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ABSTRACT

Global energy consumption has grown over the years marked by technological development and
industrialization. Renewable sources have gained prominence due to climate urgency and international
agreements that aim to reduce CO; emissions across the planet. In this regard, wind energy, already
consolidated in the onshore region, has evolved offshore regions. In Brazil, there is a growing interest in
offshore wind projects. Many of these projects are currently through the environmental licensing process,
mostly in the southeastern region of the country. It is known that this area has a relevant wind energy
potential. This area is dynamically dominated by the South Atlantic Subtropical Height, the main
meteorological phenomenon in the region, which has been affected by recent changes in the global
atmospheric circulation. This work aims to evaluate the temporal variation of offshore wind potential in
southeastern Brazil. ERA5S reanalysis hourly outputs from 1979 to 2020 were evaluated through high-
level computational tools (python and CDO programming languages and GIS software) and consolidated
statistical analysis mechanisms. A general decrease in the frequency of low wind speed records (<7.5
m-s™') and a raise in the higher wind speed range (>7.5 m-s™"), mainly related to the intensification and
expansion of the South Atlantic Subtropical Height (SASH) over the past 40 years, were observed and
affected the estimates of offshore wind potential over the analyzed region. Apart from the coast of Sao
Paulo and the south coast of Rio de Janeiro, there was a consistent increase in the wind power density
over decades. The four analyzed points presented an increase of 1.55 W-m~2y~" to 1.89 W-m=2-y~", which
corresponds to an increase of 8.2% to 11.2% in the median wind power density.
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RESUMO

O consumo global de energia tem crescido ao longo dos anos marcado pelo desenvolvimento
tecnologico e industrializacdo. As fontes renovaveis ganharam destaque devido a urgéncia climatica e
aos acordos internacionais que visam reduzir as emissdes de CO2 em todo o planeta. Nesse sentido, a
energia eolica, ja consolidada na regido continental (onshore), evoluiu para regides maritima (offshore).
No Brasil, hd um crescente interesse em projetos edlicos offshore. e diversos se encontram em fase de
licenciamento ambiental, inclusive na regido sudeste do pais, onde ha um potencial de energia eélica
relevante. O principal meteorologico da regiao, a Alta Subtropical do Atlantico Sul (ASAS), tem sido
afetado por mudancas recentes na circulacdo atmosférica global. Este trabalho tem como objetivo
avaliar a variacao temporal do potencial eélico offshore no sudeste do Brasil. As saidas horarias da
reanalise ERA5 de 1979 a 2020 foram processadas por meio de ferramentas computacionais de alto nivel
(linguagem de programacao Python e CDO e software de SIG) e mecanismos de analise estatistica
consolidados. Neste sentido, foi observada uma redu¢do na frequéncia dos ventos de baixa velocidade
(£7,5 m's™") e um aumento da frequéncia na faixa de alta velocidade (>7,5 m-s™") que afetaram as
estimativas do potencial edlico offshore na regido de estudo, principalmente relacionado a intensificacao
e expansao da ASAS nos ultimos 40 anos. Exceto para o litoral de Sdo Paulo e do sul do Rio de Janeiro,
houve um aumento consistente na densidade de poténcia edlica ao longo das décadas. Os quatro pontos
analisados apresentaram aumento de 1,55 W-m2y" para 1,89 W-m=2-y', o que corresponde a um
aumento de 8,2% a 11,2% na mediana da densidade poténcia edlica.

Palavras-chave: Energias renovaveis; Reanalise ERAS5; Fazendas Edlicas Maritimas

1 INTRODUCTION

The demand for energy is increasing, primarily associated with services to
meet social and economic development needs and improve human health and
well-being. The global use of fossil fuels has gained prominence in energy supply,
leading to rapid growth of carbon dioxide (CO2) emissions since 1850 (EDENHOFER
etal., 2012).

Despite the recent historical events, such as the 2008 crisis and the Covid-19
pandemicin 2020-2021, the global electricity consumption per capita has increased
over 1000 kWh in the past 15 years, mainly motivated by technological
development and industrialization, which drive global electricity demand (RITCHIE;
ROSER, 2021).

In the present scenario of urgent climate crises and increasing energy
demand, the search for new renewable energy sources has become essential.
Among the currently available renewable sources, the expansion of wind power

energy has been noteworthy worldwide (SANTOS et al., 2015).
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Globally, offshore wind farms have been a reality for many years. The total
installed capacity increased from 3.3 GW in 2011 to 27.2 GW in 2019. An annual
growth superior to all other sources of electricity, excepting the photovoltaic solar
energy (IEA, 2019).

Currently, Brazil ranks 7" among the countries with the largest installed wind
energy production capacities (GWEC, 2019). The country’s onshore capacity (about
15.9 GW) is expected to reach 32.2 GW by 2030. Offshore wind farms, however, are
still unprecedented.

The first offshore projects in Brazil were submitted to IBAMA (Brazilian
Institute for the Environment and Renewable Natural Resources) in 2016. Driven
by the increasing interest of entrepreneurs on this subject, the Energy Research
Office (EPE) published the Brazilian Offshore Wind Roadmap in January 2020. It
identifies potential challenges for the development of this sector in Brazil, including
the lack of legal and regulatory scopes (EPE, 2020) also discussed by Santestevan
(2019) and Souza et al. (2021). According to these authors, even though offshore
wind farm entrepreneurs need to contact at least eight different public agencies to
obtain authorizations for their developments, their legal security is not yet
guaranteed. In this sense, the law project PL 11.247/18 seeks to build the legal
framework for offshore wind farms. Currently under discussion in the Brazilian
Senate, however, it still needs further development and approval to become a valid
law in the country. Besides, IBAMA published the first term of reference for
environmental licensing of wind farms later in 2020.

To date, 19 projects have been registered by investors who wish to obtain
environmental licensing of their projects. Five of them are located in the region of
interest of this paper: the coastal region of the States of Rio de Janeiro and Espirito
Santo in Brazil (SEI/IBAMA, 2021).

Next to the country’s most populated areas and largest economic centers,
this region is one of the promising locations for offshore wind power generation

within the Exclusive Economic Zone (EEZ) of Brazil, with an averaged wind energy
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potential of 83 GW for water depths below 100 m and 1118 GW for the whole EEZ
(EPE, 2020; CORIOLANO, 2020).

Nascimento (2020) also shows that the wind energy potential varies
seasonally, mainly in response to the South Atlantic Subtropical Height (SASH), the
major atmospheric system affecting the region, source of the north and
northeastern winds that dominate this location. According to the author, in April,
at the weakest point of SASH (KAPALA; MACHEL; FLOHN, 1998; DEGOLA, 2013;
SIGNORELLI, 2017) the region has half the capacity of generating wind energy than
it does in September (500 W-m™2, at 100 m height) when SASH is both, more intense
and closer to the region.

Several studies also show that the strength and position of the SASH have
been affected by recent changes in the global atmospheric circulation (SEIDEL et al.,
2008; HUDSON, 2012; VIZY; COOK, 2016, among others). According to Signorelli
(2017) and Reboita et al. (2019), the SASH has expanded, intensified, and moved
southward in the past decades. This poleward shift of the SASH has also been
verified in different future scenarios (HE et al., 2017; REBOITA; AMARO; DE SOUZA,
2018).

Few studies address the changes in the wind power generation in the
Brazilian coastal areas. Recently, Pereira et al. (2013) and Reboita, Amaro and De
Souza (2018) analyzed the potential impacts of the different future climate
scenarios described by the IPCC. According to the authors, the overall the impact
of the global climate changes on the wind power might be favorable to the
profitability of existing and future wind projects, especially in the Northeast and
South regions of Brazil. However, the historical data were used mainly to validate
the climate models. The recent changes of wind power generation offshore
Southeast Brazil was not assessed and is currently unknown.

In this sense, this present article proposes to analyze the last 40 years of
wind data to assess the impacts of recent changes in the global atmospheric

circulation in the wind energy potential in Brazil's southeastern region, comprising
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a multi-decadal wind power density and wind frequency distribution, anomalies,

and trends analysis.

2 MATERIAL AND METHODS

In this study, ERA5 reanalysis hourly outputs from 1979 to 2020 (C3S, 2017,
p.5; HERSBACH et al., 2020) were used to assess the recent changes in wind energy
potential offshore Brazil. This reanalysis is consolidated and widely used in
academia and industry for wind potential modeling (OLAUSON, 2018).

The monthly-averaged Wind Power Density (WPD) time series was obtained

according to Equation (1) (SOARES; LIMA; NOGUEIRA, 2020):
WPD = %pvg [W/m?] (1)

where: p is the density of the air, v, is the wind speed at 100 m. Air density (p) is considered constant and
equal to 1.22 kg'-m3, according to International Organization for Standardization, (ISO, 1975), standard
atmosphere.

Table 1 - Points of Interest

Latitude [S] Longitude [W]

P4 21.50° 40.50°
P2 22.00° 40.50°
Ps3 22.25° 40.75°
P4 22.75° 41.50°

Source: Authors, 2021

The area of study is shown in Figure 1. Four additional points (P1 to P4, Table
1) were defined considering a less complex and costly offshore wind farm project
as defined by EPE (2020): high energy generation potential (GOMES, 2018;
CORIOLANO, 2020; NASCIMENTO, 2020), proximity to the coast and lower water
depth. All points were defined within the 200 nautical miles from coast line that

define the country’'s exclusive economic zone (EEZ) (BRASIL, 1990). The selected
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points are within a region of broad interest in the development of offshore wind
farm projects, emphasized by the location of the five projects currently being

processed for environmental licensing (Figure 1).

Figure 1 - Points of interest and offshore wind farm projects

{ ™
/ i =
X
; ( — {
18°S !') = = 5 e
- MINAS GERAIS . !
= |
Y \
4 ESPIRITO | 3
20°8 S SANTO, / A7 |
f .
NV ¥
W, ! = £ : ;
\ $ /r.' ) L4790y
7 - > " et
2198 it { AN e - R —
! ‘Lo 7
- -zl :
o ) Points of interest
et RIO DH > @,
SAO PAULO e JANEIRO @, @ r
23°8 N 4 i -
: ~_‘; 5 E O ] o
= b 1 ® "
o 1 ®
TN A 1
24°8 i ] Tt | 7 | Wind Farm‘ Projects
| Votu Winds
G ) P Aracatulell
)\, y } ’ P Complexo Maravilha
- 7"1 0 50 100km Ventos Atléntico
26°S 2 e  ——— | B Ventos Fluminenses | |
/
=
48°W 46°W 44°W 42°W 40°W 38°W 36°W

Source: Authors, 2021

To verify the effects of recent changes in the global atmospheric circulation
inthe WPD in the area, a multi-decadal analysis was performed. Decades from 1990
to 2010 were compared to 1980. As wind speeds are generally not normally
distributed, the Mann-Whitney non-parametric test (GIBBONS; CHAKRABORTI,
2020) was applied. Same approach was applied in wind resource analysis papers
(CARVALHO; GOMEZ-GESTEIRA; SILVA SANTOS, 2017). The one-sided test was used
to verify if data from 1980 were stochastically smaller, with a confidence level of
95%.

To better assess the interannual and decadal variabilities, a boxcar filter of
12 months was applied to remove the seasonal variation from the monthly time
series of WPD. Then, the linear trend was calculated using the Kendall-Theil robust

line estimator (GRANATO, 2006), considering a 95% significance.
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3 RESULTS AND DISCUSSION

The geospatial distribution of the power density decades median from 1981
to 2020 is presented in Figure 2. The anomalies, relative to the 1980s, are shown in
percentage in Figure 3. Already discussed in the literature (GOMES, 2018;
CORIOLANO, 2020; NASCIMENTO, 2020), the area between the northeast coast of
Rio de Janeiro and the south of Espirito Santo is a region of high energy generation
potential. Results also show that there was an increase in the WPD (up to 12%) over

the decades.

Figure 2 - Wind Power Density Median [W-m™] at 100 m from 1981 to 2020
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Figure 3 - Wind Power Density Anomalies [%] at 100 m from 1990 to 2010, relative to
the decade of 1980
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The comparison between 1980 and 2010 median values (Table 2) shows an

increase of 8.2% (P1), 9.8% (P2), 11.2% (P3) and 10.8% (Pa4).

Table 2 - Wind Power Density [W-m~] at 100 m over the Decades of 1980 and 2010 for

P1to P4
Median [W-m™?] Mann-Whitney Test Results
1980 2010 P-value
P4 421.8 4351 0.013
P2 429.7 458.8 0.025
P3 408.1 443.3 0.018
Ps 426.2 459.1 0.033

Source: Authors, 2021

Figure 4 also shows a shift in the distribution of the monthly WPD within each
decade, with an increasing dissimilarity between the first and third quantiles. The
maximum wind power density was observed in 2010, exceeding 1100 W-m~2 at all
four points. Comparatively, the 1980 maximum WPD at all four points did not reach
1000 W-m~2 and were marked as outliers. The Mann-Whitney test results show that
those differences are statistically significant at 95% (Table 2).

As expected, changes over the WPD reflect the shift in the distribution of the

hourly wind speed records over the area. It is possible to observe a general

Ci. e Nat., Santa Maria, v. 44, Ed. Esp. VI SSS, e6, 2022



CORIOLANO, T.R.; etal. | 9

decrease in the frequency of low wind speed records (0 to 7.5 m-s-1) whereas the
higher wind speed range (>7.5 m-s-1) increased over the decades (Figure 5).
Between 1980 and 1990, the frequency of the wind speed >7.5 m-s—1 raised about
4%. On average, there was an increase of 0.7% (P4) to 1.7% (P1) per decade. The
contribution of wind speed above 15 m-s—1 alone changed from 1.3% (1.3%) in

1980 to 2.5% (1.8%) in 2010 at P1 (P4).

Figure 4 - Decadal Wind Power Density Distribution at 100 m from 1980 to 2010, for P

to P4
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No significant changes were found in the frequency distribution of the wind
direction over the analyzed period (not shown). The north and northeast winds,
related to the presence of the SASH, corresponded to 53-58% of the observations
(Table 3).

As stated in Table 3, most of the observed wind speed increase was related
to the north and northeast winds from the SASH, suggesting a strengthening of the

high-pressure system over the region, as described by Signorelli (2017).
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Figure 5 - Wind Frequency Distribution at 100 m [%] of the Decades of 1980 and 2010
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Table 3 - Frequency Distribution of Wind Records at 100 m [%] for the Decades of 1980

and 2010, grouped by Speed [m-s™'] and Direction

Direction Wind P P2 P3 P4
[From] Intensity  q9g0 2010 1980 2010 1980 2010 1980 2010
<75mss?  19.1%  16.1%  18.1% 155% 17.9% 15.6% 16.2%  15.6%
N. NE >7.5m's'  37.9% 421% 37.5% 415% 37.3% 41.3% 37.2% 39.6%
<7.5m-s 302% 28.1% 30.0% 27.7% 30.7% 28.4% 32.3%  30.5%
E to NW

>7.5m-s™ 112% 120% 121%  132% 11.9% 12.6% 12.9% 12.7%

Source: Authors, 2021

Wind speeds above 25 m-s™! were not observed in any of the four points
analyzed, which is beneficial for wind energy production since it is the cut-off limit
(the speed that the turbine shuts down to avoid damage) for most of the offshore

wind turbine models available. Future scenarios need to be evaluated, considering
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that future climate change scenarios can further change the wind frequency
distribution, especially at the higher speed ranges.

The wind power density trend from 1979 to 2020 is presented in Figure 6.
Considering 95% significance, positive trends were observed in almost the entire
analyzed area, except for the coast of Sdo Paulo and the south coast of Rio de
Janeiro, where smaller negative changes were found (-0.5 W-m™—2-y™").

The points of interest are located in a region of a rapid increase in wind

power density, with trends ranging from 1.55 W-m=2-y~' to 1.89 W-m=2-y~ ' (Table 4).

Figure 6 - Wind Power Density Trend [W-m~2y~'] from 1979 to 2020
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Table 4 - Wind Power Density Linear Trend at 100 m [W-m™2y~'] from 1979 to 2020, for

P1to Pa
Linear Trend 95% Confidence Interval
[W-m‘z-y‘1] [W-m‘z-y‘1]
P4 1.89 1.53 2.25
P2 1.55 1.20 1.88
P3 1.56 1.24 1.88
P4 1.60 1.26 1.92

Source: Authors, 2021
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This fast increase in energy supply may not continue in the foreseeable
future. As discussed by Schaeffer et al. (2012), the analysis of the climate impacts
on wind energy production must consider the frequency distribution of wind
speeds. From the wind energy production perspective, the intensification of the
wind is positive for the development, since the turbines can generate more energy,
following their power curve. However, considering the main offshore wind turbine
models available on the market, there is no increase in the energy production for
wind speeds higher than 15 m-s™'. Thus, climate change scenarios in which higher
frequencies of wind above this threshold are expected need to be evaluated during

the planning of the wind farms.

4 CONCLUSION

The analysis of the last 40 years of wind data showed an overall positive
impact of in the global atmospheric circulation in the wind energy potential in
Brazil's southeastern region.

Apart from the coast of Sdo Paulo and the south coast of Rio de Janeiro, a
statistical increase in the WPD was observed over the decades which can be
translated into a growth of about 10 in the median wind power density, peaking to
more than 20% in some areas.

These changes are mainly related to the intensification of the north and
northeast winds, due to the strengthening and expansion of the SASH. A general
decrease in the frequency of low wind speed records (0 to 7.5 m-s™') and a raise in
the higher wind speed range (>7.5 m-s™") were verified.

As discussed, a frequency raise of wind speeds from 7 to 15 m-s™" is generally
beneficial to wind farm developments. However, for the major offshore wind
turbine models available in the market, there will not be any significant increase in
energy production if wind speeds above 15 m's™" become more recurrent. Although

not observed in any of the four analyzed points, a constant strengthening of wind
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over the area might lead to speeds above the cut-off limit of those turbines
(25 m-s™") in the future.

In this sense, a more detailed assessment of the wind distribution variations,
using hourly wind data fit to the Weibull distribution, would refine the estimates of
wind energy production by accounting for the effects of the turbines power curves.
The same methodology, when applied to different carbon emission scenarios,
would contribute to better identify the consequences of climate change in the

future of the wind energy production in the area.
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