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A B S T R A C T   

The marine environment has been in the spotlight of economic development due to the growing demand for 
areas to promote activities associated with the concept of Blue Economy. This is the case of the renewable energy 
and aquaculture sectors, whose expansion towards offshore is determined by the increase global demand for 
energy and food, and by exceeding of the carrying capacity of coastal and terrestrial systems. In this context, the 
multi-use strategy can be an alternative to minimize conflicts between activities and impacts on the surrounding 
social-ecological environment. This contribution presents a preliminary approach to identify opportunities for 
individual exploitation and the possibilities of multi-use between wind energy, wave energy and aquaculture in 
Brazil’s Exclusive Economic Zone. Technical, operational, and biological aspects were evaluated, through a 
Suitability Index validated in previous works, to identify zones with favorable conditions for energy exploitation 
and farming of six fish species. Additionally, overlaps between conservation areas and multi-use zones were 
considered to analyze possible spatial conflicts. Zones with multi-use possibilities with different combinations 
between these sectors were identified: i) wave energy and aquaculture presented the largest areas for multi-use, 
distributed in the south, southeast and northeast; ii) possibility of combining wind energy and aquaculture was 
identified in the northeast; and iii) multi-use possibilities in the south for marine energies. Zones with multi-use 
possibilities were identified in protection and conservation areas, such as the combination of wave exploitation 
and Greater Amberjack farming, with 63% overlap. Therefore, this case study is a guide for future local studies in 
the marine region of Brazil, mainly in the selection of sites for analysis. The present contribution represents a 
starting point for the discussion about multi-use in the country.   

1. Introduction 

Marine renewable energy sources and offshore aquaculture are key 
players in the energy transition and food security, respectively, high-
lighting the important role that Blue Economy will play in the coming 
decades. On one hand, most countries, especially those committed to the 
2030 Agenda, have aimed to renew their energy mix with renewable 
sources, due to the unsustainability of fossil fuel-based resources 
(Vidal-Amaro et al., 2015). In turn, due to the exceeding of the carrying 
capacity of coastal environments, the aquaculture sector faces a lack of 
areas to meet the demands of a growing world population (Costello 
et al., 2020). In this context, the need for the expansion of these in-
dustries towards offshore arises (i.e., Blue Growth). Nevertheless, the 

Sustainable Development Goals (mainly 2, 7, 8, 9, 12, 13, 14) and 
climate change mitigations (i.e., CO2 policies and reduction targets) 
have driven the expansion of maritime sectors, such as renewable energy 
and offshore aquaculture (Stancheva et al., 2022). 

The increasing and often conflicting use of marine resources (Kyriazi, 
2018), combined with the diversification of the Blue Economy, requires 
the progressive application of a multi-use approach in Marine Spatial 
Planning (MSP, Calado et al., 2019; Stancheva et al., 2022). Multi-use 
can be defined by the joint use of resources in close geographical 
proximity by one or multiple users (Schupp et al., 2019). The combined 
exploitation of marine resources may have different characteristics in 
terms of combination or degree of connection in spatial, temporal, 
provisioning, and functional dimensions (cf., Schupp et al., 2019). 
However, the coexistence of different activities represents an 
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opportunity to optimize the use of space and reduce conflicts between 
uses (Bocci et al., 2019; van den Burg et al., 2020), including conser-
vation (Reimer et al., 2023), being a key issue in MSP (Calado et al., 
2019). In some countries, the national Marine Spatial Plan reflects this 
development by fostering multi-use (Schultz-Zehden et al., 2018). 

Therefore, ocean multi-use can be a sustainable alternative to meet 
the challenges of contemporary society. Thus, due to the potential 
synergies between these emerging maritime sectors (Zanuttigh et al., 
2021), different EU-funded projects have assessed the technical and 
economic implications of the feasibility of combining energy production 
and aquaculture. MERMAID,1 H2OCEAN2 and TROPOS3 in the 
FP7-OCEAN-2011 call, conducted between the years 2012 and 2015. 
Space@Sea,4 MUSES,5 Blue Growth Farm6 and MARIBE7 under the EU 
Horizon 2020 research and innovation program, carried out between 
2015 and 2022. Most recently, UNITED8 (2020–2023) and MUSICA9 

(2020–2014) projects were funded in the H2020-BG-2018-2020 call. 
AQUAWIND10 (2022–2025) funded under the EMFAF Fund (European 
Maritime, Fisheries and Aquaculture) and the MULTIFRAME11 

(2020–2023), funded through the Belmont Forum, Future Earth and JPI 
Oceans 2018–2019 international call. 

Despite the comprehensiveness of these initiatives, the analysis of 
technical, operational, biological, and environmental aspects in an in-
tegrated approach to identify zones for multi-use among these sectors 
received few contributions. For instance, Weiss et al. (2018a) analyzed 
the opportunities of co-locating aquaculture, wind and wave energy in 

the Canary Archipelago and Weiss et al. (2020) performed multi-use 
assessment under climate change scenarios. Projects addressing 
multi-use have focused on technical issues of experimentation and 
physical modeling for multipurpose platforms prototypes. Furthermore, 
research efforts on multi-use are concentrated on the European conti-
nent, with no contributions in South America (Xylia et al., 2023). Thus, 
the importance of assessing the synergistic spatial interactions between 
these emerging maritime sectors to propose sustainable alternatives for 
MSP becomes evident, especially for developing countries where ocean 
planning has not yet started or is in execution. 

Therefore, the aim of this study is to identify, through a systematic 
assessment, the opportunities for exploitation of wind energy, wave 
energy and aquaculture and the possibilities of multi-use among these 
activities from a spatial perspective. The case study is the Exclusive 
Economic Zone (EEZ) of Brazil, an area of great biodiversity that pre-
sents high potential for the development of these activities and lacks a 
comprehensive assessment for planning the emerging maritime sectors. 
The case study addresses national protected and priority conservation 
areas to identify possible spatial conflicts with multi-use zones. 

2. Study area 

The Brazilian EEZ corresponds to an area of approximately 3.6 
million square kilometers, extending 200 nautical miles beyond the 
territorial sea (Silva et al., 2016). This case study was chosen for three 
main reasons: i) High potential for the development of the assessed 
sectors; ii) Increasing pressure from the offshore wind sector; iii) Con-
crete initiatives to develop national MSP. 

The study area presents a high potential for energy generation given 
the wave and wind energy resource available, as verified in different 
studies (e.g., de Oliveira et al., 2021; Vizonha and Schaeffer, 2021). In 
turn, Brazil presents zones with potential for the farming of all six spe-
cies analyzed in this work, as pointed out by Weiss et al. (2018c) in a 
global study. The second reason is supported by the expressive increase 
of offshore wind projects in the Brazilian EEZ; 66 projects have applied 
for environmental licenses in the last three years, with exponential 
growth until 2022 (IBAMA, 2022a). In contrast to the offshore wind 

Abbreviations 

Ap Available wind energy potential 
BA Bahia 
C50 50-year return period for current velocity 
CAPEX Capital expenditures 
CE Ceara 
Dp Euclidean distance from the ports 
EEZ Exclusive Economic Zone 
Ef Available wave energy flux 
ES Espírito Santo 
Hs50 50-year return period for significant wave height 
Hs Significant wave height 
MA Maranhão 
MSP Marine Spatial Planning 
O&M Operation and maintenance 
OPEX Operational expenditures 
PE Pernambuco 
PR Paraná 
RJ Rio de Janeiro 
RN Rio Grande do Norte 
RS Rio Grande do Sul 
SDG Sustainable Development Goals 
SC Santa Catarina 
SI Suitability Index 

SIAqua Suitability Index for aquaculture 
SIAquaS Suitability Index for structural survivability of aquaculture 

cages 
SILog Suitability Index for offshore logistics of aquaculture, 

wind, and wave energy activities 
SIMU Suitability Index for multi-use possibilities 
SISp Suitability Index for species requirements 
SIENet Suitability Index for electrical network 
SIWave Suitability Index for wave energy 
SIWaveR Suitability Index for wave resource 
SIWaveS Suitability Index for structural survivability of wave 

devices 
SIWind Suitability Index for wind energy 
SIWindR Suitability Index for wind resource 
SIWindS Suitability Index for structural survivability of wind 

devices 
SP São Paulo 
sst Sea surface temperature 
sal Salinity 
Tp Peak wave period 
Ws50 50-year return period for wind speed 
WEC Wave energy converter 
Ws Wind speed  

1 https://cordis.europa.eu/project/id/288710.  
2 https://cordis.europa.eu/project/id/288145.  
3 https://cordis.europa.eu/project/id/288192.  
4 https://doi.org/10.3030/774253.  
5 https://doi.org/10.3030/727451.  
6 https://doi.org/10.3030/774426.  
7 https://doi.org/10.3030/652629.  
8 https://doi.org/10.3030/862915.  
9 https://doi.org/10.3030/862252.  

10 https://aquawind.eu/.  
11 https://www.submariner-network.eu/multi-frame. 
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industry expansion scenario, wave energy converters (WECs) are still in 
the development and validation stage, expected to advance in the 
coming years (IEA-OES, 2022). Offshore fish farming has not yet 
established as a consolidated commercial activity in the country. The 
activity is conditioned to small net cage farms in sheltered coastal areas 
(Valenti et al., 2021). One-off experiments offshore aquaculture has 
been made in the country, such as in northeastern Brazil with Cobia 
farming, using floating high-density polyethylene cages (HDPE; Cavalli, 
2022). 

The first two reasons support the eminent need for a national MSP. 
Concrete initiatives emerged in 2022, through a public call from the 
National Development Bank with the Secretariat of the Interministerial 
Commission on Marine Resources, to perform a technical study to 
characterize and map the current and potential uses of the marine 
environment (RFI n◦ 013/2022). This Pilot Project will be developed in 
the South Marine Region of Brazil. Until then, only punctual initiatives 
have been performed, mainly in the academic field (Gandra et al., 2018). 

3. Methodology 

3.1. Overview 

This study analyzed the individual opportunities and multi-use 
possibilities for wind energy, wave energy and aquaculture sectors. 
Technical, operational, and biological aspects were evaluated, through a 
Suitability Index (SI), to identify zones with favorable conditions for 
energy exploitation and farming of six fish species. The availability and 
quality of energy resource and the distances from main onshore elec-
trical network were considered to identify suitable zones for energy 
harvesting and later distribution. The survivability of aquaculture and 
energy structures was analyzed to identify zones with best conditions 
from the durability and integrity of the facilities point of view. The 
possibility of carrying out offshore logistical activities were analyzed to 
identify zones with favorable conditions for the installation, O&M of 
these activities. The biological requirements for aquaculture considered 
limiting factors to identify suitable zones for fish growth. Analysis of the 
overlap between multi-use zones with protected and priority conserva-
tion areas is performed to identify possible spatial conflicts (Fig. 1). 

3.2. Data 

Long-term data series with spatial resolutions between 0.017 and 
0.3◦ and temporal resolutions of hours, days, and weeks were used 
(Table 1). The data were interpolated by the Kriging method (Ghiasi and 
Nafisi, 2015) on a 0.15◦ grid. 

3.3. Suitability Index (SI) assessment 

The spatial analysis of favorable conditions for wind and wave 
exploitation and aquaculture was based on the methodologies devel-
oped by Weiss et al. (2018a,b, c). Zones with opportunities for the 
development of these emerging maritime sectors, as well as multi-use 
possibilities, have been recognized through the SI. This index ex-
presses, for a given area, the probability of being in favorable conditions 
for the development of these activities. Five aspects related to exploi-
tation devices, technical-economic factors, met-ocean and environ-
mental conditions were analyzed to determine the opportunities and 
feasibility for individual and combined exploitation of these activities. 
The favorable conditions were determined by the thresholds defined for 
each aspect of evaluation, according to international standards, refer-
ence wind turbines, generic wave devices and generic aquaculture cages 
(Table 2). 

For an accurate and comprehensive analysis, thresholds and evalu-
ation criteria examined by Weiss et al. (2018a,b, c) were adapted to the 
specific characteristics of the study area and new aspects were consid-
ered. The fish species analyzed in this study were selected according to 

the global results presented by Weiss et al. (2018c), and for their high 
commercial potential and farming trajectory. Brazilian public ports were 
considered for the offshore logistics activities of the multi-use. The 
coastal electrical network of the Brazilian Interconnected System was 
considered for energy distribution, in particular the location of coastal 
electrical substations. In the case of the structural survivability assess-
ment for aquaculture, the high exposure scenario was considered due to 
the sea conditions of the study area (Standard Norge, 2009). 

3.3.1. Energy resource 
For the wind resource assessment, the Ap and Ws were considered. Hs 

was used as a safety factor in the operation of the turbines. On the other 
hand, Ef, Tp and Hs were analyzed to identify zones with favorable 
conditions for exploitation of wave resource. The SI for the wind and 
wave resources were obtained by integrating the percentage of time that 
the cited aspects remained in the conditions defined by the thresholds in 
Table 2. The calculation used to obtain the wind and wave resource 
index (SIWindR,SIWaveR) is shown in Eqs. (1) and (2), respectively. For the 
wind resource, all zones with more than 50% of the time with Ap above 
400 W/m2 was considered as favorable (SI = 1). 

SIWindR=min

⎛

⎜
⎜
⎝

(tAp
t

)

⎧
⎪⎪⎨

⎪⎪⎩

1 for
tAp
t
≥ 0.5

tAp
t

for
tAp
t
< 0.5

,
tWs
t
,
tHs
t

⎞

⎟
⎟
⎠ (1)  

where min is the minimum value found among the analyzed aspects at a 
given point in the analysis grid. tAp, tWs and tHs are the time, at the 
temporal resolution of the evaluated variable, that the variable (Ap, Ws 

and Hs) remained at the conditions defined in the thresholds throughout 
time series (t). 

SIWaveR=
( ( tEf

t ∗ 2
)
+ tHs

t +
tTp
t

)

4
(2)  

where tEf , tHs and tTp are the time, at the temporal resolution of the 
evaluated variable, that the variable (Ef , Hs and Tp) remained at the 
conditions defined in the thresholds throughout time series (t). 

3.3.2. Electrical network 
The distance from power substations was considered to identify 

zones for the operation of wind and wave farms. The Electrical Network 
index (SIENet) was established by parameterizing the Euclidean distance, 
calculated from the location of electrical substations for the study area. 
Maximum SI was assigned for zones close to substations and SI of 0.2 for 
zones with distance equal to the threshold (thld) defined in Table 2 (Eq. 
(3)). 

f (x)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

((
− 0.8

min − thld

)

∗ (min − x)
)

+ 1 for x ≤ thld

0.2 (x − max)
thld − max

for x > thld

(3)  

where min and max are the minimum and maximum values found in the 
study area for the variable x. 

3.3.3. Structural survivability 
The assessment of the severity of the study area for energy and 

aquaculture structures considered bathymetry and slope to analyze 
seabed conditions and extreme sea conditions (Ws50, Hs50 and C50). 
For slope, zones with less than 25% was excluded (SI = 0). The ba-
thymetry was parameterized linearly according to depth, where a 
maximum value of SI was assumed for depths of 0–50 m, and every 50 
meters SI was reduced by 0.1. The calculation of the 50-year return 
period used the Peak Over Threshold method, assuming the frequency 
using a Poisson process, and the intensity using a Generalized Pareto 
Distribution (Méndez et al., 2006). The extreme conditions for Ws50, 
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Hs50 and C50 were parameterized according to Eq. (3), assuming that 
the thresholds defined for the survival of the structures correspond to 0.2 
of the SI. 

The structural survivability SI were obtained according to Eq. (4) for 
wind energy (SIWindS) and Eq. (5) for wave energy ( SIWaveS ) and aqua-
culture (SIAquaS). 

SIWindS=(min((bathymetry), (Ws50), (Hs50), (C50))) − slope (4)  

SIWaveS
SIAquaS

=(min((bathymetry), (Hs50), (C50))) − slope (5)  

where min is the minimum value found among the analyzed aspects at a 
given point in the analysis grid. 

3.3.4. Offshore logistics 
The logistical activities assessment considered Ws and Hs to analyze 

the navigation conditions and the distance to the nearest ports. For site 
accessibility, the percentage of time that Ws and Hs remained according 
to the thresholds defined for each activity was evaluated (Table 2). The 
Euclidean distance from the ports (Dp) was parameterized according to 
Eq (3). 

Assuming that O&M activities will be carried out jointly, the offshore 
logistic index for wind energy, wave energy and aquaculture activities 
(SILog) was calculated according to Eq (6). 

SILog =min
(tWs
t
,
tHs
t
, (Dp)

)
(6)  

where min is the minimum value found among the analyzed aspects at a 
given point in the analysis grid. tWs and tHs are the time, at the temporal 
resolution of the evaluated variable, that the variable (Ws and Hs) 
remained at the conditions defined in the thresholds throughout time 
series (t). 

3.3.5. Species requirements 
The species requirements assessment was based on two limiting 

factors for fish growth, temperature, and salinity. The percentage of the 
time that these two variables (sea surface temperature, sst and salinity, 
sal) remained between the optimal thresholds for fish growth was 
calculated (Table 2). The SI for the species requirement (SISp) was 
generated according to Eq. (7). 

SISp=min
(tsst
t
,
tsal
t

)
(7)  

where min is the minimum value found among the analyzed aspects at a 
given point in the analysis grid. tsst and tsal are the time, at the temporal 
resolution of the evaluated variable, that the variable (sst and sal) 
remained at the conditions defined in the thresholds throughout time 
series (t). 

Fig. 1. Conceptual framework with the aspects considered in the Suitability Index for the identification of zones with opportunities for individual exploitation and 
possibilities of multi-use of wind energy, wave energy and aquaculture activities. Additionally, an evaluation of possible spatial conflicts with conservation areas 
is performed. 

Table 1 
Variables, source of information, resolutions and available periods of the data used.  

Variable Sources of Information Temporal Resolution Spatial Resolution Available Period 

Wind Saha et al. (2010) Hourly 0.3◦ 1979–2010 
Saha et al. (2014) 0.2◦ 2011–2015 

Waves Perez et al. (2017) Hourly 0.25◦ 1979–2015 
Reguero et al. (2012) 0.25◦ 1979–2015 

Currents NCAR (2016) Hourly 0.25◦ 1979–2010 
Bathymetry Amante and Eakins (2009) Punctual 0.017◦ 2015 
Salinity Copernicus, 2016 Weekly 0.25◦ 1993–2013 
Water temperature Donlon et al. (2012) Daily 0.25◦ 1985–2013 
Ports ANTAQ (2022) Punctual Punctual 2021 
Electrical network ONS (2018) Punctual Punctual 2018 
Wind farm locations IBAMA (2022a) Punctual Punctual 2022 
Protected areas MMA (2023) Punctual Punctual 2023 
Priority areas for biodiversity conservation MMA (2018) Punctual Punctual 2018  
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3.3.6. Suitability for individual opportunities 
The SI of each aspect was integrated to identify zones with oppor-

tunity for exploitation of each activity. The integrations were performed 
according to Eqs. (8)–(10) for wind energy, wave energy, and aquacul-
ture, respectively. The SI for the three activities (SIWind,SIWave,SIAqua) was 
expressed in a normalized probability interval of the maximum value 
(max) found in the study area. For aquaculture, the maximum value of 
all species evaluated was considered. 

SIWind =
min

(
SIWindR, SIWindS, SILog, SIsub

)

max
(8)  

SIWave =
min

(
SIWaveR, SIWaveS, SILog, SIsub

)

max
(9)  

SIAqua=
min

(
SIsp, SIAquaS, SILog

)

max of all species
(10) 

Table 2 
Aspects, thresholds, source of information and criteria for renewable energies and aquaculture activities.  

Aspects Thresholds Sources of information Criteria (0–1) 

Wind Wave Aquaculture 

Energy resource 
Available wind energy 

potential (Ap, W/ 
m2) 

≥400 _ _ Aymamí et al. (2011); Babarit et al. (2012); Bak et al. (2013); de Andres et al. (2015a); de 
Andres et al. (2015b); Jonkman et al. (2009); Jonkman et al. (2012); Roberson et al. (2016) 

% of time 

Wind speed (120 m 
high) (Ws, m/s) 

4≤ Ws 
≤25 

_ _ 

Significant wave 
height (Hs, m) 

≤5 1≤ Hs 
≤6 

_ 

Available wave energy 
flux (Ef, kW/m) 

_ ≥15 _ 

Peak wave period (Tp, 
s) 

_ 5≤ Tp 
≤14 

_ 

Electrical network 
Distance from 

substations (km) 
≤100 ≤100 _ 4COffshore (2021); Wind Europe (2021) Parameterization 

Structural survivability 
50-year return period 

for wind speed 
(Ws50, m/s) 

≤40 _ _ 4COffshore (2021); Chu et al. (2020); DNV (2010); Standard Norge (2009); TELWIND 
PROJECT (2018); Wind Europe (2021) 

Parameterization 

50-year return period 
for significant wave 
height (Hs50, m) 

≤15 ≤15 ≤5 

50-year return period 
for current velocity 
(C50, m/s) 

≤2 ≤2 ≤1,5 

Bathymetry (m) ≤500 ≤500 ≤500 
Slope (%) ≤25 ≤25 ≤25 Boolean 

Offshore logistics 
Wind Speed (Ws, m/s) ≤10 ≤10 ≤10 4COffshore (2021); Astariz et al. (2015a); Astariz et al. (2015b); Chu et al. (2020); Guanche 

et al. (2015); Martini et al. (2015); Standard Norge (2009); Wind Europe (2021) 
% of time 

Significant wave 
height (Hs, m) 

≤2 ≤2 ≤2 

Distance from ports 
(km) 

≤200 ≤200 ≤200 Parameterization 

Species requirements 
Temperature (sst, ◦C) 
Salinity (sal, PSU) 
Gilthead 

seabream 
_ _ 18≤ sst 

≤26 
FAO (2005b); Katavić et al. (2005); Seginera and Ben-Asher (2011) % of time 

Sparus aurata 30≤ sal 
≤40 

Atlantic Bluefin 
tuna 

_ _ 18≤ sst 
≤26 

FAO (2015); Katavić et al. (2005); Ticina et al. (2007); Tucker (1998); Wright (2008) 

Thunnus thynnus 30≤ sal 
≤40 

Meagre _ _ 18≤ sst 
≤26 

Duncan et al. (2013); FAO (2005c); Martínez-Llorens et al. (2011); Monfort (2010); Schuchardt et al. (2007) 

Argyrosomus 
regius 

30≤ sal 
≤40 

European seabass _ _ 18≤ sst 
≤27 

FAO (2005a); Hossu et al. (2005); Katavić et al. (2005); Kavadias et al. (2003); Person-Le Ruyet et al. (2004) 

Dicentrarchus 
labrax 

30≤ sal 
≤40 

Greater 
amberjack 

_ _ 20≤ sst 
≤26 

Chambers and Ostrowski (1999); FAO (2016b); Jovera et al. (1999); Tucker (1998) 

Seriola dumerili 30≤ sal 
≤36 

Cobia _ _ 22≤ sst 
≤31 

Benetti et al. (2008); Benetti et al. (2010); FAO (2007); Faulk and Holt (2005); Resley et al. (2006) 

Rachycentron 
canadum 

30≤ sal 
≤37  
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The SIWind was overlaid with the locations of offshore wind farms in 
licensing process in the study area. 

3.3.7. Suitability for multi-use possibilities 
The SI for multi-use possibilities was carried out through different 

combinations of the SIWind,SIWave,SIAqua, considering the minimum value 
found at each point on the analysis grid. For example, the multi-use 
possibilities for the three activities were obtained from Eq. (11). The 
discussion of the results of the multi-use possibilities was based on the 
zones with SI above 0.5. 

SIMU =min
(
SIWind, SIWave, SIAqua

)
(11)  

3.4. Spatial evaluation of conservation areas 

Zones with multi-use possibilities, SI above 0.5, were overlapped 
with the protected areas of the National System of Conservation Units 
and the priority areas for biodiversity conservation, established by the 
Brazilian Ministry of Environment and Climate Change. The priority 

areas for conservation include initiatives such as the creation of pro-
tected areas, licensing of potentially polluting activities, monitoring, 
promotion of sustainable use and environmental regularization. In this 
sense, only priority areas related to the expansion and creation of pro-
tected areas and ecological corridors were considered. Percentage 
overlaps were calculated and discussed. 

4. Results and discussion 

This section is divided into five parts, sections 4.1 to 4.3 address the 
results of the individual opportunities for these maritime sectors. In the 
first section, the results for the wind sector are discussed and compared 
with offshore wind projects in the licensing process in the study area. 
Second and third sections address the possible development scenario of 
wave energy and aquaculture industries. Section 4.4, presents the multi- 
use possibilities, addressing recent studies and the advantages of com-
bined exploitation. Finally, section 4.5 analyzes possible spatial conflicts 
with protected and priority conservation areas. 

Fig. 2. Suitability index of offshore wind energy exploitation opportunities (SIWind) in the Brazilian EEZ.  
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The results for each calculated SI and the conservation areas can be 
found in the Supplementary Data. The results of the individual oppor-
tunities for each sector, as well as for the multi-use possibilities, can be 
accessed interactively on the platform https://mubrsea.glitch.me/. 

4.1. Wind energy 

Fig. 2 shows the zones with opportunities for wind exploitation 
through SIWind. The results found in this work confirm the offshore po-
tential of the northeast, southeast, and south regions of Brazil (Her-
nandez et al., 2021), with the northeast region standing out (SI between 
0.7 and 1). The southern and southeastern regions present favorable 
conditions for wind exploitation, however the SI in these regions is 
lower (between 0.5 and 0.85) due to other aspects considered in this 
study. Besides the greatest energy potential being in offshore and deeper 
areas in the southern and southeastern regions (Tavares et al., 2020), 
extreme sea conditions can compromise the survivability and strength of 
the structures installed. Aspects such as Ws50, Hs50 and C50 evaluated 
in SIWindS limit the SI values in these zones. Logistical factors (SILog), such 
as Hs and especially the distance from ports and onshore electrical 

network also corroborated for lower SI in these regions. On the other 
hand, the northeast region presents better opportunities, due to less 
severe marine conditions and the presence of a larger number of public 
ports and electrical substations (i.e., SIWindS and SILog with higher values 
than in the other two regions). Rodrigues et al. (2015) and Pimenta et al. 
(2019) also noted the large continental shelf between the states of Ceara 
(CE) and Rio Grande do Norte (RN), verified in this study with the ba-
thymetry in SIWindS, providing better conditions for fixed turbines 
operating up to 60m. 

Confirming the enormous potential of Brazil’s three marine regions 
for the offshore wind sector, 66 environmental licensing processes have 
been opened by August 2022, with 170 GW of cumulative power 
(IBAMA, 2022a). As of September 2022, none of the projects had ob-
tained the previous license (first license from the environmental agency, 
IBAMA, 2022b). 31 projects are in the northeast of the country, and 35% 
of these are in zones with SI below 0.5 (Fig. 3a). In the southern region 
(Figs. 3b), 55% of wind farms are in zones with SI below 0.5. 45% of the 
projected farms in the southeast region are in zones below 0.5 SI 
(Fig. 3c). The low SIWind values in the mentioned wind projects are 
mainly due to the distances from the onshore electrical network in the 

Fig. 3. Polygons of the 66 projects in the licensing stage on SIWind in the 3 Brazilian EEZ potential regions: a) Northeast, b) South and c) Southeast.  
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Brazilian Interconnected System and the public ports considered in this 
study. These aspects (i.e., distance from electrical network and ports) do 
not make the implementation and operation of wind farms unfeasible, 
but they tend to increase the CAPEX (capital expenditures) and OPEX 
(operational expenditures) of the project. 

In the case of the southeast region (Fig. 3c), some wind projects, 
closer to the coast, are in zones with SIWindR below 0.5. These values are 
due to the potential energy not remaining above the 400 W/m2 

threshold (Table 2) more than 50% of the time analyzed (37 years of 
hourly data). The projects being licensed in this region are fixed-bottom 
foundations, however, the greatest potential is in zones with depths 
greater than 50m, as also found by Tavares et al. (2020), and floating 
structures are required in this case. 

4.2. Wave energy 

The zones with the greatest opportunities for wave energy are mainly 
located to the south and southeast of Brazil (SIWave, Fig. 4), coinciding 
with the findings of Weiss et al. (2018b) and de Oliveira et al. (2021). In 
these regions, the zones with the highest SI coincide with the most en-
ergetic spots, pointed out by Oleinik et al. (2017) and Lisboa et al. 
(2017) (i.e., the coastal regions of Rio Grande (Rio Grande do Sul - RS), 
Laguna (Santa Catarina - SC), Ilhabela (São Paulo - SP) and Farol Island 
(Rio de Janeiro - RJ)). Zones in SC and RJ states present greater op-
portunities for wave exploitation (i.e., SI values > 0.9) because they 
present higher SIWaveR and because nearby services (ports and electrical 
network facilities) and of favorable conditions for offshore logistic ac-
tivities. The RS coast also has high wave energy flux, however the 
resource is further from the coast, which decreases the SI for logistical 
(SILog) and structural (SIWaveS) factors, as well as the distance from the 
electrical network (SIENet). 

4.3. Aquaculture 

Among the studied species, Greater amberjack, Cobia and Atlantic 

Bluefin tuna are within the native range on the Brazilian coast (Kaschner 
et al., 2022a, 2022b, 2022c), with the first two being mentioned as of 
great interest for marine aquaculture in the country (Cavalli et al., 2011; 
Valenti et al., 2021). On the other hand, Gilthead seabream, Meagre and 
European seabass are mainly distributed in the European regional seas 
and West African coast (Kaschner et al., 2022d, e, f). 

European seabass is one of the species that presents the best farming 
opportunities in the Brazilian sea (Fig. 5a). The marine regions of Paraná 
(PR) and Bahia (BA) stand out with SI > 0.8. Other regions, such as in the 
states of SC and SP (SI greater than 0.7), on the coast of Espírito Santo 
(ES) (SI between 0.6 and 0.8) and in the northeast of Brazil (SI between 
0.6 and 0.7) also have favorable conditions for aquaculture. The south of 
BA state presents conditions that meet the species requirement (SIsp), but 
the SI is low due to the distance to the ports of Ilhéus (BA) and Barra do 
Riacho (ES). This species is the most important commercial fish farmed 
in the Mediterranean Sea, mainly by Turkey, with production of 148,907 
tonnes (live weight) in the year 2020 (FAO, 2022). The high commercial 
potential of this species and the favorable conditions in Brazilian waters 
represent an opportunity for the aquaculture industry, which can follow 
the example of the development of the salmonid industry in Chile (i.e., 
species with native range in the northern seas and successfully farmed in 
southern America). Nevertheless, the introduction of exotic species 
should be studied in greater detail to avoid possible negative impacts. 

Given the similarity in the biological requirement of the species 
(Table 2), the spatial distribution pattern of farming opportunities for 
Gilthead seabream, Atlantic Bluefin tuna and Meagre follows the same 
trend as European seabass in the south and southeast of the country 
(Fig. 5b). The marine region in BA also shows favorable conditions for 
this species, with SI > 0.6, with SILog being a limiting factor in the south 
of the state, due to the same situation mentioned for European seabass. 
These three species are also mainly produced in the Mediterranean Sea, 
with a notable production of 109,749 tonnes of Gilthead seabream in 
2020 in Turkey (FAO, 2022). Among these three species, the Atlantic 
Bluefin tuna farming could culminate in a faster process in Brazil, given 
the environmental licensing processes and authorizations in the case of 
exotic species farming (IBAMA, 1998). 

Zones with favorable conditions for the farming of Greater amber-
jack are concentrated in the southern region, mainly on the northern 
coast of SC, PR, and southern SP, but with lower SI compared to the 
species mentioned above (SI between 0.7 and 0.8, Fig. 5c). This region 
coincides with the largest number of records of this species at the 
country sea, 38 in total (SIBBR, 2022). The temperature is considered 
suitable from the northeast to the south of the country; however, salinity 
remains within favorable conditions only in the south. SIAquaS is also low 
in the state of RS, where SIsp is high. Currently, only Spain and Greece 
have marine production data for this species (FAO, 2022). 

Zones with opportunities for Cobia farming are distributed in the 
south, southeast, and northeast of the Brazilian coast (Fig. 5d). The coast 
of Maranhão (MA) also presents opportunities, with SI > 0.6. As 
mentioned previously, offshore farming experiments have been con-
ducted in northeastern Brazil, in the state of Pernambuco (PE), where 
the SIAqua for Cobia is between 0.62 and 0.67. Currently, this fish is 
farmed in the southeast Brazil, with annual production of 100 tonnes 
since 2016 (FAO, 2022), however in sheltered coastal areas with 
small-scale near-shore farms (Rombenso et al., 2021). In this current 
production region, the SIAqua ranged from 0.36 to 0.7. 

Due to the spatial resolution of the analyzed data and the criteria 
adopted for identifying opportunities in offshore zones, results for very 
specific zones close to shore, as in the case of Cobia production zones, 
may not be identified. In addition, other factors, such as the influence of 
rivers and concentrated precipitation in the coastal region, can locally 
affect water temperature and salinity (Hopkins et al., 2013; Ogino et al., 
2017). In this sense, local scale studies are necessary to verify the 
feasibility of farming in specific zones. Overall, SIAquaS limited the 
favorable conditions to zones relatively closer to the coast, due to the Fig. 4. Suitability index of wave energy exploitation opportunities (SIWave) in 

the Brazilian EEZ. 
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extreme conditions analyzed (50-year return period). On the other hand, 
the distance of the ports and the Hs, especially to the south, area the 
factors that most limited SILog. 

4.4. Multi-use possibilities 

The zones with multi-use possibilities between renewable energy and 

aquaculture activities are distributed in Brazil’s EEZ in different com-
binations between these sectors. The possibilities for wave energy and 
aquaculture multi-use in the south, southeast, and northeast of Brazil 
stand out (blue color, Fig. 6). Zones with possibility for the combined 
exploitation of wind energy and aquaculture are in the northeast (green 
color, Fig. 6). On the other hand, multi-use possibilities between wind 
and wave energy are located to the south, with small areas in the 

Fig. 5. Suitability index of aquaculture exploitation opportunities (SIAqua) in the Brazilian EEZ for: a) European seabass; b) Gilthead seabream, Atlantic Bluefin tuna, 
Meagre; c) Greater amberjack; d) Cobia. 
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southeast and northeast (red color, Fig. 6). 
The possibilities of combined exploitation of wave energy with 

aquaculture are in the south and southeast, in the states of SC, PR, SP, 
and RJ, with Greater amberjack farming. Multi-use between these sec-
tors is possible for Gilthead seabream, Atlantic Bluefin tuna, and Meagre 
from SC to BA states, and for Cobia and European seabass from SC to RN 
(Fig. 6). Despite the high potential for multi-use among these sectors in 
the study area, both activities are in the development and planning 
phase for expansion towards the offshore environment (IEA-OES, 2022; 
Valenti et al., 2021). In this sense, the consolidation of WECs devices can 
boost open ocean aquaculture and vice versa (Garavelli et al., 2022; 
LiVecchi et al., 2019). 

Currently, the multi-use in operation between aquaculture and wave 
energy works with WECs powering the offshore operations of the 
aquaculture farm (Clemente et al., 2023; Garavelli et al., 2022). For 
example, the offshore finfish aquaculture located in China, which is 
powered by wave and solar energy (OES, 2021). Projects have evaluated 
the combination of wave energy with offshore finfish aquaculture in 
Scotland (Campbell, 2017) and the Mediterranean Sea (MARIBE, 2015). 
Although current wave energy exploitation prototypes do not provide a 
structure for aquaculture use, as is the case with oil and gas (Harmon, 
2016) and wind energy platforms (Jansen et al., 2016), WECs can be 
incorporated with the aquaculture structure or anchored separately to 
provide power (Garavelli et al., 2022). Beyond energy supply, the 
shielding effect of WEC on other structures, in this case fish cages, is 
another multi-use advantage (Pérez-Collazo et al., 2013). 

On the other hand, multi-use possibilities between wind energy and 
aquaculture are located in the CE and RN states for European seabass 
and Cobia farming, and in MA for Cobia (Fig. 6). Although the SI does 
not identify opportunities for wind farms to the southeast, in the ES state 
(cf., section 4.1), this region has projects in the licensing process and SI 
> 0.65 for Gilthead seabream, Atlantic Bluefin tuna, Meagre and Euro-
pean seabass farming. The current development scenario of offshore 
wind energy projects in Brazil’s EEZ (IBAMA, 2022a) represents a great 
opportunity for the aquaculture sector. Given the high potential for both 
activities in northeastern Brazil, aquaculture can benefit from the wind 
farm structures that will be installed. The advantages of moving aqua-
culture towards offshore, where the wind farms will be installed, include 

better water quality, social license to operate, better waste management, 
and reduced risk of diseases associated with farming (Aryai et al., 2021). 
Still, the technological advancement of the offshore wind sector and the 
logistical and operational synergies may represent a useful 
stepping-stone for the aquaculture sector. 

Different multi-use concepts have been evaluated. For example, 
dynamical behaviors of a semi-submersible floating wind turbine with 
aquaculture cage were assessed by Cao et al. (2022). Li et al. (2023) 
assessed the dynamics responses of a new concept integrating a jacket 
offshore wind turbine with a steel cage. The economic feasibility of 
combining aquaculture cages and offshore wind farms was demon-
strated in a case study in Taiwan (Huang et al., 2022). 

Sharing infrastructure, such as foundation and mooring system, can 
provide economic and environmental advantages by reducing costs and 
minimizing impact (Connolly y Hall, 2019; Clark et al., 2019). Multi-use 
can also provide synergies in O&M activities (Dalton et al., 2019) and 
cost savings in decommissioning (Calado et al., 2019). In addition, other 
benefits of the combination may be the buffering effect for wind devices 
and the possibility of energy autonomy for the aquaculture plant (Aryai 
et al., 2021; Dalton et al., 2019). However, synergies will depend on the 
type of MU, the technology used, and the level of integration between 
activities (Schupp et al., 2019). 

Zones with multi-use possibilities for wind and wave energy 
exploitation are found in the south (RS and SC states), southeast in RJ, 
and in the northeast (CE, Fig. 6). All identified multi-use zones present 
wind energy projects in the licensing process (IBAMA, 2022a). In this 
sense, the establishment of the wind sector, considering the 
short-medium term development scenario in Brazil, can contribute to 
the development of the wave energy sector. 

Currently, experimental work has been conducted to validate hybrid 
systems with floating technology combining wind harvesting and WECs 
(e.g., Hu et al., 2020; Zhang et al., 2023). Ulazia et al. (2023), considered 
an integrated system with a floating wind turbine co-located aside a 
WEC-type oscillating buoy to estimate energy production in Canary 
Islands. The possibility of increasing production, studied by Gonzalez 
et al. (2023), shows that wave energy can be used to increase the power 
reserve of the wind farm. Considering a hybrid system of Oscillating 
Water Columns-type WEC and floating offshore wind turbines, Fenu 
et al. (2023) also found an increase in productivity without significantly 
affecting platform motion. The hydrogen generation capacity of wave 
energy converters can maximize the production of wind and wave far 
offshore farms (Saenz-Aguirre et al., 2022). However, increased pro-
duction and the possibility of reduced CAPEX and OPEX (Astariz et al., 
2015b) are directly related to the multi-use combination type and the 
logistics employed. 

No multi-use zones are identified among these three activities with SI 
greater than 0.5 in Brazil’s EEZ. Zones with higher SI values (0.45) for 
the combined exploitation of wind and wave energy and aquaculture are 
situated on the coast of RJ and ES states for Gilthead seabream, Atlantic 
Bluefin tuna, Meagre farming and in the state of CE for European sea-
bass. The combined exploitation of these three activities has been 
studied as multipurpose platforms. For instance, the integration of a 
deepwater industrial aquaculture production system with wind and 
wave energy harvesting technologies was analyzed in the scope of the 
Blue Growth Farm project (Li et al., 2020; Ruzzo et al., 2022). Despite 
advances in physical models and experiments, there is still a long way to 
go to improve the proposed multipurpose platform concepts. In this 
sense, extensive experimental fields should be conducted to enable 
industrial-scale exploitation (Ruzzo et al., 2021). The ideal combination 
of devices must be analyzed for each possible situation (Dallavalle et al., 
2023). In addition, a guide to assessing the potential for multi-use 
application should be considered, as proposed in the MULTI-FRAME 
project on the Multi-use Assessment Approach (MUAA, McCann et al., 
2023). 

Fig. 6. Multi-se possibilities for wind energy, wave energy and aquacul-
ture activities. 
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4.5. Environmental background 

Although the balance between conservation and development is 
fundamental to MSP, these have progressed in parallel in recent years 
(Santos et al., 2021; Vaughan and Agardy, 2020). In this sense, sus-
tainable development strategies, as is the case of MU, and the estab-
lishment of a conservation ready MSP (Reimer et al., 2023), tend to 
enable Blue Growth and confirm its sustainability prerogatives. There-
fore, environmental assessment is a critical part of MSP for the devel-
opment of these industries. 

As environmental licensing is regulated in Brazil, protected areas are 
strategic and restrictive factors in the analysis of zones for the devel-
opment of offshore activities. The country has Law 9.985/2000 that 
establishes the National System of Conservation Units, which is divided 
into two main groups: the fully protected areas, and the sustainable use 
areas (Fig. A7, Supplementary Data). Both have the main objective, with 
their particularities, of preserving the heritage and biodiversity. 
Furthermore, the Brazilian Ministry of Environment and Climate Change 
has established a mapping with priority areas for biodiversity conser-
vation (Fig. A8, Supplementary Data). It includes initiatives such as the 
expansion and creation of protected areas and ecological corridors. 

Zones with multi-use possibilities have been identified within the 
protection and conservation priority areas (Fig. 7). 5.8% of the multi-use 
zones for renewable energies is in protected areas of sustainable use. For 
wave energy and aquaculture, sustainable use protected areas cover a 
large part of the multi-use zones (32% for Greater amberjack; 21% for 
Atlantic Bluefin tuna; 18% for European seabass; and 30% for Cobia). 
Priority areas for creation of protected area overlap 10% with multi-use 
zones for wave energy with Cobia and European seabass. Ecological 
corridors, specifically the one between SC and SP, overlap with the 
multi-use zones, covering 29% for wave energy and Greater amberjack 
combination. Multi-use possibilities zones for wind and Cobia over-
lapped with protected and priority areas, 26% for sustainable use pro-
tected areas and 8% for creation of protected areas. Zones for wind 
exploitation and European seabass farming overlap about 4% with in-
tegral protection areas, the highest level of conservation defined in the 
Brazilian system. 

The need for an official framework for national MSP is evidenced by 
the development trend towards offshore and the potential pressure on 
conservation areas. Multisectoral approaches at the local scale should 
analyze possible compatibilities and conflicts in and around protected 
and priority areas. In this sense, it is important to review the priority 
areas and legitimize their protection role in the Brazilian system of 
protected areas. Ecosystem-based approach should be considered for the 
management and planning of marine activities and biodiversity con-
servation (Domínguez-Tejo et al., 2016). 

5. Concluding remarks 

The possibilities of expanding resource exploitation towards offshore 
must be guided by sustainable development strategies, seeking alter-
natives to optimize the integrated use of the marine space. This pilot 
case study builds on the benefits of multi-use for Blue Growth, 
addressing a holistic view on the development trend of emerging in-
dustries. This preliminary assessment integrates and complements 
global studies (i.e., Weiss et al., 2018b, c), using specific criteria of the 
study area support the national MSP. Potential zones for individual 
exploitation and with possibilities multi-use between wind energy, wave 
energy and fish farming are identified in Brazil’s EEZ, as well as possible 
conflicts with protected areas. Although this analysis is based on the 
specific situation of Brazil, aiming to fill gaps to start the MSP process, 
the findings, as well as the methodology employed, can be transferred to 
countries, especially those without MSP or in an initial phase. 

The fast and unprecedented global Blue Growth (Jouffray et al., 
2020) highlights the importance of studies that can support planning in 
regions that lack organized and accessible data. The use of a long-term 
global database with fine temporal and spatial resolution, available 
from international programs, has made it possible to study a region that 
generally lacks measurements and models of physical variables used as 
predictors. It therefore highlights the importance of a reliable and 
accessible database for the sustainable development of marine econo-
mies, which is generally not available empirically in developing coun-
tries, as is the case of Brazil (Gandra et al., 2018). 

The need for MSP to promote synergies between uses, as well as with 
environmental components, is eminent (Schupp et al., 2019; Reimer 
et al., 2023). In this sense, the definition and analysis of current and 
future conditions are essential in the MSP process (steps 5 and 6, Ehler 
and Douvere, 2009), as they allow the identification of synergies be-
tween uses and possible environmental conflicts. In the study area, zones 
with multi-use possibilities between the wave and aquaculture sectors 
stood out in the south, southeast, and northeast of Brazil. Zones with the 
possibility of combined use of wind energy and aquaculture are in the 
northeast. Multi-use possibilities between wind and wave energy are 
concentrated to the south, with small areas in the southeast and north-
east. No zones with high SI for multi-use are identified among the three 
marine economies. The short-medium term development scenario for 
the wind sector in the country can contribute to multi-use, both because 
other activities can benefit from the structures installed, and because of 
the operational and logistical synergies between these industries. Spe-
cial attention should be given to environmental protection areas where 
there may be interest in the exploitation of these activities. For example, 
about 63% of the multi-use zones for wave energy and Greater amber-
jack farming are in protected and priority conservation areas. 

Multi-use is essential to ensure sustainable development in the 

Fig. 7. Percentage of protected and priority areas that overlap with multi-use zones. Maps of protected and priority areas available in the Supplementary Material 
(Fig. A7 and A8, respectively). 
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marine environment, thus optimizing the use of space and reducing the 
negative impacts. MSP is key to balancing the interests of sectors and 
achieving Blue Growth by addressing tradeoffs of individual and multi- 
use of the marine environment. In this sense, this case study is a guide for 
future local studies in Brazil’s EEZ, mainly in the selection of sites for 
analysis. Given the spatial synergies identified in the study area, the 
present contribution represents a starting point for the discussion of 
multi-use in the country. Fragmented views of research and experiments 
carried out in the country for these sectors are discussed and integrated 
in a multi-use perspective. Given the scale of the spatial analysis and the 
limitations of the data and methods employed, a comprehensive analysis 
is needed to verify the feasibility of implementing these activities at a 
local scale. Furthermore, other activities with multi-use potential must 
be considered, as well as social, economic (e.g., market demand) and 
legal aspects. It is expected that the results of this study will stimulate a 
multisectoral and participatory MSP that considers the development 
trend of these marine economies, as well as the possible associated 
impacts. 
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