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Abstract

The most important step for the installation of a wind farm is to know the wind regime in the region,
since an error in estimating this wind speed causes an error proportional to the cube of power,
resulting in financial losses for investors. Therefore, knowing the methods used for predicting wind
energy becomes important and the knowledge of how research and studies in this area are going help
map the subject and outline strategies for developing research in strategic areas. For this purpose, a
*** using the Scopus database considering some keywords, such as ("forecast" OR "prevision") AND
"wind" AND ("turbine" OR "power" OR "energy" or "velocity" or "speed"), considering the period
since 2020, and analyzing the data of the documents found using the Bibliometrix package. With the
results found, it was possible to map researchers, and institutions that are developing work in this
area, in addition to the most cited articles, as an indication parameter. Future works could include
CFD simulation models most applied in different wind speed analysis reviews.

Keywords: forecasting; prevision; wind speed; wind power; renewable energy; Scopus base;
Bibliometrix

1. Introduction

Greenhouse gases are contributing to global warming resulting in the amplification of several
problems, including environmental problems[1]. One of the ways to control the concentration of
these gases is, e.g., by the reduction of fossil fuels in energy sectors[2].

Therefore, wind energy is an important ally in this process[2]. Thus, energy forecasting and
planning are important for different stakeholders” decision-making in global energy development.
Forecasting studies related to wind energy are essential to know the potential of a given location [3]
and for the installation of wind farms [4], once a forecast study with high uncertainty will generate a
cubed error on the predicted power value, which can result in huge losses for investors. Therefore,
knowing research trends in this area can guide researchers and investors in decision-making,
avoiding future losses. In the context presented here, forecasting is the means of obtaining predicted
ranges based on future demand from present and past data, generally investigating future trends [5].

Some authors [6-8] talk about the importance of carrying out a review work to understand the
evolution of the researched subject and contribute to the advancement of scientific knowledge,
guiding researchers, and observing gaps in specific themes that may be explored [9]

Among some important articles that portray the importance of the subject presented and
discussed here, we can cite [10-12]. The authors [10] used Al for a statistics study of the wind speed
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in parts of India. Same statistical analyses were done, but this time in PyeongChang [11]. Here are
several forecasting models, their applications are quite comprehensive. Therefore, this review article
highlights the cutting-edge works on wind energy forecasting models, considering a period of the
last five years, since 2020, whose objective is to conduct a bibliometric analysis of the scientific
production applied to the study of wind energy forecasts, using the Scopus database and the
Bibliometrix tool. The bibliometric analysis allows identifying trends, patterns, and gaps in scientific
production on the subject, in addition to providing relevant information for the formulation of public
policies and investments in research and development within this field. Via data analysis, it is
possible to better understand the evolution and geographic distribution of scientific production,
identify the main thematic areas of research, the main institutions and authors involved, among other
relevant information [13-17]. The studies in [13] applied VOSviewer and Pajek software to cover
forecasting models; while [14] used Al (artificial intelligence) to predict energy wind power; the tool
used prediction of wind and solar power in [15]was deep learning. The authors in [16] reviewed gaps
on the literature over the output of wind and solar energy and in [17] an open source code was chosen
for wind prediction in short term.

Based on these results, it is anticipated that this work may contribute to the advancement of
scientific knowledge on the subject, identifying trends and research gaps that can provide valuable
directions to the scientific community.

2. Materials and Methods

Containing many articles from reputable sources, Scopus is a widely accepted and often used
tool for both scientific research and data extraction[18]. Using this powerful tool, this study proposes
mapping trends in the field of wind energy forecasting, to optimize future projects applied in
different regions of the globe. The literature was searched considering the most recent years, since
2020, using the advanced search options of “title, abstract and keywords”. Bibliometrics helped to
understand research practices, employing citations, refinements and mapping clusters, indicating
research networks. To compile the data and perform an analysis of the information, the Bibliometrix
tool [19] (https://www.bibliometrix.org/) was used, a free software written in the R language [20].

The search was performed by applying “advanced search”, and when looking for the terms
("forecast" OR "prevision") AND "wind" AND ("turbine" OR "power" OR "energy" or "velocity" or "speed "),
applying filters, according to Table 1, for "article and review", English language, final publication stage,
type of source, there were 1,640 documents left, which were divided into the sub-areas described in
Figure 1.

Table 1. Scope, database, terms, and filters referring to the bibliometric analysis performed with the Bibliometrix

tool [21].

Scopus  (“forecast” OR "prevision”) 1,640 Documents: Scientific Articles and Review
AND "wind” AND ("turbine” Publication stage: Final
OR "power” OR "energy” or Source Type: Journal
"velocity” or "speed”),” English language

Source: Scopus Base, Jul.2025.

The final set comprises a total of 1,640 documents, consisting of 1,600 articles and 40 review
papers, distributed across 318 distinct sources (i.e.,, 318 different journals), and featuring the
participation of 5,918 authors. Thus, a thorough analysis was carried out to evaluate the participation
of the newest developments and future research perspectives using this dataset.

Aiming to obtain accurate and reliable data based on the selected words, this search query was
then implemented, including title, abstract, and author keywords. The “Bibliometrix” package (R
language) was used to obtain graphs, tables, and diagrams. Scopus (https://www.scopus.com/) is the
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world's largest database of peer-reviewed interdisciplinary articles, and it is continually expanding
[5,22]. It is an important provider of global research output across a multidisciplinary spectrum [23],
which is the reason it is a great choice for bibliometric studies.

The main objective here is to present a clear view of technical progress and innovation within
the wind energy forecasting field, and why it is so important to understand this phenomenon of
nature, which directly impacts the production of wind energy. Such a study can foresee the
innovations which will be applied in the wind energy field, to maximize efficiency and to improve
the relation cost benefit. The methodology of this study was set by assessing the published works
found in the Scopus database, for different “subject areas”, as shown in Figure 1. From Figure 1, the
studies were divided by areas, such as energy, engineering, environmental science and computer
science. This methodology helps to understand the focus of each work and how they may influence
the present analysis.

mEnergy mEngineering MEnvironmental Science ® Computer Science

Figure 1. Percentage of documents by sub-area.

This set of publications was worked on using Bibliometrix, allowing the construction of maps of
journals, countries, institutions, and authors to understand the organization of the clusters. Standard
spreadsheets were also used for the analysis.

Figure 2 shows the chosen variables used to analyze information from articles of the Scopus
database: (a) list of most cited articles; (b) authors' names, as well as the year of publication of the
articles; (c) keywords; (d) number of citations of the documents; (e) journal sources; (f) most
prestigious journals and their impact factor (IF); (i) countries and (j) research gaps. It is important to
emphasize the importance of considering the impact factor (IF) of the journal and the h-index of an
author. The IF can be obtained from the Scopus website and is always up-to-date. The h-index works
as an indicator to quantify the research results of an academic. It is a unique value where / of total
publications (TP) hold a minimum of & citations each and (TP-h) articles have & citations each [24]. It
can give statistical tools that reflect the reality of the influence of a paper, or its author, including
longer periods of time; however it can be limited in areas such as health science [25].
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METHODOLOGY

BIBLIOMETRIC ANALYSIS: WIND
DEFINED TOPIC —_— TR ALY 3

DATABASE

ot L SCOPUS

KEYWORDS: ( "FORECAST" OR "PREVISION" ) & TYPES OF DOCUMENTS: ARTICLE AND g
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Figure 2. Structure and search criteria carried out in the Scopus base and the number of documents found.

Even though some authors affirm that the h factor is no longer an effective index [26], that it has
deficiencies [27] and that it can be misinterpreted [28], many review works still use it in their analyses,
such as [29,30] e [31]. The work [29] analyzed renewable energy tendencies in Africa using software
such as VOSviewer and ITglnsight; [30] did a bibliometric review on papers published between 2011
and 2022 about the risk assessment of autonomous ships; and [31] used Web of Science and Scopus
to determine the influence of gender on renewable energy research.

Study limitations, such as period of publication, were added to promote insights and future
developments in the research for wind energy forecasting. Finally, an analysis of the most cited works
was carried out to contribute to an overview of the subject. The review’s results elucidate the
outcomes of the bibliographic analysis and make recommendations for further research.

3. Results

Bibliometric analyses are scientific specialties, posing as a major aspect of research evaluation,
especially in both the scientific and the applied sectors [32]. It is an important tool used to evaluate
the overall tendencies of articles from all over the globe, from different institutions of research and
teaching. All the papers included in this study were sourced from journal articles and were published
exclusively in English.

Figure 3 shows the search criteria and refinement conditions used. The criteria used were
keywords, time of publication, language, authors and type of document (reviews). Combining all of
it, the refined number was 1,640 documents total.

Search criteria and refinement conditions
[ e ][ BT ][ Sources and “ noveae
Types Authors
OR

("forecast”

"prevision”) S
XD e Articles s

Scopus = oy = Since 2020 = (1,600) and = CaeiEb . English
("turbine” OR = and 5,918
"power" OR Review (40) Authors
“energy” or
"velocity" or

"speed")
[ 1,640 documents ]

[ Bibliometric Analysis ]

:"' Quantitative analysis of cited articles related to wind speed forecasting .
. * Distribution by country of studies on wind speed forecasting and analysis of future trends '
i+ Annual distribution of articles and the increase in studies on wind speed forecasting

=..- General results of research on wind speed forecasting
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Figure 3. Search criteria and refinement conditions.

The bibliometric study's findings on wind energy prediction are detailed in the sections that
follow, highlighting the most important research areas, keywords, affiliations, journals, authors, and
countries. Each aspect of the results is discussed to provide insight into the progress of the wind
energy forecasting field, including trends, updates, and key areas of focus.

The number of citations in a field is a crucial metric for categorizing and comprehending current
research trends. It also serves as a clear indicator of the impact of a particular journal or publication,
providing transparent data on the most significant areas of research, as well as current trends in wind
energy prediction studies.

According to the observed data, the publication trend has been growing in recent years, with
234 articles published in 2020, 254 in 2021, 332 articles in 2022, 262 in 2023 and 341 documents in 2024.
As of 2025, the year of this work's completion, there are 215 publications in this research area, with
an additional 2 papers published in 2026. Of course, an increase in the number of articles leads to an
increase of researchers with similar interests.

Among the current papers, one can cite [33] which offered a forecasting tool based on a set of
time series data to estimate wind energy. As well, [34] evaluated wind speed prediction and power
generation using statistical metrics. In [35] it is said that the accuracy of energy prediction results can
be impaired by insufficient modeling capacity. And [36] proposes a unified model for predicting
wind velocity. All tried using different models, such as RF, XGBoost and LSTM to predict the wind
energy production in spatial and time limitations, observing that some models are more accurate for
short periods of time or can be used even with different meteorological data input.

Among the papers published in 2025, there is the document by [37] entitled “Wind and solar
power forecasting based on hybrid CNN-ABiLSTM, CNN-transformer-MLP models”, published in
the journal “Renewable Energy”, and having 28 citations. The article [38] with the title “Demand
response of grid-connected microgrid based on metaheuristic optimization algorithm”, published in
the journal “Energy Sources Part A Recovery Utilization and Environmental Effects” with 10
citations, and the article by [39] “Informer learning framework based on secondary decomposition
for multi-step forecast of ultra-short term wind speed”, published in the journal “Engineering
Applications of Artificial Intelligence”, with 8 citations. In the year 2025, the articles that have already
received 6 citations were the works of [40] “Multi-step wind energy forecasting in the Mexican
Isthmus using machine and deep learning”, “A MPC-based load frequency control considering wind
power intelligent forecasting”, [41] “Ultra-short-term wind power forecasting jointly driven by
anomaly detection, clustering and graph convolutional recurrent neural networks”, (Wang et al,,
2025) “Experimental-based Gaidai multidimensional reliability assessment approach for wind
energy harvesters”, [42] “Holistic opportunistic maintenance scheduling and routing for offshore
wind farms” The tools such as Al and deep learning used to forecast wind energy production are
some of the pattern observed from more recent articles.

In 2026, the paper that appears is by [43], published in the journal “Pattern Recognition”, with
the title “Twin proximal support vector regression with Gauss-Laplace mixed noise”, which
addresses the regression model and the paper [44] “Probabilistic digital twin for reliability-based
maintenance optimization of offshore wind turbines”, published in the journal “Renewable Energy”.
The authors observed that the digital framework is robust even in different meteorological conditions
and be applied to assess the lifecycle within renewable energy sources.

3.1. Most Relevant Sources

Table 2 presents a list of the top 15 journals that have published research on wind energy
forecasting, specifically the most prominent scientific journals, based on the number of publications
in this research area. CiteScore or Impact Factor, h-index, and Total Publications are metrics that aid
in measuring citation relevance and journal growth [24,45,46].
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Table 2. Sources with the most publications in the analyzed dataset.
CiteScore or Pr
Sources TPh_index) TC| Impact %) AC
Factor (IF)
ATMOSPHERE 125 13 |768 3.11 7.62/6.14
RENEWABLE ENERGY 113 34 3649 8.634 6.8932.29
APPLIED ENERGY 92| 41 4811 11446  5.61/52.29
ENERGY REPORTS 61| 19 [1822 4.937 3.72[29.87]
ENERGY CONVERSION AND MANAGEMENT 56| 28 547 11.533  [3.4145.48
OCEAN ENGINEERING 47| 14 1321 8.4 2.87]28.11
IEEE TRANSACTIONS ON SUSTAINABLE ENERGY 40| 22 [1495 8.31 2.44{37.38
INTERNATIONAL JOURNAL OF ELECTRICAL POWER AND ENERGY SYSTEMS|40| 18 [1034 5.659 2.44{25.85
IEEE TRANSACTIONS ON POWER SYSTEMS 371 15 |969 7.326 2.2626.19
IET RENEWABLE POWER GENERATION 35| 11 |496 3.03 2.13]14.17|
RENEWABLE AND SUSTAINABLE ENERGY REVIEWS 31| 15 1219 16.799 1.8939.32)
ELECTRIC POWER SYSTEMS RESEARCH 30 13 |716 3.818 1.83(23.87]
JOURNAL OF MARINE SCIENCE AND ENGINEERING 301 10 |324 5.0 1.83]10.80)
WIND ENERGY 26| 12 |375 3.71 1.59(14.42)
SUSTAINABLE ENERGY TECHNOLOGIES AND ASSESSMENTS 24| 15 |680 17.3 1.46(28.33

Note: TPs = Total Publications; Pr(%) = Proportion; TC = Total Citations; IF = Impact Factor in 2025; AC = Average
Citation = CT/TPs.

A quantitative analysis of the publications of these 15 journals reveals that they aggregate for
almost 48% of the publications identified. This helps when data extraction and selection must be done
by researchers when performing a bibliometric analysis.

A total of 125 documents, which corresponds to 7.6% of the total articles published considering
this data set, were published in ATMOSPHERE (https://www.mdpi.com/journal/atmosphere), which
is an open access, peer-reviewed journal published biweekly online by MDPI. Despite the number of
published works, that is, having the highest publication frequency, the journal currently has one of
the lowest impact factors in the list of the top 15 journals, 3.11, where the impact factor of a given
year relies on, for example, the number of citations in recent years. Subsequently, the RENEWABLE
ENERGY journal (https://www.sciencedirect.com/journal/renewable-energy) appears in second
place in terms of publication frequency, with 113 documents (6.89%), followed by APPLIED ENERGY
journal (https://www.sciencedirect.com/journal/applied-energy), with 92 publications (5.61%), which
obtained the highest number of citations.

From the RENEWABLE ENERGY, it can be mentioned works that focus on the prediction of
solar and renewable energy production, using neural additives models [47]. In APPLIED ENERGY,
the authors performed a review of the statistical mechanisms to forecast wind speed and wind power
[48].

Among the list of high-impact factor journals, RENEWABLE AND SUSTAINABLE ENERGY
REVIEWS (https://www .sciencedirect.com/journal/renewable-and-sustainable-energy-reviews)
obtained the highest ranking, having an impact factor of 16,799, even though the journal occupies a
lower position, 11th, in terms of publication of articles on the proposed topic, covering only 1.89% of
published documents. This probably occurs because it is a journal that addresses several topics, so
this wind energy prediction topic is just one of them. The number, even representing 1.89% of total
papers, indicates that the ones focusing on wind energy have high impact due to its quality.

3.2. Most Cited Articles

The growing demand for energy imposes the search for renewable energy sources and modern
energy systems to meet recent and future energy needs [49]. Among the most used and studied
renewable sources today is wind energy, whose production depends directly on the wind potential
of the region where a given farm can be installed. An error in estimating the wind parameter can
generate a cubed error in the power to be generated. Therefore, studying methods for predicting this
wind energy is extremely important to try to work with data as close to reality as possible.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this sense, Table 3 lists the 15 most cited articles, considering the general set of researched
documents. The following information was extracted from them: i) Name of the first author of the
article; ii) Title of the article; iii) Total citations per article; iv) Journal that published the 15 most cited
articles; v) year the article was published and vi) the country of the first author.

The chosen articles add up to a total of 4,754 citations. The journal that received the most
publications in the area was “Applied Energy (https://www.sciencedirect.com/journal/applied-
energy)”, receiving 4 of the 15 most cited documents in this data set.

Table 4. The 15 most cited articles considering the set of documents studied, with the author and country listed
in this table corresponding to the first author of each article.

TOTAL
RANK|CITATION] TITLE CITATIONS JOURNAL IYEAR|COUNTRY

A critical review of comparative global
1 [50] historical energy consumption and future 806 Energy Reports 2020 | China
demand: The story told so far

A review of wind speed and wind power

2 1 11 Applied E 2021 hi
511 forecasting with deep neural networks 6 ppiied Energy 0 China
Review of the current status, technology . .
3 [52] and future trends of offshore wind farms 202 Ocean Engineering 2020 Portugal
4 (53] Extensive comparison of physical models 295 Applied Energy 2021 | Hungary

for photovoltaic power forecasting

Electric load forecasting based on deep
5 [54] learning and optimized by heuristic 291 Applied Energy 2020 | Pakistan
algorithm in smart grid

Short-term wind speed prediction model
based on GA-ANN improved by VMD
A combined forecasting model for time

7 [56] series: Application to short-term wind 265 Applied Energy 2020 | China

speed forecasting

6 [55] 272 Renewable Energy 2020 China

Empirically grounded technology

8 [57] i 260 JOULE 2022 UK
forecasts and the energy transition
IA novel model to predict significant wave|
9 [58] height based on long short-term memory 234 Ocean Engineering 2020 | China

network

Study on deep reinforcement learning
10 [59] techniques for building energy 224 Energy and Buildings 2020 | China
consumption forecasting

A deep learning-based forecasting model
for renewable energy scenarios to guide Renewable and Sustainable

11 212 202 h K
[60] sustainable energy policy: A case study of] Energy Reviews 020 |South Korea
Korea
1 [61] The future of forecasting for renewable 198 WIRElenergy and 2020 | Ireland
energy Environment

An improved residual-based

E .
13 [62] convolutional neural network for very 198 nergy Conversion and

2021 | Turkey

short-term wind power forecasting Management
14 [17] A review of very short-term. wind and 195 Renewable and Sgsta1nable 2022 UK
solar power forecasting Energy Reviews

Optimal power peak shaving using
15 [63] hydropower to complement wind and 191
solar power uncertainty

Energy Conversion and 2020|  China
Management

The article by [50] presents a critical analysis of mixed energy demand in developed/developing
countries, summarizing time series and concluding that there is a large future global demand for
energy until 2040 under several scenarios. It included a detailed analysis of CO: emissions, with the
use of gas, oleo, electricity and the production of energy from wind, nuclear and solar, combining
with different sectors such as agricultural, transport and buildings. One of its main conclusions is
that CO:z emissions will be reduced by an increase in energy efficiency.

The authors of [52] provide a comprehensive overview of the present state and future trends of
offshore wind farms worldwide. They discuss the technological difficulties associated with wind
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farm layout and key components, such as the number of turbines, installed capacity, distance from
shore, and water depth. The tendency is an increase in the wind farm dimensions in line with other
sources of energy.

To overcome some challenges and further enhance the performance and stability of wind energy
forecasting, the authors of [56] developed a forecasting system based on a data pre-treatment
strategy, a modified multi-objective optimization algorithm, and various forecasting models.

According to [51], due to the improvement of artificial intelligence technologies, especially deep
learning, an increasing number of models based on deep learning are being implemented for wind
speed and wind power (WS/WP) prediction because of their superior ability to deal with complex
nonlinear problems. Therefore, the authors comprehensively analyzed a plethora of deep learning
methodologies used in WS/WP prediction. The tendency is to use deep learning for data processing,
feature extraction and relationship learning, and to compare with real data.

It is important to emphasize that among these 15 research works, different techniques and
methods were used to analyze which is the best to predict wind energy. The different techniques are
constrained sometimes by meteorological and weather conditions, or by short or longer periods of
time, where a deep analysis must be performed to decide over which methodology is more
appropriate for each situation.

3.4. Most Relevant Affiliations

With regard to the performance of the institutions, the 20 most productive ones, that is, those
that most developed articles in the area considered, are listed in Table 5. The number of articles linked
to them, the country or region where they are located, and the percentage that each one represents in
view of the global number of publications are also presented. The institutions with higher
percentages are in Asia and Europe, with NREL being the only representative from the United States
amongst the first 10 institutions, which reflects the actual scenario where China is the main player
into renewables and its devices such as batteries.

Table 5. The 20 institutions with the highest number of articles and their location.

Rank Institution/Affiliation Articles | Country [Percentage (%)
1 NORTH CHINA ELECTRIC POWER UNIVERSITY 145 China 8,84%
2 TECHNICAL UNIVERSITY OF DENMARK 69 Denmark 4,21%
3 SOUTHEAST UNIVERSITY 67 Bangladesh 4,09%
4 |INANJING UNIVERSITY OF INFORMATION SCIENCE AND TECHNOLOGY| 66 China 4,02%
5 TSINGHUA UNIVERSITY 65 China 3,96%
6 HOHAI UNIVERSITY 59 China 3,60%
7 SHANDONG UNIVERSITY 57 China 3,48%
8 ZHEJIANG UNIVERSITY 57 China 3,48%
9 WUHAN UNIVERSITY 56 China 3,41%
10 NATIONAL RENEWABLE ENERGY LABORATORY 49 [United States| 2,99%
11 CENTRAL SOUTH UNIVERSITY 48 China 2,93%
12 HUAZHONG UNIVERSITY OF SCIENCE AND TECHNOLOGY 48 China 2,93%
13 XI'AN JTJAOTONG UNIVERSITY 48 China 2,93%
14 SHANGHAI JTAO TONG UNIVERSITY 46 China 2,80%
15 PACIFIC NORTHWEST NATIONAL LABORATORY 42 United States| 2,56%
16 CHINA AGRICULTURAL UNIVERSITY 36 China 2,20%
17 DONGBEI UNIVERSITY OF FINANCE AND ECONOMICS 35 China 2,13%
18 SOUTH CHINA UNIVERSITY OF TECHNOLOGY 34 China 2,07%
19 MACAU UNIVERSITY OF SCIENCE AND TECHNOLOGY 28 China 1,71%
20 SOUTHWEST JJAOTONG UNIVERSITY 27 China 1,65%

From Table 5, universities located in China, lead with a total of 855 documents, corresponding
to 52.13% of the total documents analyzed.

Figure 4 shows the growth in publications from the five main institutions over the time
considered.
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Affiliations' Production over Time
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— TECHNICAL UNIVERSITY OF DENMARK
TSINGI IUA UNIVERSITY

Figure 4. Growth over time of publications from the 5 institutions with the highest number of publications in

the area.

There is a growth in the number of published works related to this subject in all five institutions
considered. However, it is possible to notice that NORTH CHINA ELECTRIC POWER UNIVERSITY
has been presenting a greater growth in relation to the number of publications over the years and
standing out in the area in question. It is in Beijing with 3,000 faculty staff, 20,000 undergraduates
and 7,000 postgraduates. The school of energy, power and mechanical engineering include research
such as “Basic Research on Process Energy Saving of Large-scale Coal-fired Generating Units”; “Basic
Research on Deep Utilization of Waste Heat of Boiler Flue Gas” and “Basic Research on Energy
Efficient and Clean Utilization of Coal-fired Power Generation System”.

Among the articles published by authors of these institutions, we can mention the paper of [55]
from the North China Electric Power University, which already had 272 citations, and the document
[64] with 171 citations. From Technical University of Denmark, one can cite the article by [60], which
already had 212 citations, the paper [61] with 198 citations, and the document of [65] with 77 citations.
Concerning the paper developed by researchers from Southeast University, one can cite the
document [66] with 113 citations, the paper of [67] with 86 citations, and the article [68] with 82
citations. These articles focus on the prediction of wind energy forecasting as an strategic tool for
future projects and how it can be done more efficiently through tools such as deep learning and
neural networks.

It highlights the growth of institutions in relation to the amount of research carried out on the
researched subject over time.

3.4. Number of Articles by the Country of the Authors’ Affiliations

The network mapping of countries and territories, together with their publications and citation
analyses, is displayed in Table 6. It shows the number of documents by country, taking into account
not only the corresponding authors but any author that is in the publication.

The Bibliometrix tool analyzes the number of publications considering only the corresponding
author and observing whether the publications had contributions of authors from other countries.
This information can be analyzed in Table 6, where the highest number of publications from a single
country (SCP) and from several countries (MCP) showed that researchers in China have been
working with other countries, 117, as shown in the Table.
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Table 6. Number of collaborations between different countries, per article.

Country Articles |Articles %| SCP MCP MCP % TC
1 CHINA 578 35,2 461 117 20,2 14754
2 INDIA 120 7,3 105 15 12,5 1383
3 USA 117 71 99 18 15,4 1998
4 IRAN 45 2,7 29 16 35,6 917
5 UNITED KINGDOM| 41 2,5 24 17 41,5 1230
6 GERMANY 35 2,1 31 4 11,4 454
7 ITALY 35 2,1 22 13 37,1 763
8 AUSTRALIA 34 2,1 16 18 52,9 990
9 BRAZIL 34 2,1 20 14 41,2 536
10 SPAIN 34 2,1 28 6 17,6 746
11 KOREA 31 1,9 24 7 22,6 575
12 DENMARK 24 1,5 14 10 41,7 441
13 TURKEY 24 1,5 23 1 4,2 479
14 PORTUGAL 23 14 16 7 30,4 822
15 FRANCE 22 1,3 13 9 40,9 296

This result shows the considerable participation of Chinese researchers in the various papers.
The 15 most productive countries are the home of 72.9% of total publications. One can understand
that the interest of these two countries in wind energy forecasting is due to the pursuit of clean
solutions and renewable energy sources and the commitment to the decarbonization of transport [69].

For the present study on wind energy forecasting, the results elucidate that the maximum
number of articles is from Chinese authors (578 articles), corresponding to more than 35% of the
papers published in the area, considering that the total number of retrieved documents is 1640. The
second highest number of published articles is from India (120 articles), followed by the USA (117
articles), Iran (45 articles), and the United Kingdom (41 articles).

The participation of Chinese researchers exceeds that of researchers from other countries, both
in terms of the number of articles and the number of citations received.

A possible explanation for the surge in the number of publications and citations in the case of
the USA and China may be attributed to the fact that the developed countries started the renewable
energy usage discussion years before the developing countries, allowing them to set a relatively
effective management system for future advances [70]. In addition, due to environmental concerns
in the USA and the high consumption of fossil fuels in both countries, concerns have arisen around
the theme, contributing to the development of studies and research. It is interesting to mention that
these nations have some of the largest populations in the world and are the world's largest emitters
of CO: [71].

Among the most cited works with Chinese authors, we can mention the article [50] with 806
citations, the paper of [51] with 611 citations, the document [55] with 272 citations, and the article [56]
with 265 citations. All these documents have the participation of Chinese authors and are fully linked
to the theme of this present study. The focus of these works is wind energy production or forecasting
in line with this bibliometric work.

These data show that globalization in wind energy forecasting expanded substantially across Asia,
Australia, America, and Europe.

For the data in Table 6, the information provided by the corresponding author regarding the
country and institution of origin of the paper was taken into consideration.

It can also be drawn from Table 6 that some countries, especially the developing ones, do not
appear substantially, showing that these countries still need to invest more in research in this area to
have their work published. This opens an interesting question, that is if many aspects are inherent to
a given region, failure to invest in research for that region can leave a given country behind in terms
of its economic development.
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It is important to highlight that countries in Europe, like Germany, Denmark and Spain, were
pioneers in wind energy projects, with several papers related to the subject, such as [72,73], which
had German authors as the main authors. Articles [74-77] were written by researchers from Spain.

The papers [78,79] involved researchers from Denmark. However, during this period, the
countries with the most publications related to the topic considered were China, India, and the United
States. Perhaps, if we had considered other sets of keywords, these European countries could have
appeared in a higher position.

3.5. TreeMap - Word Cloud

TreeMaps present, in plot form, the most used keyword terms in each topic and their frequency
of citation. For this set of data, Figure 5 was obtained, which portrays the author's keywords that
were considered most significant in the set of analyzed documents.

This research centers on analyzing the 20 most utilized keywords that play a significant role in
the highest-ranked articles, aiming to uncover the primary areas of active research within the wind
energy forecasting field. Figure 4 indicates the 20 most used keywords in the keyword field, ranging
in frequency from 116 to 818. The different sizes and colors of the fields indicate keyword frequency
and its rank. According to this figure, the term wind power is the most used keyword, with a
frequency of 818, which corresponds to 16%. It is followed by the term weather forecasting,
forecasting, wind speed, and wind, with relative frequencies of 669, 426, 415 e 358.

Notably, keywords, such as machine learning, long short-term memory, stochastic systems,
electric power transmission networks, deep learning, wind turbines, learning systems, and
uncertainty analysis, hold significance because they play a special role in facilitating the researcher
in locating and identifying specific information pertinent to the work on forecasting wind energy.
Keywords can also indicate an attempt to identify what has been elaborated in the publications, along
with the knowledge structure of the topic and the interrelationships between distinct fields of wind
energy forecasting.

wind power forecasting
818 426
16% 9%

power generation
130
3%

wind speed
415
8%

forecasting method
165
3%

electric utilities
125
) -

Figure 5. Number of each of the keywords most cited by the authors.

It can be noticed that the theme focus of this work does not appear as frequently as expected,
which indicates that it is a theme that still has room to be explored and that there are still few works
addressing the theme as a priority in recent years.

Among the papers that present these keywords, it can be mentioned, from the year 2020, the
paper [56], with 265 citations. The authors in [56] developed an algorithm that can eliminate the noise
in wind speed forecasting with a pretreatment strategy. From the year 2021, the article [51] with 611
citations, discuss the papers that applied deep learning as a tool to predict wind speed and wing
power, including data processing, feature extraction and relationship learning. As of 2022, one can
reference the paper of [17] with 195 citations, which focus on the forecasting of solar and wind energy
production within minutes to hours ahead.
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Regarding the terms that appear in less occurrence, it is possible to indicate a direction of which
themes need to be further explored and researched, where additional work is needed, but it is
important to carry out a preliminary evaluation of these terms. Such themes include long-short-term
memory and electric utilities. Therefore, it can be based on some terms that have a low occurrence
and may be used as a guide for future research, showing new fields to be explored and researched.

3.6. Grouping by Coupling (Bibliographic Link)

Two articles are said to be bibliographically linked if at least one cited source appears in the
bibliographies or reference lists of both articles. Clusters of terms most used to refer to a particular
topic and their relationship with other terms can be graphically presented, in the form of a map
and/or network. This data can be visualized by the analysis units, author, document, or source, and
coupled with abstracts, references, titles, and keywords.

It graphically presents the formation of networks of the most representative words of a given
theme, according to the network of authors, and its connection with other networks of words. These
words may be derived from keywords, abstract, title, or words most used in the text. In the case of
this work, the network was built using the keywords.

@7
’ @ @
| pid o .
. ; g = wind _@
e @‘— . forecasting—— *
Wea&]&r recastlng :ﬁw e wind Velocity
) . FWARE o ~§- —
® s T ®
& - ®
@ s . \
& @ wind power i ‘ |
® » ' .
» ‘ S —@
& wind speed ®
e L

Figure 6. Network of the most representative words within the set of keywords.

In Figure 6, one can see the clusters that group the subjects, delimiting the communities that are
working on them with similar efforts.

The connectivity of the keywords that have the strongest binding strengths is depicted,
containing several clusters that include wind, wind power, forecasting, and weather forecasting, all
focused on wind energy forecasting. Within this network diagram, different colors represent different
groups, and the conformation of the groups was set on the connections between elements (instances
of keyword occurrences across documents), leading to groups of closely related elements. The map
depicts the different groups, and the size of the circles directly reflects the overall strength of links
associated with each keyword. Furthermore, the distance between the terms suggests whether they
were related to each other or not.

Here, we can refer to some review works among these groups, such as the paper [17] of 2022
with 195 citations, developed in the United Kingdom, and the article [65] of 2022,Work in[17] is
included in the wind and solar forecast group, by indications such as keywords, and [65] in the wind
power group. with 77 citations, developed by researchers from China, Denmark, and Germany.

3.7. Future Trends and Limitations of Previous Studies

In this section, only the review papers found in our data set were used, to check for limitations
of the results of previous research, as well as the trends that may guide future research, found by the
respective authors.
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Some papers can be cited, such as the work of [80], published in 2022, which addresses the
forecast of wind energy, and states that only 6 of the 116 articles analysed by the authors addressed
forecasts of energy generation in offshore farms, showing that this investigation is expected to
intensify in the future. Although this is partly due to a significantly smaller number of such systems
than the land-based farms, it shows a gap that still exists concerning studies related to forecasting
offshore wind energy.

The work of [81] cited 262 papers, which were articles found between 2020 and 2022 related to
machine learning (ML) to predict electricity production from renewable energy sources, and listed
the weaknesses and threats related to the use of ML.

Other authors [82] focus on the generation scheduling problem of hybrid hydro-wind-solar
systems. Some aspects are analyzed, such as the prediction and description of the energy generation
laws of wind and photovoltaic plants, risk management of hybrid hydro-wind-solar, and present the
challenges and opportunities in future research.

In [13] it was commented that studies that aim to predict the behavior of wind microturbines
installed in residential and urban areas are scarce. Regarding the forecast horizon, the authors
observed that most of the articles analyzed focused on the study of forecast models with a time
horizon of less than 4 hours ahead. Finally, they conclude by saying that wind energy and power
forecasts continue to be a research in progress.

The work [65] addresses that the question is no longer whether there are uncertainties to deal
with, but rather how to deal with and quantify uncertainties in forecasting processes in a way that
can meet users' needs, as there is a series of gaps in the use of uncertainty. They say that a trend is
the horizon from short-term forecasts to medium-term forecasts, up to minutes and seconds ahead.
The authors of [83] say that there is still a lack of studies in most regions related to wind energy. There
is a gap in relation to the impacts of climate change, and there is a need to increase the resolution of
climate simulations once a few studies address the combined impact of climate change over
renewable energy sources.

In [14] the authors presented a review of wind energy monitoring equipment for forecasting
wind power. They comment that there is a need for more rigorous research when examining working
circumstances, as well as evaluating the impact of numerous factors on operational characteristics in
a busy area, during peak times, weekends, and holidays. In [84] the authors present the current state
of urban wind energy, as well as the approaches used to evaluate it, including the challenges, and
posit that conventional methods are not adequate to correctly predict wind data. It is affirmed that
machine learning- or deep learning-based wind mapping can be considered a viable option for
assessing urban wind energy.

In (Lei et al., 2022) researchers carried out a study on various types of Deep Learning (DL) and
Machine Learning (ML) algorithms used in solar and wind energy, and pointed out that variations
in efficiency, robustness, precision values, and generalization capacity are the difficulties more
apparent for the use of learning techniques based on Artificial Intelligence. Other energy-related
issues may be investigated in future works using new and improved methods of machine learning,
deep learning, optimization algorithms, and others.

The paper of [85] addresses a review of the status of research and scientific problems of floating
offshore wind turbines, which, although operating in some coastal countries, still present a series of
problems, such as cost, control, operation, and maintenance. The authors say that most of the articles
are based on existing theories and experiments. In this sense, for future work, the combination of
experiment and theory should be strengthened to provide design criteria and technical support for
the future development of floating offshore wind energy technology.

In [16], the authors present several methods to predict wind speed / solar energy, and indicate,
among other discussions, the heterogeneity of solar and wind production and the value of the
predictions, in addition to methods that combine forecasts with different approaches. In [86], the
main focus of the work was to evaluate new probabilistic wind energy forecasts related to short-term
forecast models, aiming to review methodologies that aim to focus on forecasts under this horizon,
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providing an assessment of the state-of-the-art, short-term forecasting models, classification of
research works according to various evaluation metrics. The authors pointed out that future research
directions include focusing on decision-making, improving the accuracy of existing models,
advancing spatiotemporal prediction models, efficiently utilizing deep learning models, improving
the research of ramp events, and investigating the selection and analysis of input data.

The work in [17] comments on the importance of the proposed methods, which risk of being
undermined when case studies are evaluated on small private data sets (hours to days rather than
months to years), only being compared with variations of the same approach. Often, methods are
evaluated for wind speed forecasting, and their suitability for application in wind power forecasting
is not discussed or verified. Furthermore, they comment that a competition focused on very short-
term forecasts would be more difficult to carry out (for example, holding it live or requiring
participants to submit software), but could make a valuable contribution to the field.

The authors of [87] propose future research to improve the accuracy of existing deterministic
forecasting models, as well as to develop more advanced probabilistic forecasting models to
successfully implement them in energy systems and in the management of energy markets.
Probabilistic forecasting models are still at an early stage of research, and the use of deterministic and
probabilistic methods in energy systems, as well as in electricity markets, could be a possibility in the
future, as they could offer a more complete, stable, and reliable energy system.

Among the documents from 2024, we can also mention [88], with the title “A survey of artificial
intelligence methods for renewable energy forecasting: Methodologies and insights”, holding 34
citations, the document [89], with the title “Principal component analysis of day-ahead electricity
price forecasting in CAISO and its implications for highly integrated renewable energy markets”,
with 15 citations, and finally the paper [90] “Recent advances and applications of machine learning
in the variable renewable energy sector”, with 9 citations.

Among the documents from 2025, it is worth mentioning [91], with the title “Numerical
modelling of offshore wind-farm cluster wakes”, holding to this date 2 citations, and the paper [92]
with the title “A Review on Energy Forecasting Algorithms Crucial for Energy Industry Development
and Policy Design”, with 4 citations.

5. Conclusions

This study has presented the scarcity of a significant number of documents highlighting wind
energy forecasting, and future research can fill such gaps in this theme.

In this sense, the present work has as its objective to perform the bibliometric analysis on the
subject of wind energy forecasting, where a search was used considering the terms ("forecast” OR
"prevision” ) AND "wind" AND ( "turbine" OR "power" OR "energy" or "velocity" or "speed "), to
encompass in the best possible way the works related to wind speed forecasting, and assess the
research trends in this area, to carry out this analysis in the spectrum of publications facing the world
context.

For this purpose, the Scopus database was used and, later, an analysis of the data was carried
out by Bibliometrix, allowing the identification of trends, patterns, and gaps in the scientific
production on the subject, in addition to providing relevant information for the formulation of
policies and investments in research and development in this area. In this study, a total of 1,640
documents were analyzed, with 1,600 articles and 40 review papers, distributed from 318 sources and
with the participation of 5,918 authors.

It is conclusive that, over the years, analyses on the subject have been more widespread and
stimulated due to decarbonization pacts that made countries look for ways to reduce CO2 production
and invest more in renewable sources, including wind power, and for that, the study of wind energy
forecasts is essential for any project.

As aresult, we can observe an increase in research mainly between China and the USA, countries
where renewable energy, including wind energy, has become a fundamental and viable alternative.
However, much still needs to be researched in this area.
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