).

(c) The price of the new wind generator in the case of full repowering;
(d) Disposal and dismantling costs including labor and equipment and transportation;
(e) Removal and/or reuse cost;
(f) Material residual value, recycling costs and disposal costs.

In this context, the life cycle cost (LCC) technique is the technique that seeks to relate
the costs involved in the service life of a wind farm with its life cycle phases, considering,
at each stage, the different economic impacts [74–76].

According to the Irish Wind Energy Association—IWEA (2019)—expenses (costs,
expenses and investments) are distributed throughout the life cycle of an onshore wind farm
and its seven stages (feasibility, planning and authorization, pre-construction, construction,
commissioning, operation and decommissioning), from design through to acquisition,
construction, operation, maintenance and final disposal [77]. Therefore, the cost elements
of a wind farm are categorized into CAPEX (capital expenditure), OPEX (operational
expenditure) and DECEX (decommissioning expenditure) [12,78], as shown in Figure 6
and Table 7.

Energies 2023, 16, x FOR PEER REVIEW 20 of 46 
 

 

complex relationship between cost, quality, performance, operation/maintenance, tech-
nologies used and market interest [13].  

4.2.2. Categories with Internal Factors 
Economic/Financial Aspects 

The fifth category identified from the systematic review was the economic/financial 
aspects. This aspect brings together variables from economic/financial aspects that are as-
sociated with the decision-making process, the most predominant of which are the fol-
lowing:  
(a) Investments (CAPEX)/ capital cost; 
(b) Operation and maintenance costs in relation to operational output (OPEX): 

i. Obsolete parts resulting in a decrease in total power generation and an increase 
in operation and maintenance costs (OPEX); 

ii. Unsuitable location (presence of degrading agents, causing accelerated depreci-
ation) and higher maintenance costs (OPEX); 

iii. Expiration of land-leasing contracts for wind farms; 
iv. Leasing time and land-use authorization; 
v. Possibility of reducing the number of towers and the operation and maintenance 

cost (OPEX). 
(c) The price of the new wind generator in the case of full repowering;  
(d) Disposal and dismantling costs including labor and equipment and transportation;  
(e) Removal and/or reuse cost; 
(f) Material residual value, recycling costs and disposal costs. 

In this context, the life cycle cost (LCC) technique is the technique that seeks to relate 
the costs involved in the service life of a wind farm with its life cycle phases, considering, 
at each stage, the different economic impacts [74–76]. 

According to the Irish Wind Energy Association—IWEA (2019)—expenses (costs, ex-
penses and investments) are distributed throughout the life cycle of an onshore wind farm 
and its seven stages (feasibility, planning and authorization, pre-construction, construc-
tion, commissioning, operation and decommissioning), from design through to acquisi-
tion, construction, operation, maintenance and final disposal [77]. Therefore, the cost ele-
ments of a wind farm are categorized into CAPEX (capital expenditure), OPEX (opera-
tional expenditure) and DECEX (decommissioning expenditure) [12,78], as shown in Fig-
ure 6 and Table 7. 

 
Figure 6. Classification of expenses by type of category in relation to the life cycle phases of an 
onshore wind energy plant, Source: Adapted from the Irish Wind Energy Association—IWEA 
(2019). 

Figure 6. Classification of expenses by type of category in relation to the life cycle phases of an
onshore wind energy plant, Source: Adapted from the Irish Wind Energy Association—IWEA (2019).



Energies 2024, 17, 848 20 of 42

Table 7. Components of the life cycle costs of an onshore wind farm.

Project Phase Definition Components

Feasibility Refers to the time it takes to identify suitable locations for
constructing a wind farm.

❖ Location identification costs;
❖ Costs for assessing the site’s wind potential.

Planning, licensing
and authorization

The withdrawal of the necessary licenses to make a wind
farm feasible.

❖ Costs for feasibility studies and analyses (technical,
economic and environmental);

❖ Project management costs;
❖ Costs related to leasing negotiations and area

concessions (lands);
❖ Costs with legal authorizations.

Pre-construction Construction planning and negotiation of an energy sales
contract are carried out.

❖ Negotiation costs for construction contracts;
❖ Costs with engineering activities;
❖ Contingency costs.

Construction Phase in which civil works, electrical infrastructure and
wind turbines are brought to the installation site.

❖ Investments in acquisition and manufacturing of parts
and components (turbines, blades, nacelle, others);

❖ Transportation costs to the construction site of
contractors, civil works, electrical infrastructure and
wind turbines;

❖ Costs for construction of local roads/improvement of
public roads;

❖ Costs for constructing foundations;
❖ Costs for implementing the electrical substation, energy

collection and transmission system;
❖ Costs for the construction and assembly of transported

wind components.

Commissioning The checking, testing and adjustments of equipment until it
is ready to operate safely and reliably.

❖ Costs for testing and adjusting a wind farm;
❖ Commissioning costs;
❖ Insurance costs.

Operation Operational phase of the project, in which the farm produces
electrical energy from wind energy and is sold.

❖ Administrative costs;
❖ Security and insurance costs;
❖ Costs for leasing areas (rent);
❖ Costs for preventive (proactive), predictive and

corrective maintenance.

Operational Deactivation This is the deactivation of the farm, at which point the plant
reaches the end of its service life.

❖ Costs for feasibility studies and analyses (technical,
economic and environmental);

❖ Decommissioning costs;
❖ Waste management;
❖ Site cleaning;
❖ Post-decommissioning monitoring.

Service Life Extension
(may or may not exist)

A reinvestment to extend the service life and operation of a
wind farm.

❖ Costs for feasibility studies and analyses (technical,
economic and environmental);

❖ Decommissioning costs (partial or total);
❖ Waste management;
❖ Reinvestment.

Source: Adapted from [12,77,79].

The CAPEX represents all acquired assets, such as the costs of the turbine, blades,
tower, transformer, foundations, site preparation, grid connection, unforeseen events,
substations and connection to distribution [12]. According to Varella Filho (2013), high
values in the CAPEX calculation may indicate production chains with low efficiency, while
lower values indicate a more efficient and effective system. Therefore, when analyzed
individually regarding the feasibility of a project, low values indicate the feasibility of the
investment [80].

Operation and maintenance costs (OPEX) reflect all capital spent on operation, ma-
terials, maintenance and labor, with the aim of expanding the service life of the plant in
order to optimize production when necessary [79]. In a company in the wind sector, OPEX
is reflected in all maintenance carried out on equipment, the costs of replacing parts, and
all inspection and monitoring services necessary for full operation [81].
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As for OPEX, maintenance costs are influenced, in some cases, by the use of obsolete
parts and/or the inappropriate location of a wind farm, justified by the existence of degrad-
ing agents that can lead to accelerated depreciation of the entire wind farm installation,
causing a greater number of maintenance and/or replacements of these parts and compo-
nents, negatively resulting in an increase in operation and maintenance costs (OPEX), as
well as a decrease in energy production [34,51].

Another important factor to be discussed is the issue of leasing areas, which is influ-
enced by the expiration of land-leasing contracts and competitiveness for the best areas
(with the greatest known wind potential). Associated with fundamental points, such as
leasing time and land-use authorization, they can increase leasing costs in contract-renewal
negotiations and the acquisition of new contracts, in situations of area expansion [13,82].
On the other hand, in cases of total or complete repowering, the possibility of reducing the
number of towers leads to a reduction in OPEX [51].

Decommissioning expenditure (DECEX) is related to the costs related to decommis-
sioning, present in the deactivation and dismantling of a wind farm’s capture structures at
the end of its operations and/or the end of the concession period, and there may be reuse
or recycling of the elements that composes it [83,84].

Regarding the residual value and removal and reuse cost, Gervásio et al. (2014) show that
the percentage of material that will be reused is related to cost reduction in the process of total
decommissioning or partial repowering with partial decommissioning [34]. Added to this, the
remanufacturing process of the blades and other elements can be both reused in the farm and
also resold to emerging countries in Latin America, Africa and some Asian countries.

The number of examples that study and analyze this topic and the advantages and
disadvantages in relation to decommissioning and extending the service life of onshore
wind farms is very limited. Welstead et al. (2013) [57] present estimates of the costs and
revenues related to the possibility of decommissioning and restoration (extension of service
life) in case studies in the United Kingdom and the United States, presented in Table 8.

Table 8. Deactivation and restoration costs.

Wind Farm What Does It Cover? Cost Estimation Revenue Estimate

Whitelee Wind Farm

Removal of turbines, upper level of
foundations, tracks, cables, substation,

associated constructions and expansion of
the visitor center for future use.

GBP 23,000/turbine, GBP 4651/blade
recycling turbine, GBP 7938/turbine

foundation, GBP 3761/track turbine, GBP
10,027/turbine cable removal, GBP

60,000/substation, associated constructions,
visitor center improvement.

GBP 78,690/turbine (resale of
steel, copper, cast iron) Positive

balance estimated between GBP 3
million and 8.1 million.

Carraig Gheal Wind Farm

Removal of all turbines and associated
electrical components, turbines split on site,
bases 1.0 m deep, buried cables left on site,

cut and filled above soil.

GBP 300 tonnes/turbine estimate.
Estimated total cost between GBP 27,438

and GBP 548,778/turbine (including scrap
value and inflation).

GBP 200/tonne scrap value.

Gwynt y Môr Ltd. Offshore
Wind Farm

Removal of installations, waste
management, inspections, monitoring,

maintenance and management where the
installation is not completely removed.

GBP 400,000/turbine.
Decommissioning fund estimated at GBP

106 million to be placed in escrow
account (10/year).

Not estimated.

New Grange Wind Farm
Removal of towers, bases (48-inch depth),

removal collection system, seeding
and revegetation.

Gross cost—USD 88,955/turbine.
Net cost—USD 53,955/turbine. USD 35,000.

Stony Creek Wind Farm Removal of blades, hub, nacelle, tower,
foundation and grounding/restoration. Net cost—USD 17,494/turbine. Approximately USD

10,000/turbine.

Little Raith

Removal of turbines, foundations (1 m),
anemometry mast, access roads, control

construction, rigid crane supports, soil and
seeds to affected areas.

Net cost—GBP 15,000/turbine. Not informed

Source: Adapted from [57].

Environmental Aspects

The sixth category identified from the systematic review was the environmental
aspects. These aspects bring together variables from the environmental aspects that are
associated with the decision-making process, the most predominant of which are the
following:
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(a) Environmental impacts;
(b) Diversification of the electrical matrix (hybridization).

Regarding the category of environmental aspects, it was possible to observe in the stud-
ies that it was associated with the assessment of environmental impacts caused throughout
the entire life cycle, from the manufacturing of a wind turbine to the disposal process.
Furthermore, this aspect was related to the potential for toxicity, the potential for the release
of carbon dioxide, climatic conditions, wind conditions and impacts on fauna, flora and the
surrounding community.

In a study carried out in Spain, [29] show that the environmental impact must be con-
sidered not only for cost–benefit analysis with the country’s total energy production in
comparison with wind energy, but also to identify improvements in its production process
and deactivation. Furthermore, it was identified that the tower has a quantity of steel used in
its manufacture, and that despite the environmental impacts generated during its life cycle,
this aspect can be mitigated, since 90% of the material is recycled in the dismantling phase.

In another study by Martinez et al. (2010), the decision to decommission was related
to the location chosen to install the project, where there were agents that accelerated the
wear process of the elements, especially the wind turbines [30]. The authors also highlight
that factors related to installation in coastal areas or mountainous areas, which have large
temperature fluctuations or gusts of wind, can increase damage to the entire turbine [30].

In this sense, a correlation is also observed between the categories of the environmental
aspects and operational aspects in the decision-making process, since in the study carried
out in Spain, the authors highlight the advantages in the process of repowering the farm
at the end-of-life cycle [38]. These include the possibility of using the foundations of old
turbines and replacing them with new, longer turbines, thus reducing the environmental
impact caused by civil construction works. Another advantage highlighted is the possibility
of reusing existing runways for the new network with new wind turbines, reducing damage
to the environment as a result of earthworks and recycling unused materials [38].

The authors identified that, in comparison to Spain’s mixed energy production, the
reduction in impacts related to global warming was 98.8%, the destruction of the ozone
layer was 96.7%, the human toxicity was 89.3% and the terrestrial ecotoxicity was 92.7%.
Furthermore, the aging of the farm increases the need for maintenance and, consequently,
the environmental impacts, with the recycling of components after dismantling being the
determining factor in reducing this impact [29].

In turn, in Ethiopia, Teffera et al. (2020), when analyzing the environmental impact
for a service life of 15 and 25 years in three wind farms (AWF 1, AWF 2 and ASWF), with
towers of 1.5 MW in the first two and 1.67 MW in the last, they estimated that the best
scenario for the farm is the extension of its lifetime by 5 years, so the farm will have a
total operating time of 25 years and a rate 80% material recycling. This would mitigate
environmental impacts, including toxicity in humans.

Both Teffera et al. (2020) and Kitizing et al. (2020) presented impacts on the ecosystem
as a factor considered in feasibility analyses [40,41]. In Germany, according to studies by
Bose et al. (2018), experts point out the importance of limiting farm operations in areas
of environmental preservation and with a massive presence of birds in order to reduce
impacts on biodiversity and the local landscape [85].

In a study carried out in Poland, in which the environmental impacts generated
between onshore and offshore wind farms were compared, it was shown that resource
depletion was more associated with land-based farms, while the risk to human health was
more associated with offshore farms [86]. Furthermore, the negative impacts include the
emission of radioactive agents and the potential destruction of the ozone layer, as well
as the release of ecotoxic substances, eutrophication processes and others related to land
use [86].

In this context, it is important to highlight the existence of legislation that contemplates
the prediction of all impacts during the life cycle, as well as regulatory and supervisory
bodies that compare, audit and assess the prior planning foreseen during the implementa-
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tion of a wind farm with the environmental impacts effectively generated, considering the
possibilities for eliminating or reducing such identified environmental impacts.

At the end-of-life cycle, the decision to deactivate, through the total or complete
decommissioning process, involves the deactivation and dismantling of the wind turbines
and the entire infrastructure, with the purpose of re-establishing the area to its original
condition. This process can cause environmental impacts, such as the release of greenhouse
gases during the transport and disposal of materials, the release of contaminants into the
environment and consequences for fauna and flora in the environment.

For environmental improvements to occur, it is important that there are criteria that
define goals based on key performance indicators (KPIs), for example, minimizing the
carbon footprint or impacts related to toxicity [87]. However, the challenges are not limited
only to methodological issues, but also to exogenous factors, such as the creation of policies
and legislation that encourage and direct the reuse of materials at the end of their service
life [87].

Researchers point out that climate issues are the focus of policies encouraging the use
of the carbon footprint as a key performance indicator (KPI). Other means can be used to
monitor environmental impacts in order to comply with European legislation on hazardous
substances and internal standards on reportable substances. Although both policies deal
with toxicity issues, these tools have a different scope than the life cycle assessment (LCA)
and are only considered complementary [87].

Wind farm construction licenses typically include a decommissioning requirement, for
which developers need to carry out a prior study on the estimated cost of decommissioning
the project. These studies consider the type of decommissioning equipment, mobiliza-
tion costs, what type of material would be discarded and to which landfill it would be
transported, what material would be recovered, etc. These requirements differ across the
US—for example, developers need to comply with local road-use agreements, but typically
do not specify the egress or expected egress for the blades. If an expected outlet for the
blades is included, this means that the blades are cut and transported to a landfill [37].
The environmental impacts found are listed, according to the studies, in Table 9.

Table 9. Environmental impacts by decision type.

Generation/Reduction in Environmental
Impacts Cause/Consequence Decision Type Studies (SBR Authors)

Waste Treatment/Disposal Policy:

❖ Reduction;
❖ Reuse/reutilization;
❖ Recycling;
❖ Final disposal

(incineration, landfills).

Cause Deactivation/Service Life Extension

[41];
[38];
[37];
[36];
[32];
[29].

Investigation of better materials for the
production of wind components. Cause Deactivation/Service Life Extension [41];

[32].

Soil Pollution Consequence (Final Waste Disposal) Deactivation/Service Life Extension [15];
[41].

Groundwater pollution Consequence (Final Waste Disposal) Deactivation/Service Life Extension [15];
[41].

Visual pollution Consequence (Maintenance or Reduction in
the Number of Towers/Wind Generators) Service Life Extension

[52];
[45];
[15];
[41];
[39].

Noise pollution Consequence Service Life Extension
[45];
[15];
[41].
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Table 9. Cont.

Generation/Reduction in Environmental
Impacts Cause/Consequence Decision Type Studies (SBR Authors)

Impacts on fauna, flora and
local biodiversity Consequence Service Life Extension

[15];
[41];
[40].

Emission of carbon dioxide and greenhouse
gases Consequence Service Life Extension

[15];
[41];
[13];
[29].

Toxicity in humans Consequence Service Life Extension [40].

Schreiner and Codonho (2018) emphasize that the deactivation of farms is not included
in the three-phase environmental licensing and suggest the creation of a fourth licensing
phase with the issuance of a deinstallation license for this type of enterprise [88]. In a
survey in which ten state bodies responsible for onshore environmental licensing in Brazil
participated, the topic of repowering and decommissioning wind farms was considered
relevant by all these environmental bodies [89].

The initial construction project of a wind farm must contain planning in case of
the decision to deactivate using the concept of the 4Rs of sustainability (reuse, recycle,
reduce and rethink) for the treatment of waste and scrap. Reuse, the first and best option,
materializes in the resale of wind turbines or parts and components for the secondary
market [89].

The second option is recycling, through the sale of waste in the form of scrap (metals
like iron, steel, stainless steel, copper, aluminum and lead) which will be recycled and
reused. It is important to highlight the importance of this waste being treated appropriately
in the recycling process in order to minimize damage caused to the environment.

The third and final option, in cases of impossibility of reusing and recycling, is the
final disposal of waste through the incineration or landfilling of the waste generated.
In this context, reflection and critical analysis are essential through rethinking, together
with research, development and innovation in the sector’s industry, the use of materials
and the production of parts and components with increasingly greater opportunities for
remanufacturing and/or increased recycling potential, considering the reverse logistics
process, always aiming to reduce the environmental impacts caused [48].

In the study carried out by Sakellariou (2017), it was identified that end-of-life wind
turbines fall into two categories: turbines that are not reusable (scrap value) and those that
are reusable. Turbines that can be reused have resale value as used or remanufactured
(refurbished) machines, but they represent a smaller subset of the total available turbines.
Most of them are stored or landfilled, while the rest are treated for energy recovery in
incineration plants [37].

The decision to extend the service life (hybridization with the photovoltaic solar
source may exist) through the possibilities of extending the service life (through complete
maintenance of the wind turbine and components), retrofit, partial repowering, or total or
integral repowering, also contributes to the generation of environmental impacts, such as
carbon dioxide emissions generated in the manufacture and transportation of materials,
visual pollution (aesthetic impact) and the issue of maintenance and/or noise reduction
(noise emission violation) [41].

Therefore, the decision to deactivate or extend the service life of a wind farm must
be based on a comprehensive analysis considering legislation (regulatory aspects) and
the possible environmental impacts throughout the new life cycle of a wind farm, and its
relationship with the future benefits generated through energy production and economic
feasibility analysis.
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Operational Aspects

The seventh category identified from the systematic review was the operational aspects.
These aspects bring together variables from the operational aspects that are associated with
the decision-making process, the most predominant of which are the following:

(a) The number of towers, tower height, hub size, rotor diameter, radius Size and mini-
mum distance between towers;

(b) The wind speed, wind direction, capacity factor and potential wind density;
(c) The leasing of the areas (lands) and the expiration of the current contracts (time);
(d) Layout and the wake effect;
(e) Diversification of the electrical matrix (hybridization).

The category of operational aspects was the one that presented the largest number of
influencing factors in the decision-making process, registering four in total: layout and the
wake effect; the issue of leasing areas (land) regarding the finalization of current contracts;
the operational structure of wind towers (number of towers, tower height, hub size, rotor
diameter, radius size and minimum distance between towers); and characteristics of the
wind potential influencing the amount of energy produced (speed, wind direction, capacity
factor and wind density potential).

The evolution of technological development directly affects the capacity and size
characteristics of future wind turbines to be produced, such as the number of towers,
tower height, hub size, rotor diameter, radius size and minimum distance between towers.
Such attributes directly affect both the performance and efficiency of a wind farm [48,90].
The height of the towers influences energy production, as towers located at higher heights
take advantage of stronger and more consistent winds, producing more energy [46]. On
the other hand, construction and maintenance costs increase.

The larger hub size and larger rotor diameter allow for increased energy production;
however, as well as the increased height of the towers, they can increase operational and
maintenance costs. After increasing the size of the radius (rotor diameter), there is a need
to increase the minimum distance between wind towers, which directly influences the
possibilities in relation to leasing areas [50].

Maintaining installed capacity with a smaller number of towers allows the continuity
of the leased area with adjustments related to operational aspects, such as the organization
and spatial arrangement of wind towers. Another alternative is to increase the number of
towers the in search for greater installed capacity and energy production, which influences
economic and financial aspects, such as operation and maintenance costs; technical aspects,
such as minimum distance; layout; and wake effect [47]. Nonetheless, some challenges
are encountered during repowering, due to the presence of existing wind turbines in and
around the site, presenting a space constraint [46,49].

In some developed countries like Germany, the United Kingdom and France, there is an
incentive through public policies for the development of renewable energy sources, mainly
due to the growing need for energy generation. However, these countries face declining
rates for new wind farm deployments due to a scarcity of desirable areas, particularly due
to legislative restrictions on expanding land use [58,68]. Another strategy to allow the
continuation of wind farm operations is repowering, optimizing the use of the area and
improving energy production [91].

The advancement of technology contributes positively to increasing efficiency, the use
of investment and also profitability [52]. With the reduction in the number of wind turbines,
the 55 acres of area are freed up, which can accommodate 14 MW of solar photovoltaic
capacity and generate 23,088 MWh of energy annually. Hybrid technology presents greater
efficiency and productivity, with 40.9% more passenger load factor (PLF) being able to be
generated during repowering, and the site’s potential energy yield increases approximately
17 times more compared to the conventional operational capacity. Furthermore, the energy
produced is environmentally friendly and does not pollute the environment [46].

In this context, justified by safety reasons, the minimum spacing parameters required
between wind turbines are changed, highlighting the need for review, and if necessary, re-
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configuration of the layout, which directly affects other operational issues, such as avoiding
the wake effect and competitiveness for the best areas and area leasing costs [13,48].

The wake effect is the effect produced between interactions between neighboring wind
turbines, as it affects the air flow around them, causing turbulence and reducing wind
speed, so that, depending on of the layout of wind towers, a reduced wind speed results in
energy production losses [49].

The scenario of finalizing the current leasing contracts for the areas for the projects in
operation, and in parallel, the possibility of renewing these contracts in cases of the exten-
sion of service life with the possibility of adapting the size of the structure in relation to the
space available for installation in the farm and/or the insertion of new wind farms results
in greater competitiveness and appreciation for areas with known wind potential [13].

In parallel, and as important as the factors previously presented, the characteristics
of the wind potential (speed, wind direction, capacity factor and wind density potential)
of the region influence the decision-making process, precisely in the amount of energy
produced. This is one of the main factors that directly affects the economic feasibility of
extending the project’s service life and/or the moment of the decision to extend it due to
business strategies, broadly analyzing the market in a comparative way with the projects
(prioritization always for the most profitable projects).

5. Conclusions

This article presents innovative points in its development and results obtained. The first
point to be highlighted is the application of the PRISMA methodology, not identified in
the sample of articles analyzed in this study and in works and research in the area of
engineering and the topic addressed, as well as theoretical research following the steps of a
systematic literature review (SLR).

The second point is the contribution to the academic area, given the low number
of studies focused on the topic of analysis and decisions related to the decision-making
process at the end-of-life cycle of onshore wind farms. Based on the methodology used,
26 studies were found that showed factors that influenced the decision-making process of
onshore wind farms. Among the countries that stood out were Spain, the United States, the
United Kingdom, Germany, China and India.

The third point is the identification of two contexts—the extension of the project’s
service life or the deactivation and completion of operational activities—systematized into
six decision options: total decommissioning (deactivation), total decommissioning with full
repowering, partial decommissioning with partial repowering, partial decommissioning
with retrofit, partial decommissioning with repowering and hybridization, and partial
decommissioning with repowering and retrofit.

Among them, ten indicated partial decommissioning with partial repowering as
one of the most feasible options, while seven studies indicated total decommissioning.
Furthermore, only five reported experiments carried out, 21 of which dealt with estimates
or analyses of future scenarios.

The fourth contribution of the article is presented in the approach to the little explored
theme, justified due to the context in which most of the onshore wind farms in operation in
the world are not in the final phase of their service life, and a large part of the wind sector
and academia is focused for research and innovation in the offshore wind market.

The fifth important point is the importance of the theme being essential for dealing
with the decision-making process of wind farms at the end of their service life and with
consequences for the planning of the countries’ electrical and energy matrices.

The sixth innovation resulting from this review is the identification of the factors that
affect the decision at the end-of-life cycle, categorizing them into aspects according to their
areas of influence, correlating with other existing aspects.

The most influential types of factors in the decision-making process at the end of
the onshore wind farm’s life cycle are related to operational aspects, economic aspects,
environmental aspects, public policies and technological development. Among the thirteen
factors identified, two factors stand out in the decision-making process at the end-of-life
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cycle: operation and maintenance costs (OPEX) (economic/financial aspect) and the need
for analysis regarding the organization and/or a change in layout in order to reduce the
impact of the wake effect (operational aspect).

Technological evolution, which is characterized by an increasingly accelerated manner
and by its direct correlation with the four operational factors, is a fundamental factor in the
decision-making process, enhanced by an increasingly greater business market demand for
wind farms. Thus, the aging of a farm is an important factor; however, it is not an exclusive
condition in the decision-making process, since studies were identified highlighting other
aspects as essential for possible feasibility.

Given the increase in farms reaching this end-of-life context, the scarcity of studies on
this topic highlights the need to carry out research reporting other experiences (empirical
studies) in order to propose greater development in the learning curve to the processes of
deactivation and extension of service life. In this scenario, the importance of identifying
the factors, types of factors and variables inserted in the economic/financial pillar influ-
encing the decision-making process at the end of the service life of onshore wind farms is
emphasized, as well as better support decisions regarding the future of these farms.

Finally, the need to carry out and/or update periodic planning for the growth of the
electrical matrix stands out, including decisions to deactivate and extend the operational life of
onshore wind farms, avoiding under-sizing the electrical energy transmission infrastructure.
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Appendix A

Table A1. Characterization of the factors and variables that influenced decision making at the end of the onshore wind farm life cycle and possible variables.

n Authors Title Year Country Decision Categories Factors Variables

1 [29]
Life-cycle assessment of a 2-MW
rated power wind turbine: CML

method
2009 Spain Total Decommissioning

(shutdown)

Environmental Aspects 1. High environmental impacts in relation to the economic viability
of the park, because the production does not offset the
environmental impacts generated. ❖ Costs with studies and technical and environmental feasibility

analyses;
❖ Quantity of energy produced;
❖ Revenues from the sale of electric energy (operating revenues).

Economic/Financial Aspects

Economic/Financial Aspects
2. Economic infeasibility due to lower than expected annual energy

production.

2 [30]
LCA sensitivity analysis of a

multi-megawatt wind turbine 2010 Spain Total Decommissioning
(shutdown)

Environmental Aspects 1. Place not appropriate (presence of degrading
agents—accelerated depreciation) and higher maintenance costs
(OPEX).

❖ Components’ and parts’ depreciation rate;
❖ Costs with maintenance of parts and components (preventive,

predictive and corrective);
❖ Quantity of energy produced;
❖ Revenues from the sale of electric energy (operating revenues).

Operational Aspects

Environmental Aspects
2. Presence of agents that accelerate the degradation of the blades.

Operational Aspects

3 [31]
An Exit and Entry Study of

Renewable Power Producers: A
Real Options Approach

2012 USA
Total Decommissioning

(shutdown)

Economic/Financial Aspects

1. Operation and maintenance costs in relation to operating output
(OPEX).

❖ Parts’ and components’ maintenance costs (preventive,
predictive and corrective).

Technological Development in the
Sector

Operational Aspects

National Energy Directive
(National Aspects)

2. Subsidies and political incentives for non-interruption of
operation or premature exit;

3. Political and economic incentives for insertion in new ventures
and production of more energy.

❖ Public policies and government incentives (federal and state)
and tax benefits;

❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Revenues from the sale of electric energy (operating revenues).

Public Policies and
Regulatory Aspects

Economic/Financial Aspects

4 [32]

Producer responsibility: Defining
the incentive for recycling

composite wind turbine blades in
Europe

2012
United

Kingdom
Total Decommissioning

(shutdown)

Economic/Financial Aspects
1. Material residual value, recycling costs and disposal costs.

❖ Costs with transport of the waste(s);
❖ Costs with removal of cables (internal and external) and

connections;
❖ Disposal costs (landfill, incineration, recycling, remanufacturing

or reuse) of blades, metals, concrete, organic material, electronic
components;

❖ Sales revenue (wind turbines for reuse—second-hand market);
❖ Sales revenue (waste and scrap—metals such as iron, steel,

stainless steel, copper, aluminum and lead).Environmental Aspects

National Energy Directive
(National Aspects)

2. Waste disposal tax.

❖ Public policies and governmental incentives (federal and state)
and tax benefits;

❖ Reduction or exemption of costs with waste disposal (landfills,
incineration, recycling, remanufacturing or reuse);

❖ Reduction or exemption of expenses with taxes and/or duties.

Public Policies and
Regulatory Aspects

Economic/Financial Aspects

Economic/Financial Aspects

3. Disposal and disassembly costs including labor, equipment,
transportation and any external costs.

❖ Crane transportation costs;
❖ Cost of setting up the crane(s);
❖ Cost of dismantling/removal of the wind turbine;
❖ Cost of cutting the blades;
❖ Cost of separation (cutting) of the tower and nacelle;
❖ Foundation demolition costs;
❖ Foundation material cutting costs;
❖ Cable excavation—(removal cost);
❖ Substation and transformer removal costs;

Logistics and
Infrastructure Aspects

Operational Aspects
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Economic/Financial Aspects

4. Cost to remove and/or reuse.

❖ Removal costs for cables (internal and external) and connections;
❖ Waste transportation costs;
❖ Costs with disposal (landfill, incineration, recycling,

remanufacturing or reuse) of veneers, metals, concrete, organic
material, electronic components;

❖ Costs with studies and technical and environmental feasibility
analyses;

❖ Quantity of energy produced;
❖ Revenues from the sale of electric energy (operating revenues).

Operational Aspects

Environmental Aspects

Public Policies and
Regulatory Aspects 5. End of life legislation;

6. Environmental impacts.
Environmental Aspects

5 [33]

A multi-period modelling and
optimization approach to the

planning of China’s power sector
with consideration of carbon

dioxide mitigation

2012 China Partial Decommissioning
with Retrofit

National Energy Directive
(National Aspects)

1. Optimize the costs of the country’s electrical sector. ❖ General costs with generation, transmission and distribution of
energy.

Logistics and
Infrastructure Aspects

Operational Aspects

Economic/Financial Aspects

Environmental Aspects
2. Mitigate carbon dioxide emissions;
3. Impacts on carbon prices and credits.

❖ Costs with carbon credit purchase (carbon emission above that
established).Operational Aspects

Economic/Financial Aspects

Operational Aspects
4. Annual operating time;
5. Expected useful life.

❖ Capacity factor (energy production time);
❖ The time of study and analysis of technical and economic

feasibility.

Economic/Financial Aspects

6. Higher capital cost compared to building nuclear power plants.

❖ Cost of equity (required return on invested equity)—CAPM;
❖ Country risk premium;
❖ Third-party capital cost (interest rate);
❖ Weighted average cost of capital—W.A.C.C;
❖ Minimum rate of attractiveness/minimum acceptable rate

(discount rate).
Public Policies and
Regulatory Aspects

Economic/Financial Aspects

7. Operation and maintenance cost (OPEX).

❖ Components’ and parts’ depreciation rate;
❖ Costs with maintenance of parts and components (preventive,

predictive and corrective);
❖ Quantity of energy produced;
❖ Revenues from the sale of electric energy (operating revenues).

Technological Development in the
Sector

Operational Aspects

National Energy Directive
(National Aspects)

8. Incentive to the energy transition as a result of the search for a
reduction in fossil fuel use and pollutant emissions.

❖ Public policies and governmental incentives (federal and state)
and tax benefits;

❖ Investments in research, development and innovation in the
national energy sector;

❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Reduction or exemption of costs with waste disposal (landfills,

incineration, recycling, remanufacturing or reuse);
❖ Revenues from the sale of electric energy (operating revenues).

Public Policies and
Regulatory Aspects

Technological Development in the
Sector
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6 [13] Preparing for end of service life of
wind turbines

2013 USA
Total Decommissioning with full

Repowering

Operational Aspects

1. Expiration of contracts and land leases for wind farms.

❖ Costs with the negotiation of contracts (CAPEX) for the leasing
of properties (areas/land);

❖ Operating costs (OPEX) with the leasing of properties
(areas/land).

Logistics and
Infrastructure Aspects

Economic/Financial Aspects

National Energy Directive
(National Aspects)

2. Attractive financial incentives for continued operation.

❖ Public policies and government incentives (federal and state)
and tax benefits;

❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Reduction or exemption from costs with waste disposal (landfills,

incineration, recycling, remanufacturing or reuse);
❖ Revenues from the sale of electricity (operating revenues).

Public Policies and
Regulatory Aspects

Economic/Financial Aspects

Technological Development in the
Sector

3. Possibility of increased power per area and technological
advancement;

4. Reducing the number of units and the cost of operation and
maintenance (OPEX).

❖ Costs with technical, economic and environmental feasibility
studies;

❖ Possible costs for inspections and certifications;
❖ Possible costs with acquisition of new components for wind

farms;
❖ Costs with maintenance of parts and components (preventive,

predictive and corrective);
❖ Quantity of energy produced;
❖ Revenues from sale of electricity (operating revenues).

Logistics and
Infrastructure Aspects

Operational Aspects

Economic/Financial Aspects

Logistics and
Infrastructure Aspects 5. Opportunities derived from existing logistics and infrastructure

aspects, network connections and historical operation.

❖ Logistics and infrastructure aspects and logistics adaptation
costs;

❖ Costs with rebuilding or construction of new substations and
grid connection;

❖ Costs with rebuilding of foundations or construction of new
foundations.Operational Aspects

Operational Aspects

6. Opportunity for remanufacturing and good conditions for
reverse logistics.

❖ Reverse logistics costs;
❖ Costs with component remanufacturing (towers, blades, rotors,

nacelles, generator, main box, gear shaft and electrical
components).

Environmental Aspects

Logistics and
Infrastructure Aspects

Economic/Financial Aspects

7. Cost of decommissioning assessed during decision planning;
8. Material residual value, recycling costs and disposal costs.

❖ Costs with transport of the waste(s);
❖ Costs with removal of cables (internal and external) and

connections;
❖ Costs with disposal (landfill, incineration, recycling,

remanufacturing or reuse) of the blades, metals, concrete, organic
material, electronic components;

❖ Costs of removing cables (internal and external) and connections;
❖ Disposal costs (landfill, incineration, recycling, remanufacturing

or reuse) of blades, metals, concrete, organic material, electronic
components;

❖ Costs with remanufacturing of components (towers, blades,
rotors, nacelles, generator, main box, gear shaft and electrical
components);

❖ Sales revenue (wind turbine parts for reuse—second-hand
market);

❖ Sales revenue (waste and scrap—metals such as iron, steel,
stainless steel, copper, aluminum and lead).

Public Policies and Regulatory
Aspects

Environmental Aspects

Operational Aspects

7 [34]

Comparative life cycle
assessment of tubular wind

towers and foundations—Part 2:
Life cycle analysis

2014 Portugal Partial Decommissioning with
partial Repowering and retrofit

Environmental Aspects 1. Recycling rate;
2. Material reuse rate;
3. Final destination of waste.Economic/Financial Aspects

Environmental Aspects
4. Structure that enables remanufacturing and generates less

environmental impact.Logistics and
Infrastructure Aspects

Technological Development in the
Sector

5. The height of the towers that support the increase in scale, of
power with technological upgrade.

❖ Amount of energy produced;
❖ Revenues from the sale of electric energy (operating revenues).

Operational Aspects

Economic/Financial Aspects

Logistics and
Infrastructure Aspects
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8 [35]
Repowering a Windfarm—A
Techno-Economic Approach 2015 India

Partial Decommissioning with
partial Repowering

Economic/Financial Aspects 1. Levelized annual energy generation cost (ALCoG). ❖ Levelized cost of energy (LCOE).

Operational Aspects

2. Payback period and internal rate of return (IRR); ❖ Internal rate of return (IRR);
❖ Payback;

3. Layout review and reconfiguration to avoid the wake effect. ❖ Amount of energy produced;
❖ Revenues from the sale of electric energy (operating revenues).

9 [36] Wind turbine blade waste in 2050 2017 England Partial Decommissioning with
partial Repowering

Operational Aspects 1. Seven or 18 years of blades in operation;
2. Fatigue in hull connections and root connections related to repair

(wear of the structure).

❖ Costs with maintenance of parts and components (preventive,
predictive and corrective);

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues);
❖ Waste transportation costs;
❖ Costs with disposal (landfill, incineration, recycling,

remanufacturing or reuse) of blades, metals, concrete, organic
material, electronic components;

❖ Sales revenue (wind turbine parts for reuse—second-hand
market);

❖ Sales revenue (waste and scrap—metals such as iron, steel,
stainless steel, copper, aluminum and lead).Economic/Financial Aspects

Technological Development in the
Sector

3. Scale and power increase with technological upgrade. ❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).Operational Aspects

Logistics and
Infrastructure Aspects

10 [37]
Current and potential

decommissioning scenarios for
end-of-life composite wind blades

2017 USA
Total Decommissioning

(shutdown)

Public Policies and Regulatory
Aspects

1. Validity of licenses for park operation. ❖ Costs with licenses and permits.
Operational Aspects

Environmental Aspects

Economic/Financial Aspects

2. Cost of life extension in relation to interruption of operation
and/or recycling.

❖ Costs with transportation of the waste(s);
❖ Disposal costs (landfills, incineration, recycling, remanufacturing

or reuse) of veneers, metals, concrete, organic material, electronic
components.

Operational Aspects

Environmental Aspects

Public Policies and
Regulatory Aspects

11 [38]
Life cycle assessment of a wind

farm repowering process 2018 Spain Partial Decommissioning with
partial Repowering

Technological Development in the
Sector

1. Scale and power increase with technological upgrade;
2. Layout review and reconfiguration to avoid the wake effect.

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects

Logistics and
Infrastructure Aspects

Economic/Financial Aspects
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12 [39] Analysis of the Repowering Wind
Farm of Sidi-Daoud in Tunisia

2019 Tunisia
Total Decommissioning with

full Repowering

Technological Development in the
Sector 1. Presence of fixed-speed turbines that have lower power ratings

than variable-speed turbines;
2. Operation and maintenance cost reduction (OPEX);
3. Number of wind turbines reduced to review and reconfigure

layout to avoid wake effect.

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects

Economic/Financial Aspects

Technological Development in the
Sector

4. Scale and power increase with technological upgrade.Operational Aspects

Logistics and Infrastructure
Aspects

Operational Aspects
5. Generate grid stability in case of voltage drop, because of the

converters that act as static compensators during the fault.

Environmental Aspects
6. Presence of noise.

❖ Costs with parts and components maintenance (preventive,
predictive and corrective);

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).Operational Aspects

13 [40]
Life cycle assessment of wind

farms in Ethiopia 2020 Ethiopia Partial Decommissioning with
Retrofit

Environmental Aspects 1. Mitigation of environmental impacts and toxicity in humans. ❖ Costs with studies and analysis of environmental impacts and
technical and environmental viability.

Environmental Aspects
2. Increasing the recycling potential of the park elements.

❖ Costs with transportation of the waste(s);
❖ Costs with disposal (landfill, incineration, recycling,

remanufacturing or reuse) of veneers, metals, concrete, organic
material, electronic components;

❖ Sales revenue (wind turbine parts for reuse—second-hand
market);

❖ Sales revenue (waste and scrap—metals such as iron, steel,
stainless steel, copper, aluminum and lead).

Operational Aspects

Economic/Financial Aspects

14 [15]
Environmental impacts of

decommissioning: Onshore
versus offshore wind farms

2020 England and
Scotland

Total Decommissioning
(shutdown)

Environmental Aspects
1. Environmental impacts;
2. Legislation that provides for the analysis of environmental

impacts during the entire life cycle.

❖ Costs with studies and analysis of environmental impacts and
technical and environmental viability.Public Policies and Regulatory

Aspects

Operational Aspects

3. Presentation of defined decommissioning program.

❖ Costs with studies and analysis of environmental impacts and
technical and environmental feasibility;

❖ Cost of dismantling/removal of the wind turbine;
❖ Cost of cutting the blades;
❖ Cost of separation (cutting) of the tower and nacelle;
❖ Foundation demolition costs;
❖ Foundation material cutting cost(s);
❖ Cable-digging cost (removal cost);
❖ Substation and transformer removal costs;
❖ Costs of removing cables (internal and external) and connections;
❖ Waste transportation costs;
❖ Costs with disposal (landfill, incineration, recycling,

remanufacture or reuse) of blades, metals, concrete, organic
material, electronic components;

❖ Costs with remanufacturing of components (towers, blades,
rotors, nacelles, generator, main box, gear shaft and electrical
components);

❖ Sales revenue (wind turbine parts for reuse—second-hand
market);

❖ Sales revenue (waste and scrap—metals such as iron, steel,
stainless steel, copper, aluminum and lead).

Economic/Financial Aspects

Public Policies and
Regulatory Aspects

Environmental Aspects



Energies 2024, 17, 848 33 of 42

Table A1. Cont.

n Authors Title Year Country Decision Categories Factors Variables

Public Policies and
Regulatory Aspects

4. Time of lease and land-use authorization. ❖ Operating costs (OPEX) with the leasing of properties
(areas/land).

Environmental Aspects

Operational Aspects

Logistics and
Infrastructure Aspects

Economic/Financial Aspects

Economic/Financial Aspects

5. Simulation of the various life extension or decommissioning
scenarios for later decision making.

❖ Costs with studies and technical, environmental and economic
feasibility analyses.

Operational Aspects

Technological Development in the
Sector

15 [45]
Analysis of scenarios for

repowering wind farms in Brazil 2021 Brazil
Partial Decommissioning with

partial Repowering

Economic/Financial Aspects
1. Economic evaluation relating internal rate of return (IRR),

payback time (PB), selling rate and operating and maintenance
cost (OPEX).

❖ Internal rate of return (IRR);
❖ Discounted payback (PBD);
❖ Parts and components maintenance costs (preventive, predictive

and corrective);
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects
2. Layout review and reconfiguration to avoid the wake effect. ❖ Quantity of energy produced;

❖ Revenues from the sale of electricity (operating revenues).Economic/Financial Aspects

National Energy Directive
(National Aspects)

3. Changes in incentives for alternative sources with discounts of
50% or more in the transmission system use tariff and
distribution system use tariff from 30 MW to 300 MW.

❖ Public policies and government incentives (federal and state)
and tax benefits;

❖ Reduction in costs with transmission and distribution tariffs.

Public Policies and
Regulatory Aspects

Economic/Financial Aspects

Economic/Financial Aspects

4. Simulation of the various life extension or decommissioning
scenarios for subsequent decision making.

❖ Costs with studies and technical, environmental and economic
feasibility analyses.

Operational Aspects

Technological Development in the
Sector

16 [41]

Multifaceted drivers for onshore
wind energy repowering and

their implications for
energy transition

2020 Denmark
Total Decommissioning with

full Repowering

Operational Aspects 1. Infeasibility of older wind turbines to operate longer;
2. Energy production below expectations;
3. Failure rate and downtime;
4. Layout review and reconfiguration to avoid the wake effect;
5. Radius of 1.5 times the total height of the new wind turbine and

minimum distance to avoid the danger of a turbine tower collapse.

❖ Costs with parts’ and components’ maintenance (preventive,
predictive and corrective);

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Technological Development in the
Sector

Environmental Aspects
6. Noise emission violation;
7. Visual pollution (aesthetic impact).

❖ Costs with fines and penalties;
❖ Compliance costs;
❖ Costs with standards adaptation;
❖ Costs with studies and analysis of environmental impacts and

technical and environmental feasibility;
❖ Parts and components maintenance costs (preventive, predictive

and corrective).

Logistics and Infrastructure
Aspects 8. Physical need for the installation of new turbines, new

foundations, access roads and grid infrastructure.

❖ Costs with reconstruction of foundations or construction of new
foundations;

❖ Costs for reconstruction or construction of new substations and
grid connection;

❖ New interconnection cable costs;
❖ Costs for layout revision and reconfiguration (belt effect);
❖ Planning, project development, engineering and civil works

costs;
❖ Infrastructure and logistics adaptation costs.Operational Aspects
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Public Policies and Regulatory
Aspects

9. Political factors that influence dismantling or repowering.

❖ Public policies and government incentives (federal and state)
and tax benefits;

❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Reduction or exemption of costs with waste disposal (landfills,

incineration, recycling, remanufacturing or reuse).

17 [42]

20% of US electricity from wind
will have limited impacts on

system efficiency and regional
climate

2020 USA
Partial Decommissioning with

partial Repowering

Environmental Aspects
1. Interannual variability of wind resources, mainly due to climatic

phenomena such as El Niño and La Niña.

❖ Operating costs (OPEX) with the leasing of properties
(areas/land);

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects 2. Wind speed.

Operational Aspects 3. Losses in energy production due to the wake effect;
4. Organization of the layout to avoid competition from the land.

Economic/Financial Aspects

Technological Development in the
Sector

5. Smaller capacity and WT dimension are replaced by larger
models.

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects

Economic/Financial Aspects

18 [43]

Partial repowering analysis of a
wind farm by turbine hub height
variation to mitigate neighboring

wind farm wake interference
using mesoscale simulations

2020 Pakistan
Partial Decommissioning with

partial Repowering

Operational Aspects 1. Review and reconfiguration of the internal and external layout
(in relation to neighboring farms) to avoid the wake effect;

2. Energy deficit due to interference from the neighboring wind farm.

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Operational Aspects

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

3. Deficit wind speed and need for change in layout and height of
towers.

4. Turbine hub height to avoid wind overlap.
Economic/Financial Aspects

19 [44]

Optimization of the wind farm
layout by repowering the old

wind farm and integrating solar
power plants: A case study

2020 India
Partial Decommissioning with
Repowering and Hybridization

Operational Aspects
1. Strong solar irradiation from March to September.

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Environmental Aspects

Operational Aspects
2. Wind density potential at higher heights.

Economic/Financial Aspects

Operational Aspects
3. Layout review and reconfiguration to avoid the wake effect.

Economic/Financial Aspects

Logistics and
Infrastructure Aspects 4. Ensure the safety of neighboring construction and optimize the

use of the existing network and logistics and
infrastructure aspects.

❖ Logistics and infrastructure aspects and logistics adaptation
costs;

❖ Specialized labor costs.Operational Aspects

Operational Aspects
5. Need for increased capabilities and performance.

❖ Investments (CAPEX) in the acquisition and installation of the
photovoltaic plates;

❖ Operation and maintenance costs (OPEX) of the photovoltaic
panels;

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Operational Aspects
6. Hybridization due to the availability of shade-free areas;
7. Larger turbines release shadow regions.
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Operational Aspects

8. Obsolete parts, resulting in a substantial increase in operation
and maintenance costs (OPEX) and a decrease in total generation.

❖ Costs with parts and components maintenance (preventive,
predictive and corrective);

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Technological Development in the
Sector

Economic/Financial Aspects

20 [46]

Leveraging on repowering of
wind sites for potential

wind-solar hybrid capacities: A
case study

2021 India
Partial Decommissioning with
Repowering and Hybridization

Operational Aspects
1. Area free of shade and obstacles is exploited for the installation

of solar photovoltaic capacity;
2. High level of insolation.

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Technological Development in the
Sector

3. Increasing wind turbine hub and rotor diameter.
Operational Aspects

Economic/Financial Aspects

Operational Aspects 4. Arrangement of wind turbines to take advantage of
maximum speeds;

5. Layout review and reconfiguration to avoid the wake effect.Economic/Financial Aspects

Operational Aspects
6. Reduction in occupancy by new, more efficient wind turbines so

that free areas can be taken advantage of by photovoltaic panels.

Economic/Financial Aspects

7. Reduced maintenance and operating costs (OPEX).

❖ Costs with parts and components maintenance (preventive,
predictive and corrective);

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Technological Development in the
Sector

Operational Aspects

Environmental Aspects
8. Noise reduction.

❖ Costs with standards adaptation;
❖ Costs with studies and analysis of environmental impacts and

technical and environmental feasibility;
❖ Parts and components maintenance costs (preventive, predictive

and corrective).Operational Aspects

Logistics and
Infrastructure Aspects 9. Improved integration with the network.

❖ Costs with adaptation and/or reconstruction or construction of
new substations and grid connection (logistics and infrastructure
aspects).Operational Aspects

Technological Development in the
Sector

10. Reactive power—new machines consume less reactive power;
11. Faster technological development. ❖ Operating costs (OPEX) with the leasing of properties

(areas/land);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects

Logistics and
Infrastructure Aspects

Economic/Financial Aspects

Operational Aspects
12. Increased wind generation without the need for additional land.

Economic/Financial Aspects

21 [47]

Optimization of a wind farm by
coupled actuator disk and

mesoscale models to mitigate
neighboring wind farm wake

interference from
repowering perspective

2021 Pakistan
Partial Decommissioning with

partial Repowering

Operational Aspects
1. The energy deficit in nine out of thirty-three machines due to the

treadmill effect between farms.

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Operational Aspects
2. Prevailing wind direction;
3. Irregular tower spacing.

Environmental Aspects
4. Adjustments due to variations in temperatures throughout the

day that influence wind speed.Economic/Financial Aspects
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22 [48]
Regional rotor blade waste
quantification in Germany

until 2040
2021 Germany Total Decommissioning

(shutdown)

Operational Aspects

1. Aging structure with stipulated time limit (≤20 years) for
receiving financial incentives. ❖ Public policies and governmental incentives (federal and state)

and tax benefits;
❖ Reduction or exemption of costs with waste disposal (recycling).

Public Policies and Regulatory
Aspects

Economic/Financial Aspects

Public Policies and Regulatory
Aspects 2. End of the term for incentives by the country’s renewable energy

sources law.
Economic/Financial Aspects

Operational Aspects 3. Wind load zones, wind turbulence and underutilized wind
turbine sites.

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).Economic/Financial Aspects

Environmental Aspects
4. Environmental impacts that outweigh the benefits generated

through energy generation.

❖ Costs with studies and technical and environmental viability
analyses;

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

23 [49]

Sounding out the repowering
potential of wind energy—A

scenario-based assessment from
Germany

2021 Germany Total Decommissioning with
full Repowering

Operational Aspects 1. Geographical constraints associated with loss of potential area. ❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Operational Aspects
2. Minimum spacing required between wind turbines to avoid

wake effect.

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Logistics and Infrastructure
Aspects

3. Increased energy needs with replacement of larger structures;
4. Appropriateness of the size of the structure in relation to the

space available for installation in the park.

Technological Development in the
Sector

Operational Aspects

Economic/Financial Aspects

Operational Aspects
5. Aging structure with stipulated time limit (≤20 years) for

receiving financial incentives.

❖ Public policies and government incentives (federal and state)
and tax benefits;

❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Reduction or exemption of costs with waste disposal (landfill,

incineration, recycling, remanufacturing or reuse);
❖ Revenues from the sale of electricity (operating revenues).Economic/Financial Aspects

24 [50]
Energy savings analysis in

logistics of a wind farm
repowering process: A case study

2021 France
Partial Decommissioning with

partial Repowering

Economic/Financial Aspects 1. Lower cost than full repowering. ❖ Costs with studies and technical, environmental and economic
feasibility analyses.

Operational Aspects
2. Life extension for another 15 years. ❖ The time for study and analysis of technical and

economic feasibility.Economic/Financial Aspects

Operational Aspects
3. Need for increased energy generation.

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Technological Development in the
Sector

4. Replacement with towers of greater power and efficiency.Operational Aspects

Logistics and
Infrastructure Aspects

Economic/Financial Aspects
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Public Policies and
Regulatory Aspects

5. Legal, financial, environmental, human resources, technological
and organizational factors.

❖ Costs with studies and technical, environmental and economic
feasibility analyses.

Environmental Aspects

Economic/Financial Aspects

Technological Development in the
Sector

Logistics and
Infrastructure Aspects 6. Logistics of the repowering process. ❖ Logistics and infrastructure aspects and logistics

adaptation costs.
Economic/Financial Aspects

25 [51]
Economic and sensitivity analysis

on wind farm
end-of-life strategies

2022 Brazil
Partial Decommissioning with

partial Repowering

Operational Aspects
1. Capacity factor.

❖ Capacity factor (energy production time);
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).Economic/Financial Aspects

Economic/Financial Aspects 2. Investments (CAPEX). ❖ Investments (CAPEX) in the acquisition and installation of wind
farm components.

Economic/Financial Aspects
3. Decommissioning costs, energy tariff, OPEX and RECs that could

affect the NPV and IRR of the cash flow.

❖ Costs with studies and analysis of environmental impacts and
technical and environmental viability;

❖ Parts’ and component’s maintenance costs (preventive,
predictive and corrective);

❖ Price of electric energy sale;
❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues);
❖ Wind turbine dismantling/removal cost;
❖ Blade-cutting cost;
❖ Tower and nacelle separation (cutting) costs;
❖ Foundation demolition cost(s);
❖ Foundation material cutting costs;
❖ Costs with cable excavation—(cost with removal);
❖ Substation and transformer removal costs;
❖ Costs for removal of cables (internal and external) and

connections;
❖ Waste transportation costs;
❖ Disposal costs (landfill, incineration, recycling, remanufacturing

or reuse) of blades, metals, concrete, organic material, electronic
components;

❖ Costs with remanufacturing of components (towers, blades,
rotors, nacelles, generator, main box, gear shaft and electrical
components);

❖ Sales revenue (wind turbine parts for reuse—second-hand
market);

❖ Sales revenue (waste and scrap—metals such as iron, steel,
stainless steel, copper, aluminum and lead).

Operational Aspects

Operational Aspects
4. Impossibility of reconditioning parts.

Economic/Financial Aspects

26 [52]

Multi-dimensional barrier
identification for wind farm

repowering in Spain through an
expert judgment approach

2022 Spain Partial Decommissioning with
partial Repowering

Technological Development in the
Sector

1. Installation of taller machines with larger rotor diameters.

Capacity factor (energy production time);Quantity of energy
produced;Revenues from the sale of electricity (operating revenues).

Operational Aspects

Economic/Financial Aspects

Operational Aspects

2. Very strong winds or very extreme weather conditions where it
would be less risky to maintain small wind turbine generators.Environmental Aspects

Economic/Financial Aspects



Energies 2024, 17, 848 38 of 42

Table A1. Cont.

n Authors Title Year Country Decision Categories Factors Variables

Operational Aspects 3. Ripple effect generated between wind turbines in the farm and
between other farms.

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Economic/Financial Aspects

Logistics and
Infrastructure Aspects 4. Inability of the electrical grid to evacuate the generated power.

❖ Logistics and infrastructure aspects and logistics adaptation
costs;

❖ Costs with rebuilding or construction of new substations and
grid connection.Operational Aspects

Economic/Financial Aspects

5. Operation and maintenance costs (OPEX).

❖ Costs with parts and components maintenance (preventive,
predictive and corrective);

❖ Quantity of energy produced;
❖ Revenues from the sale of electricity (operating revenues).

Technological Development in the
Sector

Operational Aspects

Economic/Financial Aspects
6. The price of the new wind generator is a determining factor in

assessing the profitability of repowering.
❖ Investments (CAPEX) in the acquisition and installation of wind

farm components.

Public Policies and
Regulatory Aspects 7. Indirect economic incentives can be attractive to investors.

❖ Public policies and government incentives (federal and state)
and tax benefits;

❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Reduction or exemption of costs with waste disposal (landfills,

Incineration, recycling, remanufacturing or reuse);
❖ Reduction or exemption of costs with licenses and permits;
❖ Reduction or exemption of expenses with taxes and/or duties;
❖ Reduction or exemption of costs with waste disposal (landfills,

incineration, recycling, remanufacturing or reuse);
❖ Revenues from the sale of electricity (operating revenues).Economic/Financial Aspects

Economic/Financial Aspects
8. Guarantees to protect investments against a reduction in the

average value of market clearing prices and an increase in their
volatility.

❖ Public policies and governmental incentives (federal and state)
and tax benefits;

❖ Electricity selling price;
❖ Revenues from the sale of electricity (operating revenues).
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