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O Brasil vem se concretizando como um dos próximos mercados em que a 

indústria de energia eólica offshore irá apostar. No entanto, é preciso endereçar algumas 

questões para fornecer condições mais favoráveis ao seu desenvolvimento. Este 

trabalho traz um panorama do contexto atual em que a fonte se insere e, apresentando 

uma coletânea de três trabalhos científicos já publicados, responde a perguntas-chave 

acerca do papel que a eólica offshore pode ter no Brasil, e versa sobre onde, como e a 

qual custo o potencial nacional poderá ser explorado. Através de análises espaciais, 

esta tese mostra que o potencial eólico offshore brasileiro, além de vasto e 

regionalmente diversificado, pode ser explorado de maneira sustentável, maximizando 

os benefícios da inserção da tecnologia na transição energética brasileira de longo 

prazo. Todavia, a partir de um modelo de custos bottom-up espacializado, estima que 

os custos dos primeiros projetos poderão ser elevados, a depender da área escolhida. 

Diante dos desafios e potencialidades identificados, este trabalho discute qual pode ser 

a estratégia do governo brasileiro para fomentar o desenvolvimento dos primeiros 

parques eólicos offshore, partindo do arcabouço atual e traçando recomendações para 

informar a estipulação de diretrizes e de mecanismos de apoio à fonte eólica offshore. 
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Brazil has been consolidating itself as one of the next markets in which the 

offshore wind energy industry is expected to invest. However, several gaps must be 

addressed in order to provide more favorable conditions for its development. This work 

presents an overview of the current context in which offshore wind energy is embedded 

and, by bringing together a collection of three scientific papers already published, 

addresses key questions regarding the role that offshore wind energy may play in Brazil, 

discussing where, how, and at what cost the national potential can be exploited. Through 

spatial analyses, this thesis demonstrates that the Brazilian offshore wind potential, in 

addition to being vast and regionally diverse, can be developed in a sustainable manner, 

maximizing the benefits of the integration of this technology into Brazilôs long-term energy 

transition. Nevertheless, based on a spatially explicit bottom-up cost model, it estimates 

that the costs of the first projects may be high, depending on the selected area. In light 

of the identified challenges and opportunities, this work discusses possible strategies for 

the Brazilian government to foster the development of the first offshore wind farms, 

building upon the current regulatory framework and outlining recommendations to inform 
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1. Introdu­«o 

A energia e·lica offshore vem ganhando cada vez mais espa­o nas discuss»es 

do setor de energia internacional e brasileiro. Seja para atender a demandas de 

aumento da oferta de energia el®trica renov§vel ou para possibilitar o estabelecimento 

de outras solu­»es num contexto amplo de mitiga­«o de emiss»es de gases de efeito 

estufa (GEE) (IRENA, 2023, WORLD BANK GROUP, 2023, 2025), a e·lica offshore vem 

ganhando destaque e aumentando sua capacidade instalada global. At® 2030, as 

proje­»es indicam que a fonte pode atingir montantes entre 185 GW (DNV, 2025) e 212 

GW (IEA, 2024) de capacidade e·lica offshore instalada mundialmente. 

Segundo o relat·rio anual de energia e·lica offshore, produzido pelo Conselho 

Global de Energia E·lica (GWEC, 2025b), a fonte come­ou o ano de 2025 com 83 GW 

de capacidade instalada no mundo, dentre os quais 8 GW entraram em opera­«o 

apenas no ano anterior, contando, ainda, com mais 48 GW em constru­«o. O 

desenvolvimento da fonte, que se iniciou nos anos 2000 e permaneceu concentrado em 

pa²ses da Europa durante a primeira d®cada deste s®culo, se expandiu para a regi«o 

da Ćsia-Pac²fico e agora chega ¨ Am®rica, mais especificamente aos Estados Unidos 

(GWEC, 2025b). Atualmente, a China ® o pa²s l²der em capacidade instalada (50,3%), 

seguido pelo Reino Unido (19,2%), Alemanha (10,9%), Pa²ses Baixos (5,9%), 

Dinamarca (3,2%) e outros. Dentre os mercados promissores para os pr·ximos anos, 

pode-se citar Jap«o, Vietn«, Filipinas, Austr§lia, Col¹mbia e Brasil (GWEC, 2025b). 

Essa expans«o em n²vel global vem sendo impulsionada por necessidades 

relacionadas a aumento da seguran­a energ®tica, descarboniza­«o de matrizes 

energ®ticas e atendimento a metas clim§ticas (GWEC, 2025b). A energia e·lica offshore 

se destaca diante dessas motiva­»es por ser uma fonte renov§vel, com grande potencial 

ainda inexplorado, e que pode fornecer grandes quantidades de energia por projeto 

instalado, em compara­«o a usinas e·licas onshore e solares, por exemplo. Por esses 

motivos, a fonte vem se consolidando como um vetor de transforma­»es no setor de 

energia de alguns pa²ses (DNV, 2025, GWEC, 2025b, IRENA, 2023). 

Outro fator motivador de seu crescimento na ¼ltima d®cada foi a alta taxa de 

redu­«o de custos que a fonte apresentou (GWEC, 2025b, WORLD BANK GROUP, 

2025): uma queda de 63% no Custo Nivelado da Energia (LCOE) comparando a valores 

de 2010 e 2023, fortemente impulsionada por fatores tecnol·gicos, como turbinas 

maiores e acesso a melhores recursos de vento, bem como crescente competitividade 

da cadeia de suprimentos global (IRENA, 2024). 
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Entretanto, em anos mais recentes, a energia e·lica offshore enfrentou desafios 

relacionados a altos custos, devido a quest»es macroecon¹micas em um contexto p·s-

pand°mico, de guerra entre R¼ssia e Ucr©nia e de altos n²veis de infla­«o (GWEC, 

2025b). O resultado foi o aumento significativo do pre­o da energia e de commodities, 

gerando altas tamb®m nos custos de equipamentos, a­o, m«o-de-obra e nas taxas de 

juros (GWEC, 2025b). A e·lica offshore foi significativamente impactada por esses 

fatores, pois os projetos s«o grandes, demandam longo tempo de constru­«o e possuem 

elevados custos de capital (CAPEX) (DNV, 2025, GWEC, 2025b, a, IEA, 2024). 

Al®m disso, desafios estruturais do setor tamb®m v°m aumentando os riscos de 

desenvolvimento de projetos ao redor do mundo. Dentre eles, est«o, principalmente em 

mercados menos maduros (DNV, 2025, GWEC, 2025b, IEA, 2024): processos de 

licenciamento ineficientes e demorados, falta de previsibilidade e incertezas relativas ¨s 

metas de instala­«o de capacidade, leil»es mal desenhados, incertezas regulat·rias e 

institucionais, e falta de mecanismos de financiamento Clique ou toque aqui para inserir 

o texto. Essas quest»es frearam as taxas de crescimento de capacidade instalada global 

que estavam sendo realizadas, culminando em uma adi­«o de nova capacidade anual 

26% menor entre 2024 (8 GW) e 2023 (11 GW) (GWEC, 2025b), e abaixo de proje­»es 

de anos anteriores, que apontavam para a instala­«o de 18 GW em 2024 (GWEC, 2024). 

Diante de desafios, como a dificuldade de atingir competitividade e os riscos 

estruturais e regulat·rios, fica cada vez mais evidente que a fonte e·lica offshore precisa 

do apoio governamental para se desenvolver ï e se manter (IEA, 2024). Segundo o guia 

do Banco Mundial para o desenvolvimento da ind¼stria e·lica offshore em mercados 

emergentes (WORLD BANK GROUP, 2025), existem 4 pilares essenciais ao processo: 

a Estrat®gia, que depende dos objetivos nacionais e que deve se refletir em um 

planejamento de longo prazo; a Pol²tica, que traz as diretrizes para a efetiva­«o dos 

objetivos; o Arcabou­o normativo, que s«o os mecanismos que de fato permitem que a 

pol²tica seja posta em pr§tica; e a Realiza­«o, que se traduz em a­»es sobre a cadeia 

de valor, a infraestrutura portu§ria e de transmiss«o e financiamento. 

Ao contr§rio dos efeitos propulsores da fonte vistos em outros mercados, que 

est«o muito pautados em metas advindas de pol²ticas energ®ticas ou clim§ticas 

nacionais (DNV, 2025, WORLD BANK GROUP, 2025), no Brasil n«o existe est²mulo ao 

desenvolvimento da fonte e·lica offshore atrelado a essas motiva­»es. Em grande parte, 

isso se deve ao fato de o Brasil j§ possuir uma matriz el®trica altamente renov§vel (cerca 

de 90%) (EPE, 2025a) e estar atualmente num contexto de sobreoferta de energia e 

demanda energ®tica estagnada.  
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Portanto, na vis«o do planejamento energ®tico, a energia e·lica offshore n«o se 

apresenta como uma solu­«o de curto/m®dio prazo para o pa²s, como foi o caso de 

outros mercados. E para o longo prazo, ainda ® preciso vislumbrar qual pode ser o papel 

da fonte em um contexto de transi­«o energ®tica. Essa vis«o ir§ direcionar os esfor­os 

necess§rios no momento atual para permitir sua viabiliza­«o no futuro.  

Al®m disso, tamb®m ® indicado pelas modelagens da expans«o da gera­«o, 

publicadas periodicamente pelo governo brasileiro (EPE, 2025f, g), que a fonte precisa 

se provar competitiva para que venha a fazer parte da matriz el®trica brasileira 

futuramente. Entretanto, os modelos empregados nesses estudos se baseiam em 

custos m®dios globais, sem considerar as caracter²sticas f²sicas e as condi­»es de 

infraestrutura locais (EPE, 2025b). Isso ocorre por que ainda h§ poucos estudos e 

muitas incertezas sobre os poss²veis custos que os projetos podem alcan­ar no Brasil. 

A combina­«o desses fatores dificulta o estabelecimento de uma Estrat®gia 

nacional pautada em objetivos claros que justifiquem o estabelecimento de uma Pol²tica 

Energ®tica para o desenvolvimento da energia e·lica offshore, como sugere o guia do 

Banco Mundial (WORLD BANK GROUP, 2025). Por®m, como ser§ abordado ao longo 

da discuss«o desta tese, esse desenvolvimento pode transcender o setor de Energia, 

sendo um vetor de atra­«o de investimentos e industrializa­«o nacional, desde que os 

outros pilares chave supracitados sejam constru²dos de maneira robusta e coordenada.  

Nesse sentido, o governo brasileiro vem investindo no pilar do Arcabou­o 

normativo e possui estudos publicados (EPE, 2024a, b, 2025d) e em andamento que 

abrangem quest»es relacionadas a alguns fatores cruciais para o sucesso nesse pilar 

(WORLD BANK GROUP, 2025): planejamento espacial marinho setorial, cess«o de 

§reas para estudo, processos de licenciamento ambiental, modelos de comercializa­«o 

de energia para a fonte e engajamento social.  

No tocante ao planejamento espacial setorial e ¨ cess«o de §reas para estudo, 

ambas atividades que devem ser centralizadas a n²vel governamental, recentemente foi 

publicada uma Nota T®cnica que apresenta a proposta de ñMetodologia para sele­«o 

de §reas para ofertaò (EPE, 2025d) pela Empresa de Pesquisa Energ®tica (EPE), 

empresa vinculada ao Minist®rio de Minas e Energia (MME). Na pr§tica, a identifica­«o 

das §reas a serem ofertadas ® o primeiro passo do governo para viabilizar as primeiras 

cess»es de uso e o acesso ¨s §reas para estudo. Por®m, a metodologia proposta em 

(EPE, 2025d) apresenta apenas o racioc²nio e o fluxo de processos propostos, sem 

indicar quais ser«o os crit®rios e os limites estipulados, os quais ser«o definidos apenas 

na etapa futura de aplica­«o da metodologia. Dessa forma, ainda n«o h§ indica­»es de 

quais §reas seriam, de fato, mais favor§veis para o in²cio do desenvolvimento. 
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Diante disso, fica clara a necessidade em compreender aspectos essenciais da 

e·lica offshore e em construir um arcabou­o regulat·rio e normativo robusto e bem 

discutido, que traga seguran­a jur²dica, reduza riscos e crie um ambiente favor§vel para 

que a ind¼stria possa se desenvolver. Por®m, para embasar e informar essa estrat®gia, 

ainda existem lacunas de conhecimento relacionadas aos potenciais benef²cios e 

desafios que a fonte pode trazer ao Brasil, e que esta tese pretende esclarecer, visando 

fornecer condi­»es mais favor§veis ao desenvolvimento do mercado e·lico offshore no 

Brasil.  

Com base nessas lacunas, surgem as perguntas de pesquisa a serem 

respondidas por esta tese: 

¶ Qual pode ser o papel da E·lica Offshore na transi­«o energ®tica brasileira? 

¶ Quais s«o as principais vantagens competitivas e barreiras para a inser­«o da 

fonte no pa²s? 

¶ £ poss²vel explorar o potencial e·lico offshore no Brasil de forma sustent§vel, 

reduzindo o risco de gerar impactos e conflitos? 

¶ Quais s«o as regi»es mais atrativas para o desenvolvimento da fonte e·lica 

offshore no Brasil? 

¶ £ poss²vel desenvolver projetos e·licos offshore economicamente vi§veis no 

Brasil? 

¶ Quais estrat®gias e mecanismos de suporte o Brasil pode implementar para 

apoiar a fonte? 

Com a gera­«o de conhecimento acerca dessas quest»es e atrav®s da 

identifica­«o dos principais desafios e das potencialidades da e·lica offshore em n²vel 

nacional, o objetivo  desta tese ® ajudar a direcionar as estrat®gias, pol²ticas e a­»es 

necess§rias para o desenvolvimento sustent§vel dessa fonte no Brasil. Assim, espera-

se que, dado o espec²fico contexto brasileiro, essa nova ind¼stria possa ser constru²da 

sob um processo bem-informado, buscando maximizar os benef²cios que a fonte pode 

trazer ¨ sociedade brasileira.  

Para isso, esta tese ® formada por 8 cap²tulos, sendo este primeiro uma breve 

Introdu­«o ao contexto global e brasileiro em que o desenvolvimento da e·lica offshore 

se insere, j§ apontando os principais desafios e lacunas de conhecimento que motivam 

esta tese. A contextualiza­«o acerca do ambiente nacional para o desenvolvimento da 

fonte ® aprofundada no Cap²tulo 2, em que s«o apresentados em maior detalhe a vis«o 

do planejamento energ®tico e qual vem sendo o papel do governo no pa²s. 

Em seguida, s«o apresentados quatro cap²tulos conceituais, incluindo uma 

colet©nea de tr°s trabalhos cient²ficos j§ publicados e um cap²tulo de an§lises 
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complementares. Esse conjunto mostra a constru­«o de conhecimento acerca do papel 

que a Energia E·lica Offshore pode ter no contexto nacional, ressaltando de que forma 

seu potencial pode ser idealmente explorado, os desafios que o mercado brasileiro 

precisa enfrentar, e as estrat®gias que podem ser adotadas para aumentar a viabilidade 

de desenvolvimento da fonte no Brasil. 

O Cap²tulo Erro! Fonte de refer°ncia n«o encontrada. apresenta o artigo #1, 

intitulado ñInterȤsectoral prioritization of climate technologies: insights from a 

Technology Needs Assessment for mitigation in Brazilò (DA SILVA, SZKLO, et al., 

2022). O trabalho traz os principais resultados de um estudo intersetorial de prioriza­«o 

de novas tecnologias para a mitiga­«o de mudan­as clim§ticas, chamado Avalia­«o de 

Necessidades Tecnol·gicas, ou Technology Needs Assessment (TNA), conduzido para 

o Brasil. A partir da an§lise comparativa de tecnologias de diferentes setores, ser§ 

poss²vel avaliar as vantagens comparativas e as barreiras para a inser­«o da energia 

e·lica offshore dentro do amplo contexto de transi­«o energ®tica brasileira de longo 

prazo. 

O Cap²tulo 4 traz o artigo #2: ñBrazilôs offshore wind energy potential 

assessment based on a Spatial Multi-Criteria Decision Analysisò (VINHOZA, 

SCHAEFFER, 2021a). Este estudo ® uma avalia­«o do potencial e·lico offshore do 

Brasil em diferentes n²veis: te·rico, t®cnico, e ambiental e social. Nele, ® introduzida a 

ideia de aplica­«o de restri­»es para a sele­«o das melhores §reas para a instala­«o 

de parques e·licos offshore, de forma a atingir viabilidade t®cnico-econ¹mico, e reduzir 

impactos ambientais e conflitos sociais. Al®m disso, ® conduzida uma An§lise Espacial 

Multicrit®rio (AEMC), que identificar§ as §reas mais atrativas economicamente, 

objetivando direcionar o in²cio do desenvolvimento no Brasil. 

O Cap²tulo 5 segue a mesma linha de pesquisa com a apresenta­«o do artigo 

#3: ñBrazilôs offshore wind cost potential and supply curveò (VINHOZA, LUCENA, 

et al., 2023). Este trabalho reaplica a abordagem metodol·gica proposta no artigo #2 da 

colet©nea, mas avan­a para o mapeamento e avalia­«o do Potencial Econ¹mico E·lico 

Offshore do Brasil, a partir da estimativa de custos dos projetos, e levando em 

considera­«o as caracter²sticas locacionais das regi»es com potencial energ®tico, e que 

podem ser desenvolvidas de maneira sustent§vel no pa²s. Como resultado, indica n«o 

s· a distribui­«o espacial dos custos associados ¨s diferentes §reas da costa brasileira, 

mas tamb®m quanto de capacidade e·lica offshore poderia ser instalada em diferentes 

faixas de custo. 

Apresentadas as potencialidades e barreiras para a inser­«o da fonte e·lica 

offshore no Brasil, o Cap²tulo 6 se debru­a sobre a discuss«o da competitividade da 
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fonte, trazendo um levantamento dos principais instrumentos de incentivo 

governamental ¨ fonte empregados no mundo e dando foco nos mercados mais 

compar§veis ao que vem sendo constru²do para o Brasil. 

Em seguida, o Cap²tulo 7 revisita e analisa os cap²tulos anteriores, destacando 

e discutindo os principais resultados e como eles se relacionam no escopo desta tese. 

Ao final, s«o apresentadas recomenda­»es acerca dos poss²veis caminhos que o Brasil 

pode tra­ar, e como faz°-lo de maneira bem-informada, para criar um ambiente atrativo 

para os primeiros projetos e·licos offshore e fomentar o desenvolvimento do mercado, 

diante do que foi estudado. 

Por fim, o Cap²tulo 8, de Conclus»es, sumariza como os principais resultados 

alcan­ados com os cap²tulos conceituais apresentados ajudam a endere­ar os 

questionamentos centrais desta tese e quais lacunas de pesquisa dever«o ser 

abordadas em trabalhos futuros. 
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2. O ambiente brasileiro para o desenvolvimento da 
fonte e·lica offshore 

Este cap²tulo visa apresentar uma an§lise do ambiente nacional para o 

desenvolvimento da ind¼stria e·lica offshore, dando uma contextualiza­«o mais 

aprofundada das quest»es apresentadas no Cap²tulo 1 desta tese. 

Sendo assim, as se­»es a seguir detalham a vis«o de curto, m®dio e longo prazo 

do Brasil no contexto de sua pol²tica energ®tica, clim§tica e industrial. Al®m disso, 

apresentam os avan­os que o pa²s alcan­ou nos ¼ltimos anos e os pr·ximos passos 

que j§ est«o mapeados para permitir o desenvolvimento mercado e·lico offshore 

nacional. 

2.1. E·licas offshore na vis«o do planejamento energ®tico 
oficial do Brasil 

As decis»es e a­»es relativas ¨ implementa­«o de pol²ticas energ®ticas no Brasil 

s«o executadas no ©mbito do Minist®rio de Minas e Energia (MME) e, em grande parte, 

contam com o subs²dio t®cnico da Empresa de Pesquisa Energ®tica (EPE), que ® 

respons§vel, dentre outras atribui­»es, pelos estudos oficiais relacionados ao 

planejamento energ®tico da expans«o da gera­«o de energia el®trica, que ser«o 

abordados a seguir. 

No que diz respeito ¨ considera­«o da e·lica offshore no ©mbito do planejamento 

energ®tico oficial do governo brasileiro, a EPE publicou, em 2020, o Roadmap E·lica 

Offshore Brasil (EPE, 2020a). Este documento consolidou as informa­»es dispon²veis 

na ®poca acerca do mapeamento do potencial brasileiro, aspectos tecnol·gicos, legais, 

regulat·rios e ambientais, dentre outros. Essa publica­«o foi um marco para o setor, e 

a partir dessa ®poca os estudos e discuss»es no Brasil ganharam tra­«o. 

A seguir ser«o apresentadas as perspectivas do planejamento energ®tico do 

governo brasileiro acerca da possibilidade de inser­«o de e·licas offshore na matriz 

energ®tica nacional no curto, m®dio e longo prazos, e tamb®m uma vis«o que ultrapassa 

a do setor de energia. 

2.1.1. Planejamento energ®tico de curto e m®dio prazo 

A partir de 2019, a fonte e·lica offshore come­ou a ser considerada uma das 

tecnologias candidatas ¨ expans«o de curto e m®dio prazo dentro dos Planos Decenais 
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de Expans«o de Energia (PDE), publicados regularmente pela EPE (EPE, 2025f). Por®m, 

at® o horizonte do PDE 2034 (EPE, 2024c), n«o foi vista a entrada da fonte na 

composi­«o da matriz el®trica brasileira. Isso se deve ao fato de que outras fontes j§ 

bem estabelecidas aparentam j§ atender ̈ demanda el®trica prevista no horizonte 

decenal, e tamb®m devido ao alto custo da e·lica offshore, se comparada ao de outras 

fontes renov§veis de que o Brasil disp»e. 

Al®m disso, o SEB vem enfrentando novos desafios nos ¼ltimos anos, fortemente 

impulsionados pela crescente participa­«o de fontes renov§veis vari§veis, como e·lica 

e solar, na matriz el®trica (EPE, 2023, ONS, 2025b), e que tendem a dificultar ainda 

mais a inser­«o massiva de e·licas offshore no curto e m®dio prazo. 

Um deles diz respeito ao aumento expressivo no curtailment, que ® a redu­«o, 

limita­«o ou corte da produ­«o de energia de parques centralizados de gera­«o vari§vel 

(n«o control§vel), ou seja, das fontes e·lica e solar. Esse desafio tem atingido diversos 

pa²ses, principalmente devido a limita­»es de rede e do sistema. Historicamente, a fonte 

mais afetada ® a e·lica onshore, mas na primeira metade de 2024, os cortes de e·lica 

offshore superaram os da onshore (IEA, 2024). 

No Brasil, os cortes se devem a 3 fatores, conforme diagn·stico do Operador 

Nacional do Sistema (ONS) (ONS, 2025b): 

1. Indisponibilidade Externa: Restri­»es decorrentes de limita­»es operacionais 

externas ¨s usinas; 

2. Confiabilidade: Restri­»es operativas para atender aos requisitos de 

seguran­a do sistema, como limites de carregamento das linhas de transmiss«o; 

3. Raz«o Energ®tica: Cortes motivados por sobreoferta de energia, quando a 

gera­«o excede a demanda em determinados momentos. 

Como divulgado pelo ONS (ONS, 2025b), no ano de 2024, o percentual m®dio 

da gera­«o renov§vel vari§vel potencial (e·lica e solar) que foi restrita por curtailment 

foi de 9,3%, contra uma m®dia de 3,6% de corte em 2023. Os picos de corte s«o durante 

a chamada "safra dos ventos" (julho a setembro), quando a gera­«o e·lica ® 

naturalmente mais elevada. Em setembro de 2024, foi atingido o maior valor de restri­«o 

da gera­«o mensal, que chegou a 16,5% (ONS, 2025b). 

Conforme an§lise dos dados de ONS (2025a), os principais fatores que levaram 

aos cortes em 2024 foram Confiabilidade (5,4%) e Raz«o Energ®tica (3,1%). Entretanto, 

em 2025, ano em que, at® o m°s de agosto, quase 16% da gera­«o e·lica e solar j§ 

sofreu cortes, a situa­«o se inverteu. Atualmente, o fator de Raz«o Energ®tica se tornou 

a principal causa das restri­»es. Clique ou toque aqui para inserir o texto.E segundo 
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proje­»es (ONS, 2025b), ® prov§vel que essa situa­«o se mantenha at® pelo menos 

2029.  

Grande parte da justificativa para esse fen¹meno vem do crescimento 

exponencial ï e al®m do que qualquer proje­«o de tend°ncia previsto ï que a Micro e 

Mini Gera­«o Distribu²da (MMGD) teve nos ¼ltimos anos (EPE, 2025e). Como os 

sistemas de Recursos Energ®ticos Distribu²dos (REDs), incluindo MMGD, n«o est«o sob 

a gest«o do ONS, suas contribui­»es de energia ao sistema n«o s«o pass²veis de 

controle direto, aumentando a severidade das restri­»es impostas ¨ gera­«o das fontes 

vari§veis centralizadas, que agora acabam configurando uma sobreoferta de energia 

(ONS, 2025b). 

Al®m disso, o perfil de gera­«o da MMGD, composta principalmente pela 

gera­«o solar fotovoltaica, acaba trazendo outra complexidade operativa ao sistema: 

analisando-se o perfil di§rio de gera­«o e carga, a sa²da de opera­«o das usinas solares 

distribu²das coincide com o momento de aumento mais acentuado da carga bruta, ao 

final da tarde (EPE, 2023). Diante disso, o perfil di§rio da carga l²quida, resultado da 

subtra­«o da carga bruta menos a oferta, chega ao seu pico seguida de uma rampa 

muito acentuada, ou seja, de uma varia­«o abrupta de carga entre dois instantes de 

tempo. Essa situa­«o ® cr²tica pois quando rampas acentuadas ocorrem em momentos 

de carga j§ elevada, ® prov§vel que boa parte do recurso do sistema j§ esteja alocado 

para o atendimento ̈  carga m§xima (EPE, 2023). 

A combina­«o desses fatores leva, ent«o, ¨ necessidade de entrada em 

opera­«o de usinas que possam suprir o crit®rio de flexibilidade ao sistema, ou seja, de 

atender ¨s rampas. Dentre as op­»es dispon²veis, destacam-se as tecnologias 

control§veis e com despacho centralizado pelo ONS, como as hidrel®tricas (UHE) e as 

termel®tricas (UTE) (EPE, 2023). Nesse contexto, as fontes n«o control§veis continuam 

desempenhando o papel de fornecer o servi­o de energia ao sistema, por®m apenas 

para a demanda que n«o ® atendida pela MMGD. 

Sendo a fonte e·lica offshore de natureza intermitente e n«o control§vel, 

provavelmente ela enfrentar§ os mesmos desafios que a fonte e·lica onshore vem 

enfrentando nessa nova configura­«o operativa do SEB, como j§ vem acontecendo em 

outros pa²ses (IEA, 2024). Por®m, por ser uma fonte que j§ ® sabidamente mais cara e 

complexa que a op­«o onshore, a gera­«o el®trica offshore centralizada poder§ ser 

ainda mais impactada num cen§rio de altos n²veis de curtailment, o que aumenta ainda 

mais os riscos relacionados ¨ remunera­«o dos investidores. 

Todavia, a criticidade da situa­«o poder§ ser minimizada caso o recurso e·lico 

offshore do Brasil consiga, de alguma forma, fornecer energia exatamente nos 
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momentos mais cr²ticos da opera­«o do sistema, ou se mostre pouco vari§vel, 

permitindo uma melhor previs«o da gera­«o e um maior n²vel de confiabilidade. 

Entretanto, essa possibilidade ainda n«o ® analisada pela falta de medi­»es de recurso 

e·lico offshore de longo prazo que permitam uma avalia­«o robusta da real contribui­«o 

que a e·lica offshore pode trazer ao SEB. 

Diante do apresentado, ® poss²vel concluir que no horizonte de curto/m®dio 

prazo a e·lica offshore n«o se mostra uma alternativa competitiva ou essencial para a 

composi­«o da matriz el®trica brasileira. Pelo contr§rio, no cen§rio atual de mudan­a de 

paradigmas que o SEB enfrenta, sua inser­«o pode agravar a j§ cr²tica situa­«o do 

curtailment e, ao mesmo tempo, os cortes de remunera­«o tornar«o ainda mais dif²cil 

para a e·lica offshore alcan­ar competitividade nesse contexto. 

Clique ou toque aqui para inserir o texto.N«o h§ uma pol²tica energ®tica que 

esteja conduzindo o desenvolvimento da fonte atualmente no Brasil. Esse fato dificulta 

ainda mais a sua inser­«o, posto que, idealmente, a defini­«o de metas por parte do 

governo ® o primeiro passo para o desenvolvimento de mercados e·licos offshore, 

sendo uma forma de dar direcionamento e previsibilidade a uma ind¼stria cuja 

viabiliza­«o depende de escala (WORLD BANK GROUP, 2025). 

Em resumo, do ponto de vista energ®tico e clim§tico, o Brasil n«o possui a 

mesma motiva­«o ï e at® mesmo urg°ncia ï que se v° em outros pa²ses para estimular 

a fonte e·lica offshore no curto/m®dio prazo, a qual geralmente est§ baseada na 

necessidade de aumentar a seguran­a energ®tica ou de se investir na descarboniza­«o 

da matriz el®trica. Entretanto, h§ dois pontos de que, de certa forma, contrap»em essa 

vis«o, e que ser«o discutidos nas pr·ximas se­»es. 

2.1.2. Cen§rios futuros: mirando a Transi­«o Energ®tica 

O primeiro contraponto ® que a fonte e·lica offshore pode trazer grandes 

benef²cios no longo prazo, diante de um contexto mais amplo de Transi­«o Energ®tica 

nacional, em que a demanda por eletricidade renov§vel e confi§vel cres­a al®m do que 

as proje­»es nacionais oficiais apontam para o horizonte de curto e m®dio prazo, como 

tratado anteriormente.  

Isso porque grandes montantes de eletricidade podem ser requeridos para 

demandas que atualmente n«o est«o atuando, como para a produ­«o de hidrog°nio 

verde, para o consumo el®trico em data centers e pela intensifica­«o da eletrifica­«o de 

processos de outras atividades (DNV, 2025, IEA, 2024). No que tange essa ¼ltima, a 

eletricidade renov§vel pode ser um vetor importante para a descarboniza­«o dos 
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setores de transportes e ind¼stria, que apresentaram baixos n²veis de renovabilidade de 

25,7% e 64,4%, respectivamente, em 2024 (EPE, 2025a). 

Ainda em 2018, uma discuss«o acerca do potencial da fonte foi introduzida na 

Nota T®cnica Potencial dos Recursos Energ®ticos no Horizonte 2050 da EPE (EPE, 

2018), que serviu de base para os estudos do Plano Nacional de Energia 2050 (PNE), 

que representa o planejamento energ®tico de longo prazo do Brasil (EPE, 2025g). Um 

exerc²cio realizado nesse documento demonstrou que apenas com uma redu­«o de 

20% do CAPEX considerado para a fonte no documento seria vista a entrada de 16 GW 

de capacidade at® 2050, mantidas fixas as outras premissas da modelagem. 

Para o novo plano de longo prazo do setor energ®tico brasileiro, o Plano Nacional 

de Energia 2055 (EPE, 2025c), as tend°ncias mencionadas de aumento da demanda 

el®trica ser«o exploradas. A EPE divulgou os 5 cen§rios que ser«o analisados no estudo, 

e que variam entre si, em suma, de acordo com o alcance de fatores habilitadores para 

a Transi­«o Energ®tica e o n²vel de governan­a para um modelo de desenvolvimento 

sustent§vel alinhado ¨ agenda clim§tica.  

Em 2 desses cen§rios o Brasil alcan­a o NetZero no setor de energia em 2050, 

e o mais ambicioso ® atingido atrav®s de trajet·rias bem-sucedidas de coordena­«o 

entre pol²ticas, capta­«o de investimentos, investimentos em inova­«o, regula­«o e 

redu­«o de custos para tecnologias de baixo carbono, pol²ticas de neoindustrializa­«o, 

redu­«o da pobreza energ®tica, descarboniza­«o no transporte e na ind¼stria, entre 

(EPE, 2025c). Os resultados, ainda n«o divulgados, indicar«o o papel que a energia 

e·lica offshore poder§ exercer nesses cen§rios de longo prazo e, principalmente, no 

©mbito de uma Transi­«o Energ®tica justa. 

2.1.3. E·lica offshore para al®m da Pol²tica Energ®tica 

Outra quest«o relevante para o desenvolvimento do mercado e·lico offshore no 

Brasil reside nas externalidades positivas que a fonte pode trazer. Tamb®m diante desse 

contexto de Transi­«o Energ®tica para al®m do setor el®trico, muito se fala sobre a 

neoindustrializa­«o do pa²s e, em especial, sobre a neoindustrializa­«o verde 

(ARBACHE, 2023, BNDES, 2023). Este conceito versa sobre a oportunidade de um pa²s 

voltar a estimular a ind¼stria nacional, apostando em uma produ­«o menos carbono-

intensiva e na manufatura de produtos verdes e de maior valor agregado (GESEL, 2024). 

O governo brasileiro instituiu em 2024, atrav®s do Minist®rio do Desenvolvimento, 

Ind¼stria, Com®rcio e Servi­os (MDIC), a pol²tica industrial chamada de Nova Ind¼stria 

Brasil (NIB) (MINIST£RIO DA FAZENDA, 2025). A pol²tica tem como objetivo 
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impulsionar o desenvolvimento da ind¼stria nacional at® 2033, apostando na expans«o 

e moderniza­«o do parque industrial brasileiro e em uma ind¼stria mais verde, com 

incentivo de pr§ticas sustent§veis e descarboniza­«o do setor industrial. Para tal, o 

programa prev° investimentos de R$300 bilh»es at® 2026, distribu²dos em 

financiamentos, recursos n«o reembols§veis e participa­»es acion§rias, administrados 

pelo Banco Nacional de Desenvolvimento Econ¹mico e Social (BNDES), Financiadora 

de Estudos e Projetos (Finep) e Empresa Brasileira de Pesquisa e Inova­«o Industrial 

(Embrapii) (MINIST£RIO DA FAZENDA, 2025). 

Nesse sentido, a e·lica offshore pode ser um vetor energ®tico que estimule e 

permita o desenvolvimento de outras cadeias produtivas de baixo carbono que 

necessitam de grandes montantes de energia renov§vel para se estabelecer. Um 

exemplo ® a do hidrog°nio verde (produzido atrav®s da eletr·lise da §gua), que, por sua 

vez, pode viabilizar a produ­«o de commodities verdes, como a­o verde, am¹nia verde 

e combust²veis sint®ticos (DNV, 2025, IEA, 2024), dentro de uma estrat®gia intersetorial 

de Transi­«o Energ®tica nacional e global. 

Al®m disso, se a instala­«o de capacidade e·lica offshore tiver escala e 

previsibilidade e, assim, vier acompanhada do desenvolvimento da cadeia de 

suprimentos e da infraestrutura de apoio (incluindo a portu§ria), se desenha uma grande 

oportunidade para a retomada de investimentos na ind¼stria nacional e para a cria­«o 

de emprego e renda. Sendo assim, o desenvolvimento da e·lica offshore pode n«o se 

limitar apenas a uma estrat®gia de pol²tica energ®tica, mas tamb®m de pol²tica 

econ¹mica e industrial no Brasil. 

2.2. O papel do governo 

Segundo a IEA, por mais que as tecnologias de energia renov§vel estejam se 

tornando cada vez mais competitivas, pol²ticas de apoio governamental seguem sendo 

os principais fatores motivadores de investimento e desenvolvimento no mundo (IEA, 

2024). 

Como comentado no Cap²tulo 1 desta tese, segundo o guia sobre fatores-chave 

para o sucesso da e·lica offshore em mercados emergentes, publicado pelo Banco 

Mundial (WORLD BANK GROUP, 2025), o ideal ® que os novos mercados sigam a 

l·gica de, primeiramente, estabelecer uma estrat®gia de desenvolvimento da fonte, com 

clareza acerca do papel que a e·lica offshore pode desempenhar no contexto da matriz 

energ®tica e dos planos de desenvolvimento econ¹mico do pa²s, e com foco na atra­«o 

de investimentos. Em seguida, devem ser estabelecidas as pol²ticas que concretizam 
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essa estrat®gia, que incluem a defini­«o de metas est§veis de longo prazo para a adi­«o 

de capacidade, al®m do desenvolvimento da cadeia de suprimentos, promo­«o da 

redu­«o de custos e engajamento de atores estrat®gicos. Apenas depois disso, deve 

ser constru²do o arcabou­o legal e normativo que ir§ balizar a implementa­«o das 

pol²ticas e a promo­«o de outras quest»es de suporte ao desenvolvimento do mercado. 

O Brasil n«o vem seguindo essa l·gica. Primeiro porque, como j§ comentado, 

n«o se v° a necessidade do ponto de vista do planejamento energ®tico, de se 

desenvolver a fonte no curto/m®dio prazo e, por isso, n«o h§ metas de instala­«o. Os 

avan­os do mercado v°m ganhando momento pelo interesse da pr·pria ind¼stria sobre 

o vasto potencial e·lico offshore brasileiro (EPE, 2020a). Em consequ°ncia disso, 

apesar de n«o haver uma pol²tica energ®tica que direcione as a­»es governamentais 

para fomentar esse desenvolvimento, se viu a necessidade de cria­«o de um ambiente 

equilibrado e regrado para o futuro mercado que vem se delineando. 

Nesse contexto, o governo brasileiro come­ou a discutir, a investir em 

capacita­«o t®cnica e produ­«o de conhecimento nacional, e a construir o arcabou­o 

regulat·rio da fonte, que vem se concretizando nos ¼ltimos anos. As principais iniciativas 

nacionais em curso que auxiliam na forma­«o de um ambiente favor§vel ao 

desenvolvimento da fonte e·lica offshore no Brasil, e as lacunas que ainda persistem, 

ser«o discutidos abaixo. 

2.2.1. Constru­«o do Arcabou­o Regulat·rio 

A principal iniciativa do governo brasileiro em prol do desenvolvimento da fonte 

e·lica offshore, e que tem se mostrado primordial para balizar as demais a­»es, ® a 

constru­«o do arcabou­o regulat·rio da fonte. Para descrever a sua evolu­«o e as 

iniciativas que a circundaram, esta se­«o exp»e primeiramente o hist·rico dessa 

constru­«o, at® chegar ¨ legisla­«o vigente, marcada pela recente publica­«o da Lei no 

15.097/2025 (BRASIL, 2025). 

2.2.1.1. Hist·rico da Regulamenta­«o 

Por ainda n«o haver uma lei espec²fica vigente ̈ ®poca, foi publicado, em 2022, 

o Decreto no 10.946 (BRASIL, 2022), que disp»e sobre a cess«o de uso do espa­o 

marinho para a gera­«o de energia el®trica offshore, n«o limitada ¨ energia e·lica. Esse 

era o principal instrumento legal que direcionava as discuss»es do setor e·lico offshore. 

O decreto introduziu, por exemplo, os conceitos referentes ¨s premissas norteadoras da 

cess«o de uso; aos procedimentos de cess«o ï originalmente chamados de Cess«o 
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Planejada e Independente; e ¨ emiss«o das Declara­»es de Interfer°ncia Pr®via (DIP), 

que deveriam ser emitidas por nove ·rg«os e entidades governamentais e possuem a 

finalidade de identificar a exist°ncia de interfer°ncia do prisma em outras instala­»es ou 

atividades. 

Al®m do decreto, tamb®m foram publicadas 2 portarias. A primeira, a Portaria 

Normativa no 52/GM/MME/2022 (MME, 2022b), estabelece as normas e procedimentos 

complementares relativos ¨ cess«o de uso onerosa para explora­«o de energia el®trica 

offshore. Na portaria, foram abordadas quest»es referentes ¨ §rea m§xima a ser cedida 

por contrato e ao pagamento devido ¨ Uni«o pelo uso do bem p¼blico. Essas duas 

quest»es deram origem a duas Notas T®cnicas, produzidas pela EPE e publicadas em 

2024 (EPE, 2024b, a) em que as abordagens poss²veis para o Brasil foram discutidas, 

com base na an§lise da experi°ncia internacional. 

A outra portaria publicada foi a Portaria Interministerial MME/MMA no 3/2022 

(MME, 2022a), que instituiu a cria­«o do Portal Đnico de Gest«o do Uso de Ćreas 

Offshore para Gera­«o de Energia (PUG-Offshore). A ideia do portal ® que ele sirva 

como um balc«o ¼nico para a gest«o unificada das demandas de cess«o de uso, seu 

acompanhamento, e divulga­«o de informa­»es. Atualmente, o portal ainda n«o est§ 

implementado. 

A experi°ncia internacional mostra que, para o estabelecimento da ind¼stria 

e·lica offshore ser bem sucedido, ® essencial que haja coordena­«o e colabora­«o 

entre as diversas institui­»es governamentais envolvidas no processo (WORLD BANK 

GROUP, 2025). No que toca essa quest«o, o Brasil conta com institui­»es fortes e uma 

governan­a bem estabelecida dentro de seu setor de energia, fatores que auxiliam no 

engajamento, alinhamento de entendimentos e no planejamento das a­»es 

governamentais nessa pauta.  

Nesse ©mbito, em 2024, foi formado o Grupo de Trabalho (GT) E·licas Offshore 

(MME, 2025), cujo objetivo ® coordenar as iniciativas t®cnicas para a­»es em n²vel 

federal voltadas ao desenvolvimento da energia e·lica offshore no Brasil. O GT ® 

coordenado pelo MME e composto por representantes de mais 21 institui­»es cujas 

compet°ncias englobam temas relacionados ao seu objetivo. As atividades do GT v°m 

incluindo reuni»es de capacita­«o t®cnica e papel consultivo no ©mbito das decis»es do 

MME. 
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2.2.1.2. Lei no 15.097 e arcabou­o infralegal 

No in²cio de 2025, foi sancionada a Lei no 15.097 (BRASIL, 2025), que disciplina 

o aproveitamento de potencial energ®tico offshore. A lei disp»e sobre o aproveitamento 

de bens da Uni«o ï o espa­o marinho, neste caso ï para a gera­«o de energia el®trica 

a partir de empreendimento offshore, e diz que o direito de uso para tal fim ser§ objeto 

de outorga pelo Poder Executivo, mediante autoriza­«o ou concess«o. O texto da Lei 

mant®m semelhan­as com o Decreto supracitado, como a exist°ncia de duas 

modalidades de cess«o, mas que passaram a ser denominadas Planejada e 

Permanente, como ser§ detalhado nesta se­«o. 

Conforme apresentado na Figura 1, a cess«o de uso da §rea ® precedida pelo 

processo de identifica­«o de §reas que ser«o pela ofertadas pelo Poder Concedente, 

seja em modalidade de Oferta Planejada ou Permanente. Uma vez cedida a §rea, a 

cess«o de uso ® dividida em fases, sendo a primeira a Fase de Avalia­«o. Nesta fase, 

o desenvolvedor detentor da cess«o tem direito de uso exclusivo de §rea para a 

realiza­«o dos estudos t®cnicos que embasar«o a Declara­«o de viabilidade do 

empreendimento a ser proposto, bem como servir«o de insumo para o processo de 

licenciamento ambiental, este conduzido pelo Instituto Brasileiro do Meio Ambiente e 

dos Recursos Naturais Renov§veis (IBAMA). Caso o projeto proposto seja declarado 

vi§vel e obtenha as licen­as necess§rias, se inicia a Fase de Execu­«o, que engloba a 

implanta­«o e a opera­«o do empreendimento. 

£ importante ressaltar que, como definido na Lei no 15.097/2025 (BRASIL, 2025), 

a cess«o de uso n«o engloba a autoriza­«o para gera­«o el®trica, nem garante a futura 

comercializa­«o da energia el®trica que ser§ produzida pelo projeto e·lico offshore. A 

explora­«o do servi­o de gera­«o el®trica dever§ ser outorgada pela Ag°ncia Nacional 

de Energia El®trica (ANEEL) em procedimento posterior e independente do 

procedimento da cess«o de uso da §rea. 
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Figura 1. Procedimentos de cess«o de uso estipulados na Lei no 15.097/2025.  
Fonte: elabora­«o pr·pria, baseada em (BRASIL, 2025). 

 

Como comentado, a cess«o de uso pode ser realizada atrav®s de duas 

modalidades, sendo: 

¶ Oferta Planejada: procedimento no qual o poder concedente oferece 

prismas1 pr®-delimitados para explora­«o conforme planejamento espacial 

do ·rg«o competente, na modalidade de concess«o, mediante procedimento 

licitat·rio. 

¶ Oferta Permanente: procedimento no qual os prismas s«o delimitados a 

partir da solicita­«o de desenvolvedores interessados, na modalidade de 

autoriza­«o. 

O fluxograma abaixo (Figura 2) ilustra o rito processual dentro de cada 

modalidade de cess«o e a rela­«o entre elas. Dentro da Oferta Permanente, caso haja 

mais de 1 interessado no prisma proposto por um empreendedor e anunciado em 

chamada p¼blica, ou caso haja prismas parcial ou totalmente sobrepostos, o prisma 

dever§ ir a leil«o, passando a seguir o procedimento da Oferta Planejada. 

Em ambos os casos, os desenvolvedores interessados dever«o ser avaliados 

conforme requisitos de qualifica­«o, que ainda ser«o definidos em normativas 

espec²ficas, mas que t°m como objetivo garantir que os vencedores da cess«o tenham 

condi­»es efetivas de desenvolver projetos e·licos offshore. 

J§ para o caso de ocorr°ncia de leil«o, ou seja, de um processo licitat·rio 

competitivo para estipular o vencedor da cess«o da §rea ofertada, dever«o ser 

estipulados crit®rios de julgamento e compara­«o dos interessados. Conforme tratado 

 
1 Segundo a Lei 15.097/2025 (BRASIL, 2025), prisma ® o prisma vertical de profundidade 

coincidente com o leito subaqu§tico, com superf²cie poligonal definida pelas coordenadas 
geogr§ficas de seus v®rtices, onde poder«o ser desenvolvidas atividades de gera­«o de energia. 
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na Nota T®cnica ñConsidera­»es sobre valor devido ¨ Uni«o pela cess«o de §reaò, da 

EPE (EPE, 2024b), em alguns pa²ses os crit®rios de julgamento se baseiam unicamente 

no pagamento ofertado pela §rea. Em outros, ocorre o que se chama de ñbeauty contestò, 

que ® quando crit®rios n«o-econ¹micos (IEA, 2024) tamb®m s«o considerados no 

processo competitivo. 

 

 

Figura 2. Fluxograma das etapas de Oferta Planejada e Permanente, conforme a Lei no 
15.097/2025.  

Fonte: elabora­«o pr·pria, baseada em (BRASIL, 2025). 

 

Pelo apresentado, ® poss²vel perceber que defini­»es e detalhamentos acerca 

da execu­«o dos procedimentos de cess«o via Oferta Planejada e Permanente ainda 

precisam ser regulamentados pelo governo dentro do arcabou­o infralegal, na poss²vel 

forma de decretos e portarias. Esses detalhamentos devem incluir, por exemplo, prazos, 

institui­»es respons§veis, e o estabelecimento dos requisitos de qualifica­«o e crit®rios 

de julgamento nos procedimentos competitivos. 

Outras duas quest»es que ainda suscitam d¼vidas no setor, e que muito se 

relacionam ¨ colet©nea de artigos que comp»em esta tese, dizem respeito aos 

pagamentos devidos ¨ Uni«o pela cess«o da §rea e ao processo de identifica­«o de 

§reas a serem ofertadas (ver Figura 1), ambos mencionados na Lei no 15.097/2025 

(BRASIL, 2025). As se­»es a seguir exploram essas quest»es. 
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2.2.2. Pagamentos devidos ̈  Uni«o pela cess«o da §rea 

Uma defini­«o j§ estipulada no ©mbito legislativo ® a estrutura de pagamentos 

devidos, por parte dos futuros desenvolvedores de projetos, pelo uso do bem p¼blico. 

Segundo a Lei no 15.097/2025 (BRASIL, 2025), haver§ 3 parcelas de pagamentos, 

sendo: 

ñI - b¹nus de assinatura, que ter§ seu valor estabelecido no edital e no 

respectivo termo de outorga e corresponder§ ao pagamento ofertado na 

proposta para obten­«o da outorga; 

II - taxa de ocupa­«o da §rea, calculada em real por quil¹metro quadrado 

(R$/km2), cujo pagamento ser§ realizado anualmente; 

III - participa­«o proporcional, que ser§ paga mensalmente, a partir da data de 

entrada em opera­«o comercial, correspondente a percentual, a ser 

estabelecido no edital, do valor da energia gerada pelo empreendimento, 

calculado conforme o regulamento.ò 

Est§ proposto na lei que as parcelas de b¹nus de assinatura e taxa de ocupa­«o 

da §rea ser«o destinadas ¨ Uni«o, sendo que esta ¼ltima dever§ ser destinada 

prioritariamente a a­»es de pesquisa, desenvolvimento e inova­«o associadas a energia 

e ind¼stria. J§ a parcela de participa­«o proporcional, ser§ dividida entre: Uni«o (50%); 

Estados (12,5%) e Munic²pios (12,5%) confrontantes nos quais est«o situadas as 

retro§reas de conex«o ao SIN; Fundo de Participa­«o dos Estados e do Distrito Federal 

(FPE) (10%); Fundo de Participa­«o dos Munic²pios (FPM) (10%); projetos de 

desenvolvimento sustent§vel e econ¹mico habilitados pelo Poder Executivo da Uni«o, 

destinados e repartidos de maneira justa e equitativa ¨s comunidades impactadas nos 

Munic²pios confrontantes (5%). 

Os valores das respectivas parcelas dever«o ser estipulados conforme 

arcabou­o infralegal a ser desenvolvimento pelo governo. Para embasar tecnicamente 

essa decis«o, e como anteriormente mencionado, a EPE publicou, em 2024, a Nota 

T®cnica ñConsidera­»es sobre valor devido ¨ Uni«o pela cess«o de §reaò (EPE, 2024b). 

No estudo, foi apresentada a experi°ncia de 14 pa²ses com cobran­as para projetos 

e·licos offshore, e tamb®m a experi°ncia brasileira com a cobran­a de Uso do Bem 

P¼blico (UBP) para usinas hidrel®tricas, e no setor de Petr·leo e G§s Natural. 

A an§lise da experi°ncia internacional da Nota (EPE, 2024b) concluiu que 

existem diversas abordagens para a cobran­a pelo uso da §rea marinha, podendo incidir 

sobre a §rea ocupada ($/kmĮ), sobre a pot°ncia do projeto ($/MW) ou sobre a energia 

gerada ($/GWh), refletindo uma taxa operacional. A Figura 3 ilustra as diferentes 
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abordagens de cobran­a, diferenciadas por cores, juntamente com os mercados em que 

s«o aplicadas, e a fase de projeto em que s«o cobradas (quando aplic§vel), conforme 

apresentado na Nota (EPE, 2024b). 

 

 

Figura 3. Formas de cobran­a pela cess«o da §rea em diferentes mercados.  
Fonte: elabora­«o pr·pria, a partir de (EPE, 2024b). 

 

Antes do leil«o de cess«o da §rea, pode ser cobrado um aporte de garantia (ou 

cau­«o) para participa­«o na licita­«o; no momento do leil«o, entra a parcela an§loga 

ao b¹nus de assinatura, o qual, muitas vezes, ® o crit®rio de sele­«o da proposta 

vencedora; em seguida, alguns pa²ses cobram um aluguel pelo uso da §rea ao longo de 

toda vida ¼til do projeto; outros dividem essa parcela entre uma taxa de ocupa­«o, 

durante a fase de desenvolvimento, estudos e implementa­«o, e uma taxa operacional, 

que pode ser uma fra­«o do lucro do projeto com a gera­«o el®trica, durante a fase de 

opera­«o (Figura 3). 

Alguns pa²ses, como Dinamarca e Pa²ses Baixos, cobram apenas um reembolso 

pelos custos do governo com o processo licitat·rio ou com estudos realizados. Ou seja, 

nesses e em alguns outros mercados, como Col¹mbia e Jap«o, n«o h§ cobran­a 

expl²cita pelo uso da §rea, havendo apenas um aporte de garantia para participa­«o no 

leil«o. Essa abordagem ® uma forma de estimular o desenvolvimento da fonte. 

Quando h§ cobran­as expl²citas, elas s«o realizadas sob formas an§logas ¨s 

parcelas que est«o propostas para o Brasil, incidindo em diferentes momentos da vida 

¼til do projeto (mas n«o necessariamente em todas): ainda na fase de leil«o, durante o 

desenvolvimento e/ou depois da constru­«o, na fase de opera­«o (Figura 3). Alguns 
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mercados de refer°ncia que, assim como acontecer§ no Brasil, tamb®m cobram as 3 

parcelas (b¹nus de assinatura, taxa de ocupa­«o e participa­«o proporcional/taxa 

operacional) incidindo ï e se substituindo ï ao longo da vida ¼til do projeto s«o Reino 

Unido e Estados Unidos. 

Diante do exposto, fica claro que, caso n«o haja cuidado em se estipular os 

valores a serem pagos em cada parcela de pagamento constante na Lei, os 

desenvolvedores de parques e·licos offshore poder«o ter que arcar com custos 

elevados, unicamente direcionados ao governo, antes mesmo de comprovarem a 

viabilidade de seu projeto, ou de come­arem a receber receita pela venda da energia 

produzida. 

2.2.3. Metodologia de sele­«o de §reas para oferta para energia 
e·lica offshore 

O espa­o marinho ® um bem da Uni«o e, portanto, ® papel do governo n«o 

apenas conduzir a cess«o de uso do espa­o e cobrar por tal, mas tamb®m garantir o 

uso eficiente e a harmoniza­«o das diferentes atividades em curso.  

Nesse contexto, a Lei no 15.097/2025 (BRASIL, 2025) coloca que o direito de 

uso de bens da Uni«o para gera­«o el®trica offshore ser§ objeto de outorga pelo Poder 

Executivo, mediante autoriza­«o ou concess«o, nos termos desta Lei, bem como da Lei 

nÜ 9.074, de 7 de julho de 1995, no que couber. E dentre os princ²pios e fundamentos 

da referida Lei est«o, dentre outros, o desenvolvimento sustent§vel, a prote­«o e defesa 

do meio ambiente e da cultura oce©nica e o respeito ¨s atividades que tenham o mar e 

o solo marinho como meio ou objeto de afeta­«o. 

Al®m disso, a pr·pria Lei no 15.097/2025 j§ aponta diretrizes que visam a 

compatibiliza­«o dos diversos usos do espa­o, vedando a constitui­«o de prismas em 

§reas coincidentes com: ñI - blocos licitados no regime de concess«o ou de partilha de 

produ­«o de petr·leo, de g§s natural e de outros hidrocarbonetos fluidos, ou sob regime 

de cess«o onerosa, no per²odo de vig°ncia dos contratos e respectivas prorroga­»es; II 

- rotas de navega­«o mar²tima, fluvial, lacustre ou a®rea; III - §reas protegidas pela 

legisla­«o ambiental; IV - §reas tombadas como paisagem cultural e natural nos s²tios 

tur²sticos do Pa²s; V - §reas reservadas para a realiza­«o de exerc²cios pelas For­as 

Armadas; VI - §reas designadas como Termo de Autoriza­«o de Uso Sustent§vel (Taus) 

no mar territorialò (BRASIL, 2025). 

Segundo a Lei no 15.097/2025 (BRASIL, 2025), o governo tem a prerrogativa de 

realizar a Oferta Planejada. Todavia, mesmo que na Oferta Permanente os interessados 
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possam indicar a escolha locacional de seu prisma de interesse, n«o ® todo o espa­o 

marinho que est§ apto a receber projetos e·licos offshore. 

Na etapa de planejamento do setor, o Brasil possui a oportunidade de se 

antecipar ¨ ocorr°ncia de erros j§ cometidos em outros pa²ses e em outros setores e de 

iniciar seu desenvolvimento de maneira organizada e bem-informada. Essa estrat®gia 

permite a redu­«o de riscos ao mercado, ao governo e ¨ sociedade, principalmente no 

que diz respeito a evitar conflitos com outros usu§rios do espa­o marinho e 

incompatibilidades extremas que poderiam ser motivo de atrasos e negativas durante o 

processo de licenciamento ambiental. 

Com base nessas diretrizes, o governo brasileiro vem construindo um processo 

robusto para a sele­«o das §reas que ser«o ofertadas para cess«o de uso por projetos 

e·licos offshore, que culminou no desenvolvimento de uma metodologia pela EPE (EPE, 

2025d). Esse esfor­o ® uma forma de demonstra­«o de suporte ao desenvolvimento 

sustent§vel das e·licas offshore no Brasil, e do comprometimento por parte do governo 

federal em estabelecer um processo claro, robusto e participativo. 

Em julho de 2025, a EPE colocou em Consulta P¼blica a primeira vers«o da Nota 

T®cnica ñGera­«o E·lica Offshore: Proposta de metodologia para sele­«o de §reas para 

ofertaò (EPE, 2025d). A abordagem proposta ® similar a que ® atualmente empregada 

nos mercados mais avan­ados, fazendo uso de exclus»es espaciais e outros 

ponderamentos para identificar as §reas mais favor§veis, de menor custo e com 

menores riscos para o in²cio do desenvolvimento. 

Como ilustrado na Figura 4, o racioc²nio por tr§s da metodologia ® fazer um 

refinamento espacial a partir da Zona Econ¹mica Exclusiva (ZEE) brasileira, 

identificando: Regi»es Vi§veis, que s«o, de maneira grosseira, as §reas sem 

impedimentos, ou seja, sem restri­»es legais e com m²nima viabilidade para a gera­«o 

e·lica offshore, conforme a tecnologia atual; Ćreas de Interesse, que j§ s«o §reas 

favor§veis em termos tecnol·gicos e socioambientais; e, por fim, os Setores para Oferta, 

que ser«o as §reas indicadas para oferta dentro do procedimento de cess«o de uso. 

Entretanto, a metodologia n«o se prop»e a delimitar os prismas, que j§ seriam as §reas 

ocupadas por cada projeto espec²fico. 
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Figura 4. Escopo e nomenclatura da metodologia de sele­«o de §reas para oferta proposta 
pela EPE, em consulta p¼blica.  

Fonte: (EPE, 2025d). 

 

A referida Nota apresenta, primeiramente, an§lises dos crit®rios espaciais para 

a aloca­«o de projetos e·licos offshore constantes em normativos vigentes no Brasil, da 

experi°ncia nacional com instrumentos de planejamento do espa­o marinho, e da 

experi°ncia internacional com o planejamento da oferta de §reas para cess«o para 

e·licas offshore.  

Finalmente, ® apresentada a proposta metodol·gica para a sele­«o de §reas 

para oferta no Brasil. Como pode ser visto na Figura 5, a metodologia consiste em 3 

etapas e compreende um processo participativo, que inclui consultas ao j§ mencionado 

GT Interministerial E·licas Offshore (MME, 2025) a atores estrat®gicos e ¨ sociedade. 

Na Etapa I, s«o impostas exclus»es espaciais para remover as §reas que 

possuem algum tipo de impedimento ou veda­«o de cunho legal ou tecnol·gico, ou seja, 

consideradas invi§veis para o desenvolvimento de projetos e·licos offshore. Na Etapa 

II tamb®m s«o impostas exclus»es espaciais, por®m buscando selecionar as §reas que 

apresentam maior viabilidade t®cnico-econ¹mica e com menor possibilidade de gerar 

conflitos e impactos socioambientais. Para tal, s«o empregadas restri­»es tecnol·gicas, 

econ¹micas e relacionadas a sensibilidades sociais e ambientais de n²vel extremo. 

J§ na Etapa III, ser§ realizada uma prioriza­«o, e n«o mais uma exclus«o 

espacial, das §reas resultantes da etapa anterior, baseada em um compromisso entre 

fatores que devem ser avaliados simultaneamente para a tomada de decis«o. Para isso, 

ser«o consideradas as sensibilidades sociais e ambientais n«o-extremas, e crit®rios 

energ®tico-econ¹micos, esses ¼ltimos avaliados dentro de uma An§lise Multicrit®rio. 
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Figura 5. Esquema do fluxo de processos da metodologia de sele­«o de §reas para oferta 
proposta pela EPE.  

Fonte: elabora­«o pr·pria, a partir de (EPE, 2025d). 

 

2.2.4. Pr·ximos passos e estudos de apoio 

£ importante ressaltar que a referida Nota T®cnica (EPE, 2025d) traz apenas a 

proposta do racioc²nio e do fluxo de procedimentos da metodologia de sele­«o de §reas 

para oferta. E uma das premissas colocadas ® a de que a metodologia seja flex²vel e 

adapt§vel aos objetivos de cada rodada de cess«o. Por esse motivo, os crit®rios e limites 

que ser«o empregados em cada etapa da metodologia ainda n«o foram explicitados e 

ser«o definidos durante cada rodada de aplica­«o da metodologia. Sendo assim, ainda 

n«o h§ indica­«o oficial do governo de quais §reas seriam, de fato, mais favor§veis para 

o in²cio do desenvolvimento no Brasil.  

Os Cap²tulos 4 (artigo #2) e 5 (artigo #3) desta tese trazem mapeamentos das 

§reas que podem ser exploradas no Brasil, em diferentes n²veis de potencial, seguindo 

a mesma l·gica da metodologia proposta pela EPE (EPE, 2025d). Al®m disso, no 

momento atual, os artigos passam a servir como exerc²cio de visualiza­«o da aplica­«o 

de diferentes bases de dados e crit®rios locacionais para mapear o potencial e·lico 

offshore do Brasil, podendo auxiliar nas fases posteriores de aplica­«o da metodologia 

de sele­«o de §reas para oferta pela EPE.  
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Na pr§tica, a identifica­«o das §reas a serem ofertadas ® o primeiro passo do 

governo para viabilizar as primeiras cess»es de uso e o acesso ¨s §reas para a 

realiza­«o de estudos espec²ficos e mais aprofundados. Por®m, tamb®m ® importante 

identificar potenciais benef²cios e barreiras no contexto nacional, lan­ar luz sobre a 

proje­«o dos custos que os projetos podem atingir dadas as caracter²sticas da costa 

brasileira, e, diante disso, desenhar eventuais pol²ticas de incentivo ao desenvolvimento 

da fonte. Essas quest»es ser«o abordadas nos Cap²tulos Erro! Fonte de refer°ncia 

n«o encontrada., 5 e 6, respectivamente, buscando atender ao objetivo principal desta 

tese. 
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3.1. Abstract 

Technological development is key for national strategies to cope with the Paris 

Agreementôs goals. Technology Needs Assessments (TNAs) aim to identify, prioritize and 

diffuse climate change mitigation and/or adaptation technologies in developing countries. 

Their methodology include a multi-criteria decision analysis (MCDA) framework but, 

although many countries already conducted a TNA, literature lacks discussions on 

country-specific processes for a TNA, as it usually follows a one-size-fits-all approach. 

This paper provides empirical evidence on the importance of country-driven processes 

that help shaping international programmes into country-specific needs and capabilities. 

It presents lessons learned from a tailored process for identification, prioritization, and 

selection of mitigation technologies in the scope of a TNA project for Brazil, an 

exceptional case of a developing country with strong capacity in integrated assessment 

modelling (IAM) scenarios for guiding its climate strategies. A previous IAM scenario 

result allowed pre-selecting technologies in six key economic sectors, while other TNAs 

prioritized no more than three. This allowed the elaboration of an overall ranking from 

the MCDA, in contrast to sectoral rankings that are mostly employed in other countriesô 

TNAs. The overall ranking serves not only as a basis for the selection of priority 

technologies but also provides information on the integrated innovations framework for 

climate technologies in the country. Further specific findings of the tailored Brazilian TNA 

approach are discussed in the paper in order to call for the importance that a technology 

transfer project should not only be country-driven but also conducted through a country-

specific process. 

Keywords: Brazil; Technology Needs Assessment; Mitigation; Multi-criteria 

Analysis; Analytic Hierarchy Process.   
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3.2. Introduction 

Ninety-five per cent of the 147 non-Annex I parties that presented intended 

Nationally Determined Contributions mentioned the term ñtechnologyò in their voluntary 

goals (UNFCCC, 2016). Therefore, to effectively achieve the global goals accorded in 

the Paris Agreement, technology innovation in developed as well as in developing 

countries is an enabling condition (DE CONINCK, REVI, et al., 2018). Innovation can be 

understood as a novel application of an idea in practice (FAGERBERG, 2009). Some of 

them are categorized as radical innovations (BYRNE, SCHOOTS, et al., 2012), which 

are those directly related to an invention ï the first occurrence of an idea (FAGERBERG, 

2009). Yet, much technology innovation also comes from processes of incremental 

improvements or adaptations of an application to a different context, such as a new 

country or firm (OCKWELL, BYRNE, 2016). Particularly in the case of developing 

countries, adaptative innovation is of central importance (BYRNE, SCHOOTS, et al., 

2012, OCKWELL, BYRNE, 2016). 

This calls for the importance of national systems of innovation (NSI) (BYRNE, 

SCHOOTS, et al., 2012). The NSI concept acknowledges that both radical and 

incremental innovation occur in a network of multiple actors (e.g. research 

institutes/universities, companies/entrepreneurs, government, financial sector, 

users/consumers), their interlinkages and the institutional framework within which they 

operate (BYRNE, SCHOOTS, et al., 2012, DE CONINCK, PUIG, 2015, OCKWELL, 

BYRNE, 2016, SAGAR, 2009). In fact, NSI in many developing countries are weak or 

highly fragmented, which hinders their innovation capabilities (DE CONINCK, PUIG, 

2015, DE CONINCK, SAGAR, 2015a, OCKWELL, BYRNE, 2016).  

In that regard, international technology transfer mechanisms are useful for 

fostering climate technology innovation in developing countries (DE CONINCK, PUIG, 

2015, SAGAR, 2009). Yet, the success of such cooperation mechanisms requires a 

tailored process which considers the specificities of the technology as well as the national 

circumstances (PANDEY, CONINCK, et al., 2022, SAGAR, 2009). Hence, many authors 

argue for the need for bottom-up country-driven approaches in climate technology 

cooperation processes, led by the demands of the recipient country (BOLDT, NYGAARD, 

et al., 2012, BOYD, 2012, DE CONINCK, PUIG, 2015, LIU, LIANG, 2011, OCKWELL, 

BYRNE, 2016, PRASAD, SUD, 2021, PUIG, HASELIP, et al., 2018)  

Technology Needs Assessments (TNA) can be defined as a group of country-

driven activities which aims to the identification, prioritization and diffusion of 

environmentally sound technologies in terms of climate change mitigation and/or 
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adaptation (DE CONINCK, PUIG, 2015, UNEP DTU, 2020). It is a long-standing 

multilateral effort aimed at promoting technology transfer: since 2001 more than 80 

countries published their reports in the official TNA database, and there are some 60 that 

specifically address the identification and prioritization of climate change mitigation 

technologies (HOFMAN, VAN DER GAAST, 2019, PUIG, HASELIP, et al., 2018, UNEP 

DTU, 2020). 

There are three activities in a TNA project, namely (i) identification and 

prioritization of sectors and technologies, (ii) barrier analysis and enabling framework 

identification, and (iii) technology action plan (TAP) (HASELIP, James, NARKEVICIUTE, 

et al., 2019). The first step results in the so-called ñTNA reportsò. It contains significant 

information on the countryôs climate and development priorities, which is obtained from 

the inputs of the engagement of relevant local stakeholders (DE CONINCK, PUIG, 2015, 

HOFMAN, VAN DER GAAST, 2019, PUIG, HASELIP, et al., 2018). Hofman and van der 

Gaast (2019) argue that a country can use the results from a TNA project on its national 

climate strategy, in particular its Nationally Determined Contribution (NDC). The authors 

claim that the degree to which the TNA results could contribute to the countryôs NDC is 

essentially related to its climate NSI strength: for least developed countries and small 

island developing states, the TNA is helpful for capacity building, strategy development, 

and the preparation of projects for investment with international support; for emerging 

markets and newly-industrialized countries, the TNA can serve as a participatory 

approach for climate strategy development; for developed countries, the whole TNA 

process is unnecessary since they generally rely on strong databases and modelling 

capacities, but the participatory approaches and multi-criteria decision analysis (MCDA) 

can be used to fine-tune modelled strategies. Such fine-tuning comes in the aid of 

overcoming the limitations of a purely cost-based strategy that usually results from these 

robust models. In that regard, Grubb et al. (2021) argue that omitting important benefits 

of a low carbon transition, such as the creation and development of new markets and 

jobs, the impacts on air quality and energy prices and the climate risks, creates a bias 

towards inaction. 

In this sense, the case of Brazil presents interesting characteristics for study: 

despite being a developing country, which makes it eligible for a TNA project, Brazil offers 

a strong capability in terms of integrated assessment modelling to support its climate 

strategy. The first Brazilian NDC was also supported by an early version of the  BLUES 

(Brazilian Land Use and Energy Systems) integrated assessment model (IAM) (MCTIC, 

2017, ROCHEDO, SOARES-FILHO, et al., 2018). Moreover, a scenario ran with the 

global IAM COFFEE (COmputable Framework For Energy and the Environment model), 

developed in Brazil, was used as one of the five Illustrative Mitigation Pathways (IMP-
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Neg) in the Six Assessment Report of the Intergovernmental Panel on Climate Change 

(IPCC, 2022). Thus, lessons learned from a TNA report for Brazil can provide valuable 

insights not only for the elaboration of TNAs in other developing countries but also for 

complementing results from IAM scenarios for developed countries with a participatory 

MCDA which considers other aspects than greenhouse gas (GHG) reduction potentials 

and costs. Yet, a critical discussion on the methodology of identification and prioritization 

of climate technologies applied to a TNA case study does not exist in the current 

literature, despite the alleged potential contributions of this process in terms of structuring 

national climate strategies (HOFMAN, VAN DER GAAST, 2019) and strengthening NSI 

through the engagement of relevant stakeholders (DE CONINCK, SAGAR, 2015a). 

Further, while there is agreement on the need for a country-driven approach for TNAs 

(BOLDT, NYGAARD, et al., 2012, HOFMAN, VAN DER GAAST, 2019, OCKWELL, 

BYRNE, 2016, PUIG, HASELIP, et al., 2018), the literature lacks discussions on country-

specificity to the TNA process. 

Hence, this study reviews the processes and results from the first phase of a TNA 

project for mitigation technologies in Brazil. The purpose is to bring the main lessons 

learned from the application of a participatory MCDA methodology for identifying, 

prioritizing, and selecting climate technologies in the country guided by some key 

questions: How climate technologies were pre-selected for the MCDA?; Which MCDA 

tool was employed in the analysis?; How were the criteria chosen and how good are they 

for an MCDA?; How were the priority sectors and technologies determined from the 

MCDA results? For that, section 2 presents general information on the TNA process and 

a brief review of a sample of previous TNA country reports for mitigation technologies. In 

section 3 the methodological procedure adopted in the Brazilian TNA for the selection of 

priority technologies is thoroughly presented, from the pre-selection of technologies to 

the MCDA steps and the selection of technologies from the ranking. In sections 4 and 5 

results are presented and discussed, respectively. This includes analyses of the criteria 

weighting process, the technologiesô performance in the selected criteria and the overall 

ranking obtained from the MCDA. Also, the consistency of the MCDA tool is tested, and 

a statistical analysis is proposed for assessing the quality of the criteria set selected for 

the MCDA. Finally, section 6 summarizes the final considerations of this paper, its 

limitations and proposes topics for future studies. 
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3.3. Technology Needs Assessments 

3.3.1. TNAôs institutional set-up 

Technology Needs Assessments are designed to support developing countries in 

meeting their goals of mitigation and/or adaptation to climate change through 

technological development. The general structure of a TNA project at a national level 

involves the figure of a National Project Coordinator (NPC), a team of National 

Consultants (NCT) and Sectoral Working Groups, in addition to a National Steering 

Committee (NSC). The NPC is the focal point of the UNFCCC in the country and is 

responsible for leading the overall project efforts, facilitating communication between 

components, forming networks, acquiring information, and coordinating and 

communicating products. The NCT has the role of conducting the analytical part of the 

TNA's work, which includes the proposition and application of the method of identification 

and prioritization of technologies. This must have the input of stakeholders, who actively 

work on the project, organized in Sectoral Working Groups according to their respective 

expertise. Finally, the NSC is the instance of the projectôs high-level guidance, which 

should ensure political acceptance and dissemination of the TNA products and results, 

respectively. The NSC meets only a few times during the execution of the project, first 

when the projectôs team is established and then again at the conclusion phase of the 

TAP (HASELIP, James, NARKEVICIUTE, et al., 2019). Figure 1 outlines the overall 

structure of a TNA project. 
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Figure 1. TNA institutional set-up.  
Source: (HASELIP, James Artuhr, NARKEVICIUTE, et al., 2015). 

 

There are three activities in a TNA project, namely (i) identification and 

prioritization of sectors and technologies, (ii) barrier analysis and enabling framework 

identification, and (iii) technology action plan. In general, the outcome of the first step is 

referred to as a ñTNA reportò, while the others are referred to as ñBarrier Analysis and 

Enabling Frameworkò and ñTAP reportò, respectively. Thus, this article uses these 

nomenclatures to name each step. "TNA Project" is used for reference to the full scope 

of the project. 

In the TNA Brazil project, the NCT is composed of academic experts in climate 

technology analysis from two Brazilian universities, the Federal University of Rio de 

Janeiro (UFRJ) and the Federal University of Minas Gerais (UFMG). The NPC of the 

project is a member of the Ministry of Science, Technology and Innovations of Brazil and 

the NSC is composed of the General Climate Coordination of the Ministry of Science, 
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Technologies and Innovations, the Brazilian Cooperation Agency of the Ministry of 

External Relations and the United Nations Environment Programme. Additionally, a 

Technical Advisory Committee (TAC) was instituted by a Ministerial Ordinance in order 

to: (i) monitor and support the execution of the TNA Brazil projectôs work plan; (ii) appoint 

groups of key actors to compose the sectoral working groups; (iii) contribute with 

technical guidance in all stages of the project execution; (iv) review, in its area of 

expertise, products prepared by the NCT; and (v) promote broad participation of key 

actors in the project execution process (BRASIL, 2019a). The TACôs composition was 

also instituted by a Ministerial Ordinance (BRASIL, 2019b) with members legally 

appointed by the ministers of state of Mines and Energy; Environment; Economy; 

Agriculture, Livestock and Supply; Regional Development; Infrastructure; and Science, 

Technologies and Innovations, as well as members of the Energy Research Company, 

the National Petroleum, Natural Gas and Biofuels Agency, the National Confederation of 

Industry, the Financier of Studies and Projects and a designated national authority of the 

Green Climate Fund. The institution of the TAC with such composition members followed 

the recommendations proposed by Hofman and van der Gaast (2019), who argue that 

an interministerial committee "creates active ownership of the process across the 

government and across sectorsò. Moreover, involving high-level policymakers enhances 

the likelihood that there will be political backing for the results of the TNA and financial 

experts should be involved throughout the whole process for reality checks on the 

feasibility of identified technologies and proposed projects (HOFMAN, VAN DER GAAST, 

2019). 

Three Working Groups of stakeholders were formed, with the themes of (i) 

Agriculture, Forestry and Other Land Uses (Afolu), (ii) Industry and Energy and (iii) 

Transport, Waste and Buildings. The stakeholders invited by the NPC are associated 

members of the Brazilian Research Network on Global Climate Change (Rede CLIMA) 

and other experts appointed by the TAC from the public and private sectors and civil 

society with notable knowledge about these sectors. 

3.3.2. TNA reports on mitigation in other countries: criteria choice, 
weighting methodology and prioritized sectors 

As of June 2021, more than 80 countries had already made their TNA reports 

available in the official TNA project database, of which 63 refer to mitigation technology 

options (UNEP DTU, 2020). Of these, the 48 available in English, Spanish or Portuguese 
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were sampled for a review2  on their choice of criteria, the applied methodology for 

weighting the criteria and the sectors selected for prioritization. 

The general methodology for ranking mitigation technology options is an MCDA, 

as recommended in the TNA step-by-step guide (HASELIP, James Artuhr, 

NARKEVICIUTE, et al., 2015). In this type of analysis, each technology is evaluated by 

experts on a set of criteria, which are defined and weighted by consensus among 

stakeholders, national consultants, and the NPC. 

Regarding the choice of criteria, 87.5% of TNA reports assessed use a two-level 

approach to criteria, where the first level represents a more general theme (such as 

ñenvironmentalò) and the second includes specific points related to the previous level 

(such as ñair qualityò). The most selected first-level criteria are ñsocialò, ñeconomicò, 

ñenvironmentò and ñcostò, which are present respectively in 77%, 75%, 73% and 60% of 

the sample. Only 31% of the TNAs in the sample selected a first-level ñinstitutionalò or 

ñpoliticalò criterion. 

Fifty-four per cent of the TNA reports analysed used budget allocation for 

weighting the criteria, in which stakeholders are asked to distribute a predefined number 

of points (usually 100) among criteria, according to their perceived importance of each 

criterion. In another 13%, the methodology is similar, except that the stakeholders do not 

distribute points but rate the criteria in a defined range (generally 1 to 10) and the total 

scores are then normalized. Another 13% use a swing weights approach, in which the 

weights of each criterion are extracted from the deviation found in the scores that are 

assigned to the technologies. The greater the deviation verified in the performance of a 

criterion among the set of technologies, the greater the weight attributed to the criterion. 

Ten per cent of TNAs choose to simply assign equal weights to all criteria and the rest 

use other methods, such as Colombiaôs TNA report, which adopts the Analytical 

Hierarchy Process (AHP) methodology (COLOMBIA, 2013). 

Regarding sectors, energy is prioritized in 77% of the TNA reports, followed by 

transport (52%) and waste (35%). The number of shortlisted technologies for scoring 

ranges from 7 to 57, with a median value of 18. In 58% of the TNAs, the technologies of 

all sectors are assessed by the same set of criteria, whilst the others use specific criteria 

for each sector. In the sample of TNA reports assessed, only the TNA report from Costa 

 
2  The TNA reports reviewed are from Afghanistan, Argentina, Azerbaijan, Bangladesh, Belize, 

Bhutan, Cambodia, Colombia, Cook Islands, Costa Rica, Cuba, Dominican Republic, Ecuador, Eswatini, Fiji, 
Gambia, Georgia, Grenada, Guyana, Honduras, Indonesia, Jordan, Kazakhstan, Kenya, Laos, Lebanon, 
Liberia, Malawi, Mauritius, Moldova, Mongolia, Mozambique, Myanmar, Pakistan, Panama, Peru, Philippines, 
Rwanda, Seychelles, Sri Lanka, Sudan, Tanzania, Thailand, Uganda, Uruguay, Vanuatu, Vietnam and 
Zambia. 



33 
 

 

Rica presents an overall ranking for the technologies of all sectors. All the others present 

a single ranking for each sector. 

3.4. The TNA Brazilôs MCDA method 

The multi-criteria procedure adopted in the Brazilian TNA Report (RATHMANN, 

SCHAEFFER, et al., 2021) follows the basic steps provided in the TNA projectôs step-by-

step guidelines (HASELIP, James, NARKEVICIUTE, et al., 2019). Yet, given some 

specificities of the Brazilian context, it presents some differences from what has been 

reviewed in previous TNA reports (section 3.3.2). First, the technologies are pre-selected 

from a database built as a result of a previous study for Brazil, which applied Integrated 

Assessment Models (IAMs) to select the least-cost, optimal groups of technologies 

across the economic sectors in different long-term future scenarios (MCTIC, 2017). Also, 

the assignment of weights to the criteria is based on a participatory MCDA-AHP method, 

instead of the commonly preferred budget allocation method. Moreover, instead of pre-

selecting sectors/sub-sectors and promoting different analyses for each, this study uses 

the same set of criteria for comparing the technologies of all sectors and generates a 

unique ranking for all options. This provides an integrated overview of the mitigation 

options framework, which is further discussed in the following sections. A broad view of 

the methodological procedure is depicted in Figure 2. 
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Figure 2. TNA Brazil methodological procedure flowchart. 
 

3.4.1. Pre-selection of technologies 

The meaning of ñtechnologyò may vary according to the perspective of different 

actors (BOLDT, NYGAARD, et al., 2012, DE CONINCK, SAGAR, 2015b, HASELIP, 

James, NARKEVICIUTE, et al., 2019), while Nygaard and Hansen (2015) call for the 

importance of defining a clear technology concept for the success of a TNA. Definitions 

vary from a strictly technical standpoint ï engineering and machines ï to a broader idea, 

including behavioural and organizational elements (GEELS, 2002, 2014, OLSEN, 

ENGEN, 2007). Nygaard and Hansen (2015) provide three dimensions of technology, 

namely: hardware, which expresses the tangible aspects, such as products and 

equipment; software, which comprises the knowledge associated with the production 

and use of the hardware; and orgware, which accounts for the institutional framework 

involved in the adoption and diffusion of a novel technology. This study adopts a definition 

based on the TNA guidebook (HASELIP, James, NARKEVICIUTE, et al., 2019), in which 

technology is ña piece of equipment, technique, practical knowledge or skills for 

performing a particular activityò. This definition is associated with the TNAôs objective of 

providing a broad set of information to develop a TAP addressing the barriers associated 
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with the technologies valleys of death3  (HASELIP, NARKEVICIUTE, et al., 2015, 

JENKINS, MANSUR, 2011, RISSMAN, BATAILLE, et al., 2020).  

The selection of technologies assessed in the TNA Brazil came from the database 

built in a previous optimization analysis, from which a longlist of 450 promising 

technologies for carbon mitigation in Brazil is extracted. This analysis refers to a project 

entitled ñMitigation Options of Greenhouse Gas (GHG) Emissions in Key Sectors in 

Brazilò4 (MCTIC, 2017), which applied an early version of the BLUES model and the 

OTIMIZAGRO5  model, an IAM and a spatially explicit land use simulation model, 

respectively, to evaluate least-cost solutions in mitigation scenarios for Brazil. From this 

database, a shortlist of 80 mitigation technology options with technology needs is drafted, 

which is presented to stakeholders for their feedback and contribution. Finally, the list of 

pre-selected technologies is presented to the TAC for its validation. 

Other TNA reports have only considered mitigation options for previously 

prioritized sectors or sub-sectors, usually no more than two or three, as the effort for 

identifying technologies for all key sectors could not be manageable for a two-year 

project (HOFMAN, VAN DER GAAST, 2019). However, the availability of a previous 

database of mitigation options for Brazil allowed for the inclusion of technologies for all 

of the countryËs key economic sectors, as defined in (MCTIC, 2017): (i) Industry, (ii) 

Energy, (iii) Transportation, (iv) Residues, (v) Buildings, and (vi) Afolu. Further, the 

industrial sector is further divided into three subsectors that represent the major sources 

of process emissions in the Brazilian industry (cement, chemicals, and iron and steel) 

and an additional aggregate subsector that contains cross-cutting measures6 . The 

energy sector is split into four categories: oil and gas exploration and production (E&P), 

 
3 The so-called valleys of death comprise a common set of market barriers that are endemic to 

most technology innovations. They relate to the unavailability of private finance in two transitory stages of 
the technology development: early, from the laboratory to the proof-of-concept, referred to as the 
ñTechnological Valley of Deathò; and later, from demonstration to commercial scale, referred as the 
ñCommercialization Valley of Deathò (JENKINS, MANSUR, 2011). 

4 The webpage of the project containing all the documents (in Portuguese) can be accessed in the 

following link: 
<https://antigo.mctic.gov.br/mctic/opencms/ciencia/SEPED/clima/opcoes_mitigacao/Opcoes_de_Mitigacao
_de_Emissoes_de_Gases_de_Efeito_Estufa_GEE_em_SetoresChave_do_Brasil.html>  

5 The BLUES model is a perfect-foresight, least-cost optimization model for Brazil, which was built 

on the MESSAGE (Model for Energy Supply Strategy Alternatives and Their General Environmental Impacts) 
platform. The model is designed to simulate the competition between technologies and energy sources to 
meet the demand for food and energy services (exogenous to the model, including lighting, heating/cooling 
requirements, mechanical energy, and mobility, among others), with the objective of minimizing the total cost 
of the system. OTIMIZAGRO is a nationwide, spatially explicit model that simulates land use, land use 
change, forestry, deforestation, and regrowth under various scenarios of agricultural land demand and 
deforestation policies for Brazil with a 25 ha (500x500 meters) resolution. The model allocates land uses 
and calculates GHG emissions/removals based on crop aptitude and profitability calculated by using regional 
selling prices, production and transportation costs (ROCHEDO et al. 2018). 

6 Cross-cutting measures are not focused on a specific industrial segment, rather can be adopted 

in more than one subsector. For example, a pipeline network infrastructure can transport CO2 from and to 
different industrial sources, coupling the biofuels, industrial process emissions, electricity generation and oil 
and gas E&P segments (DA SILVA et al. 2018; TAGOMORI et al. 2018). 
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oil refining, power generation, and biofuels. The measures for Afolu are represented in 

two categories, namely: agriculture (including livestock) and other land uses. For the 

other key sectors, no subdivisions are adopted. 

3.4.2. Multi-criteria decision analysis 

From the list of 80 pre-selected technology options, the TAC and the NPC 

determined the selection of 12 for the elaboration of a TAP, based on the Brazilian TNA 

projectôs budget, team and time constraints. Therefore, the pre-selected technologies 

were compared and ranked in order to identify the most suitable ones for the main goal, 

based on a set of defined criteria. 

A multi-criteria decision analysis (MCDA) is conducted for prioritizing the 

technologies, as suggested in the TNA guidebook (HASELIP, James, NARKEVICIUTE, 

et al., 2019). The MCDA is a methodological approach that enables the decision-maker 

to compare and rank alternatives based on a set of diverse, non-related criteria. In other 

words, it enables one to identify an optimal solution, given a specific final objective, by 

reaching a compromise between criteria. These criteria can be quantitative or qualitative, 

and from different natures, what makes the decision a non-trivial problem. 

Thus, to perform the MCDA, the following steps are taken: (i) defining the relevant 

criteria; (ii) weighting the selected criteria; (iii) giving scores to each alternative regarding 

its performance in each criterion; (iv) ranking the alternatives based on its score in each 

criterion and the relative weight of the respective criterion. 

3.4.2.1. Definition of criteria 

The broad purpose of this step in the TNA project is to identify the most promising 

technology options from key economic sectors in Brazil in terms of their potential to 

generate climate and non-climate benefits to the country. The MCDA criteria must be 

aligned to this objective and therefore reflect the adequacy of a technology within the 

Brazilian context. In general, similarly to what De Luca (2014) states, the criteria should 

be represented by typical targets that a technology option should guarantee, in the 

context of the established main goal. It is also important to ensure that the criteria are as 

independent of each other as possible. Strong correlations should be avoided so that 

there are no multiple counts of a single aspect, which could distort the MCDA result 

(HASELIP, James Artuhr, NARKEVICIUTE, et al., 2015). 

Hence, the strategy to choose the decision criteria for this study takes into 

consideration the three dimensions of technology (NYGAARD, HANSEN, 2015) and is 
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based on four pillars: assess the technical aspects inherent to a technology (hardware 

dimension); assess the national context in terms of knowledge capacity for absorbing the 

technology (software dimension); assess how the technology fits within climate, science 

and technology policies and the sectorial framework contexts in the country (orgware 

dimension); and assess the co-benefits that the deployment of the technology could bring 

to the country, in environmental, social and economic terms, linking those criteria to one 

or more of the United Nations Sustainable Development Goals (SDGs) (UN, 2020), 

whenever pertinent. Co-benefits are important elements to be considered in MCDAs for 

prioritizing climate technologies, particularly when they are used to refine the results from 

IAMs (¦RGE-VORSATZ, HERRERO, et al., 2014). Such co-benefits follow the definition 

of Deng et al. (2017), which includes the intended and unintended (or ancillary) positive 

and adverse effects of a climate mitigation action. 

Therefore, a set of 15 sub-criteria is defined by the NCT and divided into four 

criteria groups: (i) Technological, (ii) Physical, (iii) Socio-economic, and (iv) Institutional. 

The Technological criteria relate to aspects that are inherent to the technology and 

fundamentally related to the scope of the analysis, namely its mitigation potential, 

mitigation costs, level of technological development and vulnerability. The Physical and 

Socioeconomic criteria are more context-sensitive and reflect the on-climate benefits that 

the deployment of a technology can bring he Brazilian society. These are deeply related 

to nationally achieving SDGs. Lastly, the Institutional criteria aim at assessing a 

technology in terms of the main Brazilian climate policies, sectoral strategies, and 

existing regulatory frameworks. Table 1 contains the description of the selected criteria. 

Section 3.4.2.3.1 describes a method employed in this study to assess the quality of the 

selected criteria by the level of correlation between them, obtained from the technologies 

scoring. 

 

Table 1. Description of the selected criteria and sub-criteria 
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Criteria Description Sub-criteria Description 

Technological 
(TEC) 

Contains indicators 
with a technical 
perspective, 
assessing 
engineering-level 
features of the 
technology 

Technology 
readiness (TR) 

Represents the maturity status of the technologies 
globally, i.e. whether its applications are still on lab-
scale (low) or are already commercial (high) 

Mitigation potential  
(MP) 

Technologyôs GHG emission reduction potential 
related to the current practices A 

Mitigation cost  
(MC)  

Cost of the technology per unit of CO2 mitigated 
(US$/tco2)

 A 

Vulnerability to 
climate change  
(VC) 

Reflects how the technology is exposed to the 
expected effects of climate change (e.g. mean 
temperature increase, sea level rise, variability of 
renewable resources and increased risk of extreme 
climate events) compared to the current practices 

Physical  
(PHY) 

Consists of 
indicators that reflect 
the impacts of the 
technology on the 
physical 
environment, based 
on selected UNôs 
SDGs 

Health and 
pollution reduction 
(SDG3)  
(HP)  

Impacts of the technology regarding pollutants 
generation throughout the production chain 

Impact on water 
availability (SDG 6)  
(WR) 

Impacts of the technology on the availability of 
water resources for society B 

Impact on food 
production (SDG 
2)  
(FP) 

Impacts of the technology on agriculture, land use 
and food 
 security C 

Impact on 
biodiversity  
(SDG 15)  
(BD) 

Effects of the technology on biodiversity 

Socio-
economic 
(SOE) 

Incorporates 
indicators that 
address the effects 
of the technology 
adoption on social 
and economic 
conditions 

Impact on energy 
availability (SDG 7)  
(EN)  

Impact of the technology on the amount of energy 
available to society, energy resources use 
efficiency, renewable energy promotion, energy 
access and energy infrastructure modernization 

Jobs and income 
generation (SDG 
10 and SDG 8)  
(JI) 

Potential impacts of the technology on social 
inequalities reduction in Brazil, focusing on jobs 
creation and income generation D 

Competitive 
advantages of the 
country (SDG 9) 
(CA) 

Assessment of how the technology can be 
benefited from being adopted in the studied country, 
given advantages of production factors in the 
country (capital, labour, and natural resources) and 
the national competence (scientific and 
technological centres, experience and ongoing 
research and development) 

Institutional 
(INT) 

Incorporates 
indicators for the 
degree of 
compatibility of the 
technologies to 
relevant institutional 
features 

Synergy with the 
countryôs National 
Strategy for ST&I 
(ST) 

Technologyôs fitting within the scope of the Brazilian 
National Strategy for Science, Technology and 
Innovation (2016 ï 2022) 

Synergy with 
National Climate 
Policies 
(CP) 

Technologyôs position within the scope of the 
Brazilian climate policies framework E  

Synergy with the 
Country Program 
for the GCF (GF) 

Technologyôs position within the scope of the 
ñCountry Program for the Green Climate Fund 
(GCF)ò 

Institutional 
framework  
(IF) 

Feasibility of the technology implementation 
beneath the current institutional framework, 
considering the existence of legal instruments, 
taxes incidence, barriers (economic, market, 
institutional, cultural) and market and government 
failures in the studied country 

Notes: A In this study, the GHG emission reduction potentials and the mitigation costs are based on Rathmann et al. 
(2017), and the corresponding BLUES model results. 
B The BLUES model includes water requirements and water systems balances related to the mitigation options. 
C The BLUES model includes land use competition related to the mitigation options. 
D Effects on the whole value chain are considered, such as presented in PMR (2018). 
E Including: the Brazilian NDC (Nationally Determined Contribution) (BRASIL, 2015), RenovaBio (the Brazilian 
strategy for the contribution of diverse biofuels to the national energy matrix and GHG emissions mitigation plans) 
(BRASIL, 2019c), the Low-Carbon Agriculture Plan ï ABC Plan (the Brazilian mitigation and adaptation plan regarding 
the agriculture and farming sectors) (BRASIL, 2012), and the National Climate Change Program (BRASIL, 2008). 
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3.4.2.2. Weighting of criteria 

In the UNEP DTU Partnership framework (TRÎRUP, BAKKEGAARD, 2015, 

UNEP DTU, 2021), some methods are presented to assign weights to criteria: equal 

weights, statistical methods and participatory methods. However, it is desirable that a 

collaborative process is adopted, with the involvement of relevant stakeholders from 

different sectors (HOFMAN, VAN DER GAAST, 2019, ROGAT, 2015). Hence, a 

participatory method able to reflect the views and priorities of stakeholders is desirable. 

Among the participatory methods, two are highlighted by UNEP DTU (2021): budget 

allocation and the Analytical Hierarchy Process (AHP). 

In the budget allocation participatory method, each stakeholder is given a budget 

of 100 units to distribute among criteria. This method is advised to be used in TNA studies 

due to its simplicity. It can be seen that it is the most employed method across the other 

countriesô reviewed TNA studies (refer to Section 3.3.2). However, this method is better 

suited for analyses with few criteria, as the cognitive effort for distributing points for a 

large number of criteria may be too high (DOYLE, GREEN, et al., 1997, VAN TIL, 

GROOTHUIS-OUDSHOORN, et al., 2014).  

The other participatory method mentioned by the framework is the AHP (UNEP 

DTU, 2021). Instead of comparing all criteria simultaneously, such as in the budget 

allocation method, in the AHP respondents are asked to compare criteria in pairs. Due 

to that, in comparison to other methods, the AHP requires smaller cognitive efforts (De 

Luca, 2014) and allows the improvement of the accuracy of judgments (ķahin, 2021). 

Thus, it is suited for analyses comprising larger sets of criteria. Nonetheless, if a problem 

has too many alternatives, it leads to a combinatorial explosion in the number of pairwise 

comparisons. In this case, the AHP is employed solely for assigning weights to criteria 

and not for assessing the alternatives (ķAHIN, 2021). 

Moreover, the AHP enables the assessment of quantitative and qualitative 

indicators based on expert and/or stakeholder judgments. Hence, it makes it possible to 

incorporate, account and quantify the participantsô preferences, taking into consideration 

tangible and intangible aspects (DE LUCA, 2014, EST£VEZ, ESPINOZA, et al., 2021, 

LE PIRA, INTURRI, et al., 2015, ķAHIN, 2021).  When establishing weights, it allows 

measuring the trade-offs between attributes (DE LUCA, 2014, EST£VEZ, ESPINOZA, 

et al., 2021). Finally, through its results, which are based on pairwise comparisons, it is 

possible to identify preference relationships, i.e. to determine the strength of preference 

for one criterion or alternative over another (ACOSTA, CORRAL, 2017, EST£VEZ, 

ESPINOZA, et al., 2021). 
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AHP is one of the most extensively employed MCDA methods (EST£VEZ, 

ESPINOZA, et al., 2021, MARTTUNEN, LIENERT, et al., 2017, ķAHIN, 2021), in part 

because of its simplicity. When conducting participatory processes, the AHP method is 

especially useful because the pairwise comparison procedure is perceived as 

straightforward and easily accepted by stakeholders. Moreover, it uses an additive 

preference function, simplifying the understanding and interpretation of results for 

decision-makers (DE LUCA, 2014, EST£VEZ, ESPINOZA, et al., 2021). The AHP 

method is widely used in different areas of knowledge and sectors, as in the power sector 

(EST£VEZ, ESPINOZA, et al., 2021, H¥FER, SUNAK, et al., 2016a, ķAHIN, 2021, 

VINHOZA, SCHAEFFER, 2021b), forest management (ACOSTA, CORRAL, 2017) and 

transportation (DE LUCA, 2014, LE PIRA, INTURRI, et al., 2015). As an example, 

(EST£VEZ, ESPINOZA, et al., 2021) reviewed 184 articles to assess how social criteria 

and participation mechanisms have been incorporated into decision-making processes 

for renewable energy technologies. Most of them (48,6%) employed AHP as the MCDA 

method.  

However, because human judgements are inherently inconsistent and especially 

when dealing with complex problems with several attributes, there is the possibility of 

inconsistency in the pairwise comparison matrix (H¥FER, SUNAK, et al., 2016a, ķAHIN, 

2021). In this context, inconsistency means that individual judgments can be affected by 

a lack of rationality during the analysis. The comparison matrix must also obey a 

transitivity condition, meaning that if alternative/criterion A is preferred to B and B to C, 

then A is preferred to C (LE PIRA, INTURRI, et al., 2015). The accuracy of the AHP 

results depends mainly on the consistency of the pairwise comparison evaluations 

(ķAHIN, 2021). Due to that, the consistency of judgments must be checked in the AHP 

through the Consistency Index, which is explained in the following section. 

The AHP methodological framework is thoroughly described in the 

Supplementary Material and its application for weighting the criteria in the Brazilian TNA 

report is described in the following section. 

3.4.2.2.1. Application of the AHP method in TNA Brazil 

The first step of the AHP method is the proposal of a final objective, which is used 

as the foundation of a hierarchical structure of criteria (SAATY, R. W., 1987). In this study, 

the final objective is to select technologies for mitigating GHG emissions while 

maximizing co-benefits, in agreement with the aims of the TNA_BRAZIL project. For this 

analysis, the AHP method is structured based on two levels of criteria to reach the final 
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objective, containing the 4 criteria and the 15 sub-criteria (refer to Table 1). The AHP 

structure for this study is depicted in Figure 3. One of the main challenges in defining the 

AHP structure was to identify criteria that would be relevant to all sectors, and as such, 

could be the basis of an inter-sectorial technology priority ranking. 

 

 

Figure 3. AHP hierarchy, containing the final objective and the levels of criteria and sub-criteria 

 

The following step is the survey. This procedure aims at collecting the 

stakeholdersô answers through the pairwise comparison of criteria (and sub-criteria). In 

this study, the stakeholderôs inputs for the weighting process were collected from June 

to August 2019 in three workshops, which admitted present and remote contributions of 

invited stakeholders. The first workshop involved a technical team of the Brazilian 

Ministry of Science, Technology and Innovations (MCTI). The second workshop involved 

stakeholders considered relevant for the key sectors, divided into three sectoral 

chambers: (i) Afolu; (ii) Transport, Residues and Buildings; and (iii) Energy and Industry. 

The third workshop gathered responses from the members of the TAC. Table 2 presents 

the institutions of the selected key sector stakeholders and the number of contributions 

from each entity in all three workshops. 
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Table 2. Institutions that contributed to the weighting process 

 

Institution Acronym 
Stakeholdersô 
perspective 

Contributions 

Ministry of Science, Technology and Innovations MCTI 

Public sector  

11 
Ministry of Economy ME 2 
Ministry of Agriculture, Livestock and Supply MA 1 
Ministry of Regional Development MDR 1 
Ministry of Infrastructure Minfra 1 
Ministry of Environment MMA 1 
Ministry of Mines and Energy  MME 1 
Sao Paulo's State Government SP 1 
National Agency of Petroleum, Natural Gas and Biofuels ANP 1 
Energy Research Company EPE 1 
National Institute of Technology INT 1 
Brazilian Agricultural Research Corporation EMBRAPA 1 
Centre for Strategic Studies and Management CGEE 1 
Brazil's National Institute for Space Research INPE 1 
Petrobras Petrobras 1 
CAIXA Caixa 1 
National Bank for Economic and Social Development BNDES 1 
Brazilian Innovation Agency FINEP 1 

Federal University of Rio de Janeiro UFRJ 
Academia 

2 
University of São Paulo USP 2 
University of Brasilia UnB 1 

Brazilian Mineral Coal Association ABCM 

Private sector 

1 
Brazilian Association of Photovoltaic Solar Energy ABSOLAR 1 
Instituto Aço Brasil Aço Brasil 1 
Agroicone Agroicone 1 
Brazilian Biofuels Producers Association APROBIO 1 
National Confederation of Industry CNI 1 
National Confederation of Transport CNT 1 
Industry Federation of the State of Rio de Janeiro FIRJAN 1 
Light Light 1 
Charitable Association of the Santa Catarina Carboniferous 
Industry 

SATC 1 

Amazon Environmental Research Institute IPAM 
Civil society 

1 
World Resources Institute WRI 1 

 

All participants were invited to register their contributions in an electronic form, 

prepared in the Google Forms platform. To avoid bias throughout the process, the 

answers were kept in secrecy from other participants, and the stakeholders did not know 

what technologies have been pre-selected to be further analysed in the MCDA. 

Questions were asked in 5 rounds: 4 rounds for comparing, in pairs, the sub-

criteria with respect to their respective criteria group and 1 round for comparing the 

criteria concerning the final objective (refer to Figure 3). The form followed the basic 

structure for questions: ñIn your opinion, for the goal of reducing GHG emissions while 

maximizing co-benefits, when comparing the criterion/sub-criterion X to the criterion/sub-

criterion Y, X is:ò, and the alternatives for answering were:  

(1) Much less important 

(2) Less important 

(3) Equally important 
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(4) More important 

(5) Much more important 

 

In the present study, an adapted scale is employed in this interviewing phase, 

ranging from 1 (much less important) to 5 (much more important), as detailed above. 

This adaptation was adopted to simplify the evaluation from stakeholders since there 

were already several questions to be answered. Moreover, the understanding of the 

questions itself can be jeopardized when the decision-maker is being interviewed and 

not fully integrated into the MCDA process from the beginning. After the interviewing 

process, the 1-to-5 scale of the answers was transformed to the Saaty (1987) 

fundamental 1/9-to-9 scale to complete the matrices for conducting the AHP method. 

The equivalence procedure is described in the Supplementary Material. 

To aggregate answers from multiple respondents, two aggregation methods are 

available: the Aggregation of Individual Judgments (AIJ), in which the answers from 

multiple individuals are aggregated, forming a new individual judgement and only one 

priority vector is calculated for the group; and the Aggregation of Individual Priorities 

(AIP) method, in which a priority vector is calculated for each individual response and 

then the individual priorities are aggregated in one final priority vector (DE LUCA, 2014, 

H¥FER, SUNAK, et al., 2016a, LE PIRA, INTURRI, et al., 2015). 

In this study, the purpose of the participatory process for criteria weighting was to 

aggregate the opinions of several stakeholders from different sectors to reach one 

common viewpoint. It is worth mentioning that, given the context of the TNA process, all 

stakeholders are assumed to have the same weight in the final decision, regardless of 

their sector, type of organization, the event in which they took part and the form of 

participation (remote or not) (HASELIP, James, NARKEVICIUTE, et al., 2019, ROGAT, 

2015). Hence, to aggregate the responses from the 47 interviewed stakeholders, the AIJ 

method was chosen, and the arithmetic mean of the responses was calculated, forming 

a new matrix for each of the 5 rounds (1 for criteria and 4 for sub-criteria). 

Finally, the priority vector was calculated for each of the 5 matrices, revealing the 

established weights for each criterion and sub-criterion. In addition, the Consistency 

Ratios (CR) for all 5 matrices were also calculated. These are shown in the Results 

section (please refer to Table 4). All the calculations were performed using Microsoft 

Excel spreadsheets. 
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3.4.2.3. Technologies scoring 

In parallel to the weighting of criteria, the pre-selected technologies are assessed 

according to their performance in each sub-criterion. This is done by the technology 

analysts of the NCT. Literature review and, when possible, quantitative assessments are 

used as a tool for conceiving scores, from 1 to 5. As shown in Table 3, score 1 denotes 

a very poor performance of the technology in the sub-criterion, while score 5 represents 

a very good performance. Score 3 means either an average performance or that the 

technology is considered neutral, i.e. does not impact the sub-criterion, depending on 

the context. In the case of no evident relationship between a technology and a criterion, 

the technology was assumed neutral and received a score of 3. 

 

Table 3. Technologies scoring definitions and an example for the sub-criterion ñImpact on water 
availabilityò 

 

Scoring Definition Example: Impact on water availability (WR) 

1 Very poor performance Technology strongly reduces water availability 

2 Poor performance Technology reduces water availability 

3 Average or neutral performance Technology does not affect water availability 

4 Good performance Technology enhances water availability 

5 Very good performance Technology strongly enhances water availability 

 

For the technology readiness, the mitigation potential and the mitigation costs, a 

quantitative-based approach is used. Hence, the values for these indicators had to be 

normalized to fit the scores scale from 1 to 5. The remaining indicators follow a qualitative 

approach and are assessed based on relative performances. A thorough explanation of 

the scoring procedure for the quantitative indicators is presented in the Supplementary 

Material, together with a full list of the justification for each score in each technology 

option.  

It is noteworthy that the decision to delegate technology scoring to the NCT was 

made to avoid possible conflicts of interest for stakeholders to determine scores for 

technologies they wish to promote or discourage. Such a concern for curtailing this sort 

of bias is also highlighted in Gambiaôs TNA report (NJIE, 2017). This comes from the 

assumption that stakeholders are more prone to lobby for technologies in which they 

have an interest, which might lead them to artificially overestimate technologiesô 

performance on the proposed criteria. On the other hand, the academic experts in the 
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NCT working in consensus would have no particular interest in promoting any technology 

and would base their scores purely on available evidence. 

3.4.2.3.1. Quality assessment of the criteria choice 

A statistical analysis of the scores is performed to identify whether there are 

strong correlations between the criteria. This procedure aims to check the quality of the 

criteria set selected for the MCDA since strong correlations are undesired (HASELIP, 

James Artuhr, NARKEVICIUTE, et al., 2015). Given the qualitative scale adopted for the 

criteria scoring, a Spearman's rank correlation coefficient (SRCC) analysis is performed. 

This method is used to examine the relationship between two qualitative variables by 

comparing a set of ranks of each.  

The coefficient values range from -1 to +1, where the positive values mean a 

similar trend for the scoring rankings of two criteria, while the negative values mean that 

the two criteria scoring rankings show an opposite trend (KOU, LU, et al., 2012, ķAHIN, 

2021, ZAVADSKAS, VILUTIENE, 2006). Correlations are considered strong for absolute 

values of SRRC over 0.6 (ZAVADSKAS, VILUTIENE, 2006). The coefficient (rs) is 

calculated by Equation 1, where ñdiò is the difference between the ranks of two criteria of 

a technology and ñnò is the number of technologies assessed. 

Ò ρ φ
В Ὠ
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3.4.3. Ranking of technologies and selection of priorities 

After the weighting of criteria and the technology scoring process, the final 

valuation for each technological option can be calculated by Equation 2, where ñFVtò is 

the final value of the technology ñtò, ñ3#ȟò is the performance score of the technology ñtò 

in the sub-criterion ñiò (attributed by the technical analysts), ñ7ò is the weight of the sub-

criterion ñiò and ñ7ò is the weight of the criterion ñcò related to the sub-criterion ñiò.  

 

&6 3#ȟ 7z 7z                                                                                                                  ς 
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After the calculation of the FV for each technology, a ranking of technologies is 

set. This ranking should reflect how the technologies on the list contribute to the final 

objective of the MCDA. A discussion is then conducted with the TAC for the selection of 

which technologies should be prioritized based on the results of the multi-criteria analysis 

and the technologies ranking. The idea is to reach a consensus on a method to select 

technologies from the ranking by guaranteeing that the final objective is reached with an 

adequate degree of fairness in the distribution of the measures for the key sectors. Four 

methods are proposed to select the priority technologies from the ranking that would 

ensure an adequate sectoral balance of the options: 

(i) Ordinal Selection (ORS): a selection based simply on the technology position on 

the ranking, regardless of the sector; 

(ii) Sectoral Equity Selection (SES): an equal number of the best-ranked technologies 

for each sector is selected; 

(iii) Sectoral Emissions Representativity Selection (SER): the number of best 

technologies chosen for each sector is proportional to its share of the countryôs 

emissions7; 

(iv) Sub-sectoral Emissions Representativeness Selection (SSE): the number of 

technologies selected per sector is similar to (iii), but they are equally distributed 

between the subsectors, when plausible, following the order of merit established 

by the ranking. 

 

 
7 Based on the Fourth Edition of the Annual Estimates of Greenhouse Gas Emissions in Brazil 

(BRASIL 2017). 
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3.5. Results of the MCDA for TNA Brazil 

 

Figure 4 shows the weights of the criteria and sub-criteria obtained from the AHP. 

 

Figure 5 shows the final weight of each sub-criterion, obtained by multiplying the 

weights of the sub-criteria by their related criterion. The SOE criterion reached the 

highest weight, followed by the TEC, INT and PHY criteria. As for the sub-criteria, JI 

received the highest weight among the Socio-economic sub-criteria. Therefore, it is the 

most relevant sub-criterion for the composition of the technologiesô final value. WR was 

also considered quite more important than the other sub-criteria of its group. However, 

due to the low weight of the PHY criterion, its final weight was among the lowest ones in 

the analysis. In addition to JI, the other criteria with relatively high final weights are IF, 

MP and EN. All their weights are higher than 6.6%, which would be the final weight of 

each sub-criterion if an equal weights approach were adopted. 
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Figure 4. Weights of the criteria and sub-criteria obtained from the AHP analysis 

 

 

Figure 5. Share of each score in the composition of the technology final value 
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The Consistency Ratios (CR) for the AHP matrixes used for computing the 

weights for the criteria and sub-criteria are presented in Table 4. Since the CR for all 

matrices is less than 0.1, the comparisons for all criteria and sub-criteria are considered 

to be consistent.   

 

Table 4. Consistency Ratio (CR) for criteria and sub-criteria comparison matrices 

 

Comparison Matrices CR 

Criteria 0.03 

Sub-criteria TEC 0.08 

PHY 0.07 

SOE 0.01 

INT 0.02 

 

From the consulted literature and the contribution of the sectoral stakeholders, 

80 technologies from all the sectors were pre-selected to be analysed. As an example of 

the technologies scoring process, results for nine technologies from the Power Sector 

(Table 5) are shown in Table 6 for all sub-criteria. A full list of the technologies considered 

in this work with a further description of them and the performance scores for each 

indicator is presented in the Supplementary Material. 

 
Table 5. Codes for nine technologies from the Power Sector 

 

Technologies Code 

Hydrokinetic turbines E7 

Pumped-storage hydropower plants E8 

Repowering hydropower plants E9 

Offshore wind energy E10 

Integrated combined cycle with biomass gasification in thermoelectric plants E11 

Concentrated solar power (CSP) E12 

Floating solar power plants E13 

CO2 capture in natural gas-fired thermoelectric plants E14 

CO2 capture in coal-fired thermoelectric plants E15 

 

Table 6. Scores for a sample of nine 9 technologies from the power sub-sector: Dark red = 1; 
Light red = 2; Yellow = 3; Light green = 4; Dark green = 5.  



50 
 

 

(Please refer to Table 5 for the codification) 

 

Code TR MP MC VC HP WR FP BD EN JI CA ST CP GF IF 

E7 3 1 4 2 4 3 3 3 5 4 5 3 4 3 3 

E8 5 1 4 2 4 3 3 3 5 3 5 3 4 4 2 

E9 5 1 4 3 3 3 3 3 4 3 5 3 4 3 2 

E10 1 1 1 2 4 3 3 2 5 4 5 4 4 5 3 

E11 3 1 2 2 4 1 1 1 4 4 5 4 4 4 3 

E12 4 2 1 2 4 1 1 1 4 4 5 4 4 5 3 

E13 5 1 2 2 4 4 3 2 5 4 5 5 5 5 5 

E14 4 1 2 3 3 1 3 3 1 4 4 3 3 2 1 

E15 4 1 2 3 3 1 3 3 1 4 3 4 3 2 1 

 

The SRRCs, employed for identifying correlations in the scores based on the 

assessment of the 80 mitigation technologies, are shown in Table 7. As mentioned 

before, correlations are considered strong for absolute values of SRRC over 0.6 

(ZAVADSKAS, VILUTIENE, 2006). It can be noted that ñFPò (Impact on food production) 

presented strong correlations with ñWRò (Impact on water availability) and ñBDò (Impact 

on biodiversity), two of the other ñPhysicalò sub-criteria, and also with the ñTechnologicalò 

sub-criterion ñVCò (Vulnerability to Climate Change). Additionally, almost all the 

ñInstitutionalò sub-criteria show strong correlations with each other. 

 

Table 7. Spearman's rank correlation coefficient for the technologies' scores in each sub-
criterion (SC) 

 

SC TR MP MC VC HP WR FP BD EN JI CA ST CP GF IF 

TR 1.000 -0.147 0.139 0.025 0.042 0.113 0.107 0.103 0.251 0.240 0.015 -0.064 0.080 0.032 0.155 

MP 
-

0.147 
1.000 0.161 0.363 0.292 0.302 0.389 0.226 -0.083 0.153 0.172 0.324 0.221 0.193 0.103 

MC 0.139 0.161 1.000 0.262 0.061 0.386 0.378 0.290 0.106 -0.053 0.272 0.282 0.172 0.069 0.212 

VC 0.025 0.363 0.262 1.000 0.121 0.565 0.693 0.598 0.099 0.086 -0.004 0.229 0.049 0.062 0.118 

HP 0.042 0.292 0.061 0.121 1.000 0.359 0.298 0.291 0.401 0.252 0.139 0.229 0.391 0.544 0.295 

WR 0.113 0.302 0.386 0.565 0.359 1.000 0.718 0.546 0.422 -0.026 0.196 0.416 0.345 0.401 0.440 

FP 0.107 0.389 0.378 0.693 0.298 0.718 1.000 0.731 0.199 0.091 0.281 0.427 0.317 0.303 0.387 

BD 0.103 0.226 0.290 0.598 0.291 0.546 0.731 1.000 0.171 0.183 -0.046 0.165 0.137 0.211 0.087 

EN 0.251 -0.083 0.106 0.099 0.401 0.422 0.199 0.171 1.000 0.130 0.195 0.311 0.396 0.430 0.382 

JI 0.240 0.153 -0.053 0.086 0.252 -0.026 0.091 0.183 0.130 1.000 0.140 0.231 0.321 0.337 0.151 

CA 0.015 0.172 0.272 -0.004 0.139 0.196 0.281 -0.046 0.195 0.140 1.000 0.552 0.577 0.383 0.490 

ST 
-

0.064 
0.324 0.282 0.229 0.229 0.416 0.427 0.165 0.311 0.231 0.552 1.000 0.609 0.526 0.662 

CP 0.080 0.221 0.172 0.049 0.391 0.345 0.317 0.137 0.396 0.321 0.577 0.609 1.000 0.801 0.714 

GF 0.032 0.193 0.069 0.062 0.544 0.401 0.303 0.211 0.430 0.337 0.383 0.526 0.801 1.000 0.563 

IF 0.155 0.103 0.212 0.118 0.295 0.440 0.387 0.087 0.382 0.151 0.490 0.662 0.714 0.563 1.000 
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Finally, the technologies ranking is presented in Table 8. The seven best-ranked 

technologies overcome the score of 4.0, and most of these technologies are related to 

Afolu value chains. In fact, the Afolu sector technologies are overall well ranked. On the 

other hand, technologies of the industrial sector appear most in the last positions of the 

ranking. 

 

Table 8. Technologies ranking 
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Position Technology 
Final 
Value 

Position Technology 
Final 
Value 

1 
Silviculture with native species for 
restoration 

4.39 
41 

Partial or total electrification of 
vessels using renewable energy 

3.30 

2 Flex hybrid vehicles 4.18 42 Offshore wind energy 3.29 

3 
Use of agricultural and agro-
industrial waste 

4.12 
43 

Installation of steam recovery 
units in storage tanks 

3.25 

4 Plug-in hybrid electric vehicles 4.09 44 Implementation of flare pilots 3.22 

5 Satellite monitoring 4.04 45 Repowering hydropower plants 3.22 

6 
Mixed planting silviculture with 
exotic and native species 

4.03 
46 

Use of biomass for olefin 
production 

3.21 

7 Ethanol fuel cell electric vehicles 4.00 47 Electric turbo-compound engines 3.20 

8 Precision forestry and silviculture 3.92 48 Concentrated solar power (CSP) 3.16 

9 Floating solar power plants 3.90 49 Natural gas for cabotage shipping 3.16 

10 Forestry genetic engineering 3.79 50 Catalytic cracking of naphtha 3.15 

11 
Photovoltaic solar induction 
stoves 

3.79 
51 

Use of new. lighter materials in 
vehicles 

3.15 

12 Precision agriculture 3.75 52 Innovative materials for cement 3.13 

13 
Certification systems for chains 
that are deforestation-free 

3.71 
53 

Advanced fluidized bed 
combustion 

3.12 

14 
Agricultural genetic improvement 
with robotic phenotyping 

3.71 
54 

Application of the HIsarna process 
for fusion reduction 

3.12 

15 
Validation systems for the Rural 
Environmental Registry 

3.71 
55 Autonomous vehicles sharing 

3.11 

16 Light-duty battery electric vehicles 3.67 56 Gas-to-liquids (GTL) 3.11 

17 
Conservation and genetic 
improvement of native species 

3.65 
57 

Hydrogen fuel cell electric 
vehicles 

3.09 

18 Industry 4.0 
3.64 

58 
Integrated combined cycle with 
biomass gasification in 
thermoelectric plants 

3.07 

19 Alternative materials for cement 3.63 59 Transport of CO2 3.05 

20 Smart grids 3.63 60 Biobunker fuel for shipping 3.04 

21 
New materials for Zero Energy 
Buildings (ZEB) 

3.62 
61 

Magnetic levitation (MagLev) 
systems for trains 

3.00 

22 
Application of Drying, Pyrolysis 
and Cooling (DPC) technology in 
charcoal production 

3.61 
62 Membrane separation 

2.99 

23 Green diesel 
3.60 

63 
CO2 capture in ammonia 
production 

2.96 

24 
Biodigestion of MSW for 
generating electricity and 
biomethane 

3.56 
64 Smart convoy systems 

2.89 

25 Hydrokinetic turbines 
3.55 

65 
Electrification of aircraft using 
renewable energy 

2.87 

26 
Use of renewable energy in 
industrial processes 

3.55 
66 Hybrid solar plants 

2.78 

27 Battery electric buses 3.54 67 Application of SIDERWIN process 2.72 

28 
Application of Ondatec technology 
in charcoal production 

3.54 
68 

Recovery of residual heat from 
electric arc furnaces using the 
Organic Rankine Cycle 

2.72 

29 
Renewable microgeneration 
plants: wind microturbines, OPV 
and thin film cells 

3.54 
69 Steam reforming of coke oven gas 

2.71 

30 
Generation of electricity from 
biogas with microturbines 

3.50 
70 

Improvement of aircraft 
aerodynamics 

2.64 

31 Waste Incineration 3.50 71 Oxygen enrichment systems 2.61 

32 
Partial or total electrification of 
trains 

3.49 
72 CO2 capture with amines 

2.58 

33 Storage of CO2Storage of CO2 3.45 73 Chemical looping 2.57 

34 Nutritional supplementation 
3.45 

74 
CO2 capture in hydrogen 
generation units 

2.57 

35 
Low-carbon alternatives to 
Nitrogen, Phosphorus and 
Potassium (NPK) 

3.45 
75 

CO2 capture in oil and gas 
production 

2.57 
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36 Second generation ethanol 

3.43 

76 

Use of H2 obtained from 
renewable sources for the 
production of ammonia and 
methanol 

2.54 

37 
Genetic improvement in beef 
cattle 

3.43 
77 

CO2 capture in natural gas-fired 
thermoelectric plants 

2.51 

38 
Pumped-storage hydropower 
plants 

3.36 
78 

Blast furnace gas collection and 
reforming using the IGAR process 

2.51 

39 Biojet (aviation biofuel) 
3.35 

79 
CO2 capture in fluid catalytic 
cracking units 

2.48 

40 
Plasma gasification of municipal 
solid waste 

3.35 
80 

CO2 capture in coal-fired 
thermoelectric plants 

2.46 

 

As previously mentioned, a set of 12 priority technologies was considered by the 

Brazilian government and the projectôs team as feasible for the development of the TAP. 

Hence, the final step consists of arriving at a consensus regarding a method to select 

the priority technologies from the ranking that would ensure an adequate sectoral 

balance of the options. Table 9 presents the technologies with the respective sector and 

subsector selected for the four proposed methods.  

All methods privilege the Afolu sector, which gets half of the technologies in the 

ORS, SER and SSE methods and four out of the 12 places in the SES method. Most of 

the Afolu prioritized technologies are from the Other Land Uses sub-sector. The transport 

sector also guarantees a good presence in the list of technologies for TAP, with three 

options for the ORS method and two for the others. The industrial sector appears without 

technologies contemplated for the ORS method and with two technologies for the other 

methods. In turn, the energy sector appears with one technology in all methods except 

SES, in which it reaches two. The waste sector reaches one technology in all methods 

and the Buildings sector is contemplated with one technology by the ORS, SES and SSE 

methods and none in the SER. 

Finally, the overall ranking together with the results of each selection method is 

presented to the TAC. The Committee deliberates on which approach presents the 

results that are more aligned to its expectations, considering their political feasibility. In 

this case, the TAC decided to select the priority technologies according to the SSE 

method. 
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Table 9. Prioritized technologies with sector and subsector for the proposed selection methods 

 

Selection 
methods¹ 

ORS SES SER SSE 

Technologies² Silviculture with 
native species for 
restoration (A-o) 

Silviculture with 
native species for 
restoration (A-o) 

Silviculture with 
native species for 
restoration (A-o) 

Precision 
agriculture (A-a) 

Flex hybrid 
vehicles (T) 

Satellite monitoring 
(A-o) 

Satellite monitoring 
(A-o) 

Genetic 
improvement in 
beef cattle (A-a) 

Use of agricultural 
and agro-industrial 
waste (W) 

Mixed planting 
silviculture with 
exotic and native 
species (A-o) 

Mixed planting 
silviculture with 
exotic and native 
species (A-o) 

Silviculture with 
native species for 
restoration (A-o) 

Plug-in hybrid 
electric vehicles 
(T) 

Precision forestry 
and silviculture (A-
o) 

Precision forestry 
and silviculture (A-
o) 

Satellite monitoring 
(A-o) 

Satellite monitoring 
(A-o) 

Flex hybrid 
vehicles (T) 

Forestry genetic 
engineering  
(A-o) 

Mixed planting 
silviculture with 
exotic and native 
species (A-o) 

Mixed planting 
silviculture with 
exotic and native 
species (A-o) 

Plug-in hybrid 
electric vehicles (T) 

Precision 
agriculture (A-a) 

Photovoltaic solar 
induction stoves 
(B) 

Ethanol fuel cell 
electric vehicles 
(T) 

Industry 4.0 (I-t) Flex hybrid 
vehicles (T) 

Flex hybrid 
vehicles (T) 

Precision forestry 
and silviculture (A-
o) 

Alternative 
materials for 
cement (I-c) 

Plug-in hybrid 
electric vehicles (T) 

Plug-in hybrid 
electric vehicles (T) 

Floating solar 
power plants (E-p) 

Floating solar 
power plants (E-p) 

Industry 4.0 (I-t) Industry 4.0 (I-t) 

Forestry genetic 
engineering   
(A-o) 

Green diesel (E-b) Alternative 
materials for 
cement (I-c) 

Alternative 
materials for 
cement (I-c) 

Photovoltaic solar 
induction stoves 
(B) 

Photovoltaic solar 
induction stoves 
(B) 

Floating solar 
power plants (E-p) 

Floating solar 
power plants (E-p) 

Precision 
agriculture (A-a) 

Use of vinasse and 
other agricultural 
residues (W) 

Use of agricultural 
and agro-industrial 
waste (W) 

Use of agricultural 
and agro-industrial 
waste (W) 

Notes: ¹ ORS ï Ordinal Selection, SES ï Sectoral Equity Selection, SER ï Sectoral Emissions 
Representativeness Selection, SSE ï Sub-sectoral Emissions Representativeness Selection.  
² Sector and sub-sector in parenthesis, upper case denotes the sector and lower case the sub-sector, 
when applicable. For the sectors: A ï Afolu, B ï Buildings, E ï Energy, I ï Industry, T ï Transport, W ï 
Waste. For the sub-sectors: a ï Agriculture, o ï Other Land Uses, c ï Cement, q ï Chemical, i ï Iron and 
Steel, t ï Transversal, og ï Oil and Gas E&P, r ï Refining, p ï Power, b ï Biofuels. 

 

3.6. Discussion  

3.6.1. Insights on the technology pre-selection 

As mentioned in the Introduction, Brazil is a developing country with considerable 

capability in terms of modelling scenarios for supporting its climate strategy, especially 

due to its efforts to develop its own IAMs (MCTIC, 2017, ROCHEDO, SOARES-FILHO, 

et al., 2018). A scenario round from an early version of the BLUES model was used as 
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an important input to the Brazilian TNA by indicating a longlist of mitigation technologies 

for all key sectors of the country (MCTIC, 2017). Yet, these previous results selected 

technologies based only on their mitigation potentials and costs. Hence, some other 

alternatives that might be interesting for the countryôs development (for instance, by 

generating jobs and income or fostering a digital transformation) might be excluded in 

this framework (GRUBB, DRUMMOND, et al., 2021). To overcome such a limitation, 

stakeholders were called to suggest the inclusion in the shortlist of other low-carbon 

technologies that were eventually excluded by the costs and potentials criteria but are 

particularly interesting for the country. 

Having a previous database of mitigation technologies built from the robust 

results of IAMs was a considerable contribution to the Brazilian TNA and provided a 

different shape to the process in comparison to countries with no previous databases of 

mitigation options. It supported the identification of technologies for all key economic 

sectors, rather than only for previously prioritized sectors. This allowed for an economy-

wide MCDA in which technologies are prioritized before the sectors, which may provide 

more information for the countryôs climate framework beyond the TNA project goals, as 

further discussed in the following sectors. This calls for the importance of connecting the 

TNA to other existing or ongoing climate-related efforts in the country, as highlighted by 

Haselip et al. (2015). 

Complex databases for climate technology options and models for an integrated 

assessment of all sectors are generally available in developed countries (HOFMAN, VAN 

DER GAAST, 2019). However, their existence is not the reality for most developing 

countries, although there are some experiences of developing countries which have their 

own IAMs for guiding their own climate strategy, as is the case of Ecuador with its ELENA 

model (VILLAMAR, SORIA, et al., 2021). Hence, countries that possess such tools might 

draw more insights from the Brazilian TNA experience for fine-tuning their strategies with 

a stakeholders-engaged MCDA, as proposed by Hofman and van der Gaast (2019). 

These might include not only countries which have their own IAMs but also countries 

with previous projects that involved somehow an effort to map climate technologies. This 

could be the case for new rounds of TNA studies, which could benefit from the inclusion 

of other sectors rather than the formerly prioritized in terms of the construction of a 

broader strategy. 

3.6.2. Insights on the choice of criteria and technology scoring 

The selection of criteria for assessing the technologies was based on features of 

the technology regarding the three technology dimensions (NYGAARD, HANSEN, 2015) 
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ï hardware, software and orgware ï and the potential co-benefits they can provide. 

Considering the technology dimension is an important requirement, even referred to as 

a ñchallengeò (NYGAARD, HANSEN, 2015), for climate technology development and 

transfer projects (BOLDT, NYGAARD, et al., 2012, DE CONINCK, SAGAR, 2015a, 

GOLDAR, SHARMA, et al., 2019), particularly for  TNAs (HASELIP, James, 

NARKEVICIUTE, et al., 2019). Co-benefits, on the other hand, are important aspects for 

assuring public acceptance and political support for mitigation technologies and policies, 

as is the case for actions that promote health benefits and improvements in air quality 

(AMELUNG, FISCHER, et al., 2019, BUSTAMANTE, ROBLEDO-ABAD, et al., 2014, 

CHAPMAN, MCLELLAN, et al., 2018, SORIA, PORTUGAL-PEREIRA, et al., 2015, 

WANG, JIANG, et al., 2020, WEST, SMITH, et al., 2013). In the Brazilian TNA, the criteria 

were organized in two levels for the MCDA (Figure 3), and the first-level categories were 

determined as ñtechnologicalò, ñphysicalò, ñsocio-economicò and ñinstitutionalò. Most of 

the reviewed TNAs for mitigation technologies (presented in section 3.3.2) also used a 

two-level approach for the criteria. Yet, while most of them included criteria associated 

with co-benefits (such as ñsocialò, ñenvironmentalò and ñeconomicò), only around one-

third included ñpoliticalò or ñinstitutionalò criteria, which indicates that the orgware 

dimension is usually underrepresented in such studies, as stated by Nygaard and 

Hansen (2015). 

The SRRCs analysis aims to evaluate the quality of the choice of the sub-criteria 

for the Brazilian TNA, by testing the hypothesis of multiple accounts of one or more 

aspects when attributing scores to the technologies, evidenced by the existence of strong 

correlations between pairs of sub-criteria. As shown in Table 7, strong correlations were 

observed among the INT sub-criteria and between FP with WR, BD and VC.  

The rationale behind the choice of INT sub-criteria was to score the mitigation 

technologies on their alignment to the three main axes of policies and programs that 

compose the portfolio of mitigation actions in Brazil. The other sub-criterion should reflect 

how the technologies fit in the current institutional environment, or basically whether it is 

likely to hamper or aid their development. Nevertheless, the alignment of a technology 

to a sectorial or national plan or climate policy usually considers the institutional 

environment. Hence, when a technology reaches a high score in an institutional sub-

criterion, it is coherent that it is also highly scored in the others, which leads to strong 

correlations among the criteria. Thus, to avoid strong correlations, the INT sub-criteria 

representing alignment with public policies could have been grouped into a single sub-

criterion. In addition, the IF sub-criterion could also have been broken down into 

elements that should be more independent between them such as regulatory/legal 

framework, access to funding and public acceptance. 



57 
 

 

The strong correlations observed for the FP sub-criterion are, likely, a 

repercussion of the water-food-energy-climate nexus in the technology scoring (WEF, 

2011). Since agriculture is the sector that globally accounts for more than 80% of water 

consumption (HOFF, 2011), it is coherent that a positive impact on water availability also 

impacts positively food production. Otherwise, if a technology would require too much 

water to operate, it could negatively impact food production due to the eventual lack of 

water for irrigation. Regarding climate, technologies less resilient to climate change 

usually depend on renewable resources. Some of these technologies, especially in the 

energy sector, demand large portions of land and therefore compete with agriculture, 

imposing a negative impact on food production (RASUL, SHARMA, 2016). As for energy, 

the lack of strong correlations between the ER indicator and the others suggests that the 

technology score captured both synergies and trade-offs in the nexus with water, food, 

and climate. 

There is an apparent contradiction between the goals of increasing agricultural 

production and conserving biodiversity. However, a strong positive correlation between 

the FP and BD sub-criteria was observed. This can be explained by the assumption that 

technologies that promote greater intensification of land use free up space for both 

increasing food production and new conservation areas. Notwithstanding, there are 

studies arguing that food production systems do not necessarily have to trade off with 

biodiversity (CHAPPELL, LAVALLE, 2011, GLAMANN, HANSPACH, et al., 2017), or 

even that biodiversity conservation is essential for ensuring food security (FRISON, 

CHERFAS, et al., 2011).  

Regarding the technology scoring process, as described in the Methodology 

section, technologies were assessed by the academic experts from the NCT and 

stakeholders were not involved in the process for avoiding biases. Yet, some limitations 

to that assumption should be acknowledged. First, an assessment of a high number of 

technologies with a large number of criteria requires an extensive review and each score 

is as robust as the number of evidence on which it is based (DE CONINCK, REVI, et al., 

2018). Hence, the robustness of this assessment is directly related to the amount of 

evidence reviewed and the fact that if no evidence on the relation of a technology to a 

criterion was found this does not necessarily mean that there is no relation. Second, it is 

common that scientific literature disagrees on the performance of a technology in a 

criterion (DE CONINCK, REVI, et al., 2018). An example of such a degree of uncertainty 

is that the mitigation costs of technologies are commonly informed in a range of US$/t of 

CO2, which sometimes vary from negative to very high values (BORBA, Bruno S.M.C., 

LUCENA, et al., 2012, FUSS, LAMB, et al., 2018). Thus, the assignment of a 

performance score in such cases can be a subjective exercise for the expertsô team. 
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Third, the technology performance in the criteria can change over time, as is the case of 

the cost of renewable energy which fell more rapidly than the most optimistic learning 

curves considered in the modelled scenarios of the last decade (GRUBB, DRUMMOND, 

et al., 2021). 

3.6.3. Insights on the application of the MCDA/AHP for weighting 
the criteria 

The criteria weighting results are dependent on the space-temporal context in 

which the process is undertaken, as it relies on the current perception of individuals who 

participate in the survey (ERNST, VAN RIEMSDIJK, 2013). Hence, even though it is 

essential that TNA studies are conducted through a participatory process (HOFMAN, 

VAN DER GAAST, 2019, PANDEY, CONINCK, et al., 2022), some caution must be taken 

to affirm that such a process actually represents societyôs preferences. Having 

participatory approaches is challenging in a complex country with a high level of 

inequalities such as Brazil (CORNWALL, SHANKLAND, 2013). Therefore, there are 

limitations to the interpretation of the results that should be highlighted. First, a 

participative approach should not be mistaken for an inclusive process, therefore caution 

must be taken when calling the results representative of the Brazilian societyôs interests. 

Thus, as the survey is conducted with the participation of some high-level stakeholders 

in the country, its results are only representative of an average view of some 

representatives of groups of interest from the public and private sectors, civil society and 

academia that are included in the discussions of climate in Brazil under the scope of the 

ñRede CLIMAò. Moreover, most participants of the survey are from the public sector, 

especially from the Ministry of Science, Technology and Innovations (Table 2), since not 

all the invited stakeholders responded to the survey. This limitation reflects the 

importance of the challenging task of engaging stakeholders in a TNA (HOFMAN, VAN 

DER GAAST, 2019, ROGAT, 2015). 

Also, since the participatory process and the AHP methodology itself can have 

their consistency jeopardized by a lack of rationality in participants responses, it is 

important to conduct a consistency analysis of the resulting matrix of weights (LE PIRA, 

INTURRI, et al., 2015). In the case of TNA Brazil, all the matrices were consistent in the 

first round, so the survey process was not repeated. Another precaution taken in the 

present study to prevent eventual conflicts of interests and biases within the process was 

not to provide access for stakeholders to the scores given to the technologies in the 

shortlist. Additionally, to simplify the questions (and answers) in the questionaries, the 
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scale of comparison was simplified from 17 (Saatyôs scale in the AHP methodology) to 5 

categories, to reduce psychological burden and inconsistency of judgement.  

Regarding the AHP/MCDA result, the JI sub-criterion was given the highest 

weight in the analysis by stakeholders. Traditionally, countries of the Global South face 

more challenging scenarios in terms of unemployment and economic growth (WEF, 

2018), making these issues a local priority. Furthermore, Brazil is facing a major 

economic crisis since 2016 (IBGE, 2020b, NUNES, MELO, 2017), worsened in recent 

years by social and political associated crises (DE AREA LEëO PEREIRA, SILVEIRA 

FERREIRA, et al., 2019, ROCHEDO, SOARES-FILHO, et al., 2018). Hence, a high and 

rising rate of unemployment has been observed in the country since 2014 (IBGE, 2020a, 

ILO, 2018), which probably explains in part why the JI sub-criterion was considered by 

stakeholders as the most valuable co-benefit associated with mitigation efforts. Still, the 

surveys were performed before the COVID 19 pandemic outbreak, which further 

aggravated the social and economic situation in the country (IMF, 2020, SCHWAB, 

ZAHIDI, 2020) and would certainly impact the participants` judgement probably by giving 

even more importance to the criterion.  

The IF sub-criterion has reached almost the same weight within its group, under 

the INT criterion. This result reflects the relevant role of institutions in incentivizing 

technology development (TEIXEIRA, CRISTO-ANDRADE, et al., 2021, WEF, 2018). 

Moreover, despite the high-level capacity in the long-term modelling science, the 

Brazilian institutions are considered to be poorly prepared to foster a general 

environment of innovation and competitiveness vis-̈-vis other countries (SCHWAB, 

ZAHIDI, 2020). This means that institutional barriers can be a significant burden for the 

development of innovative technologies that are out of step with the current institutional 

framework. These aspects may have led stakeholders to consider the institutional 

framework sub-criterion more important than the other ñInstitutionalò sub-criteria, which 

reflect the technologiesô alignment to incentive policies and programs. 

In the ñPhysicalò group, the most relevant sub-criterion was found to be the 

ñImpacts on water availabilityò. Even though Brazil has abundant water resources, these 

are concentrated mainly in low demographic density areas and the power system and 

agriculture sectors are very dependent on water (LUCENA, HEJAZI, et al., 2018, 

VASQUEZ-ARROYO, GANDELMAN, et al., 2020). According to EPE (2021), 65.2% of 

the Brazilian electricity mix was composed of hydropower plants in 2020. Additionally, 

the National Water Agency of Brazil points out that water for irrigation in agriculture and 

livestock accounted for 66.1% and 12.6% of the water consumption in Brazil, respectively 

(ANA, 2019). Therefore, it is understandable that the stakeholders find it relevant to 
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assess if the development of a mitigation technology can affect, positively or negatively, 

the Brazilian water resources. 

Finally, within the ñTechnologicalò group of sub-criteria, the attribution of weights 

was more balanced. However, the three sub-criteria more inherently related to the 

technical performance of a technology were thought to be more important than the ñVCò 

sub-criterion. Possibly because the latter is perceived as a long-term risk with an 

uncertain impact on the technology, while the others represent established parameters 

in technological assessments.  

3.6.4. Insights on the ranking and prioritization process 

The first positions in the final ranking were mainly occupied by technologies from 

the Afolu sector, particularly in the Other Land Uses subsector. These technologies, in 

general, have a relatively low cost and high mitigation potential, bring several 

environmental co-benefits, such as environmental services, and are better suited to the 

Brazilian institutional framework (BUSTAMANTE, ROBLEDO-ABAD, et al., 2014, DENG, 

LIANG, et al., 2017, ROCHEDO, SOARES-FILHO, et al., 2018). Therefore, they received 

good ratings on most of the sub-criteria and obtained high final values. This is also the 

case for the technologies related to the ethanol industry (hybrid flex vehicles, ethanol 

fuel cell electric vehicles and use of agricultural and agro-industrial waste). These 

technologies were well rated in the socioeconomic indicators, since they have the 

potential to provide a high number of jobs (IRENA, 2019), and show competitive 

advantages for Brazil, due to the large tradition in large-scale production of sugarcane 

ethanol (GOLDEMBERG, COELHO, et al., 2004). On the other hand, technologies from 

the energy sector, which is generally considered a high priority sector for climate 

mitigation in TNAs (HOFMAN, VAN DER GAAST, 2019, NYGAARD, HANSEN, 2015, 

PUIG, HASELIP, et al., 2018), were not much present in the first positions of the ranking. 

Perhaps this is because Brazil already has an energy mix with a relatively high share of 

renewables ï 48.4% of renewables in 2020 compared to an average of 13.8% in the 

World and 11% in OECD countries (EPE, 2021), which might enhance the cost and limit 

the potential of co-benefits for further mitigation in the sector. 

Regarding the prioritization process, taking into consideration just the simple 

ordinal ranking would privilege the Afolu and Transport sectors over the others. That sort 

of concentration could lead to a non-desirable result for the TAPôs implementation in 

Brazil. The privileged sector could become overwhelmed with too many technology 

development projects. Meanwhile, the other sectors that could be mobilized to develop 

promising technologies would not receive the necessary funding. Therefore, proposing 



61 
 

 

alternative methods for selecting priority technologies from the ranking in a more 

balanced manner, together with the discussion with the TAC, enabled the results to 

include a more diverse set of interests.  

On this topic, it is important to highlight the role of the TAC in the TNA Brazil 

project. The TAC represents an additional instance of follow-up, technical support, and 

decision-making in the TNA project in relation to the standard structure. Therefore, TAC 

plays a more active role in project execution compared to NSC. Hence, the existence of 

the TAC enables the use of a tailored method for selecting technologies from the MCDAôs 

final ranking, which might be important for improving political buy-in for the TAP. 

Nonetheless, attributing the final decision power to the TAC can make the process 

vulnerable to political interests, particularly of ministerial members indicated by the 

government in place. The transparency of the process, therefore, is an important element 

to avoid this risk. In the case of the TNA Brazil project, the method used to provide 

transparency to the process was the appointment of TAC members by a Ministerial 

Ordinance (BRASIL, 2019b). 

The Brazilian TNA approach is an alternative to the sectoral prioritization 

frequently conducted in other TNA studies. In the referred approach, sectors or 

subsectors are prioritized and chosen according to their individual contribution to relevant 

criteria to the country (e.g. GDP or GHG emissions) before the identification and 

classification of the technologies. The comparison and ranking of technologies are 

performed exclusively within the same sector and only the best-ranked (sub-)sector(s) 

is(are) considered. This method disregards the real position of each sector's mitigation 

options in the overall national ranking. They may lead to the selection of technologies for 

the development of TAPs not for their own potential to meet national goals, but rather for 

the sector to which they belong. However, a general ranking is challenging since it 

requires the application of the same set of technological assessment criteria to all 

sectors. Hence, it limits the employment of sector-specific, yet relevant, criteria in the 

analysis, e.g. travel time to assess transport technologies.  

Yet, the advantages of seeking a well-suited technology portfolio across sectors 

outweigh those limitations, especially in countries such as Brazil where a single sector 

(i.e. Afolu) tends to concentrate most of the emissions and mitigation opportunities. If the 

number of technologies per sector was divided linearly beforehand, it would have been 

left out highly promising Afolu technology while including technologies from sectors such 

as Buildings and Residues with a much lower mitigation potential. Moreover, if an early 

prioritization of sectors/sub-sectors had been conducted, the energy sector was likely to 

be given a higher relevance in the results than the one it obtained from the overall 
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ranking, especially if the recommendation of choosing no more than three sectors 

(HOFMAN, VAN DER GAAST, 2019) was followed. In other words, a ñone-size-fits-allò 

approach following strictly the TNA guidebook would have led to different results for the 

Brazilian TNA, probably less connected to the countryôs reality and actual needs. This 

calls for the importance of country-specificity (BUSCH, FEIL, et al., 2021) in the design 

of such technology development and transfer processes. 

A final ranking containing technologies from all sectors provides an integrated 

and simultaneous view of the mitigation options across different sectors and sub-sectors. 

Thus, it delivers important information regarding the opportunities framework for 

innovation on mitigation technologies in the country, comprising all key sectors. 

Therefore, it promotes a solid foundation for the decision-making process on the sectoral 

distribution of technologies to be developed in the TAPs. But beyond the TNA projectôs 

original scope, such a comprehensive ranking, as well as the database generated by the 

technology scoring, is also a valuable co-product of the TNA. It provides a map of the 

countryôs technology needs and potential, which can be a useful information source for 

financing agents and developers to evaluate how technology development projects pose 

within the multi-sectoral environment for innovation in climate sound options in the 

country. 

3.7. Final Considerations 

Technology innovation and development are paramount for reaching the global 

climate goals, which makes imperative the strengthening of developing countriesô NSI 

for climate sound technologies. International technology transfer and cooperation 

mechanisms are intended to come in aid of that task, whilst their success depends on 

considering the national circumstances and needs of the recipient countries. Under this 

appeal, TNAs are an important tool for the identification and prioritization of climate 

technologies in developing countries, which should lead to the proposal of emblematic 

projects for priority sectoral technologies in the scope of a TAP. The need for country-

driven approaches for TNAs is consistently mentioned in the knowledge body on the 

theme. However, the literature lacks discussions on country-specific processes for the 

TNA, as the methodology is usually referred to as a one-size-fits-all approach. For 

instance, although more than 80 countries already conducted TNA studies, no scientific 

paper was found discussing lessons learned from the application of a tailored TNA 

process for a specific country, shaped by its current capabilities in climate technologies.  
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Brazil is a developing country with exceptional capabilities in terms of modelling 

scenarios for supporting its climate strategy. Therefore, a Brazilian-tailored TNA study is 

particularly interesting, as it can integrate results from IAMs to a participatory MCDA. 

Thence, the experiences drawn from it may provide insights not only for future TNA 

studies in developing countries but also for country-specific processes of climate 

technologies prioritization in general, as for the case of developed countries willing to 

fine-tune their IAM scenario-based climate strategies with a participatory MCDA. Hence, 

this study presents lessons learned from the identification and prioritization step of a TNA 

for mitigation technologies in Brazil, which applied an MCDA analysis and a selection of 

priority technologies tailored to the climate context of the country.  

Participatory approaches are very relevant for TNAs, as stated by many authors. 

Nonetheless, there is a need for caution in considering the participatory process inclusive 

or, even further, representative of the view of the society. The stakeholders invited to 

participate in the MCDA criteria-weighting survey, although aligned to a network of high-

level discussions on climate technology in Brazil, are representative of a political and 

economic elite in the country and are geographically concentrated in the rich Center-

South region of Brazil. Future studies may address this issue by including a broader set 

of socially and geographically diverse stakeholders, for assessing how specific social 

groups or sub-national priorities for climate technology development and transfer 

compare to the countryôs average. A future TNA study for Brazil focused on technologies 

for adapting to climate change could also be interesting to compose the country's climate 

action portfolio on this other front. 

The final ranking containing technologies from the Brazilian key sectors is an 

important result because it provides decision and policymakers with an integrated and 

simultaneous view of the mitigation options across different sectors and sub-sectors. 

This result can better support a tailored selection of technologies to be developed in the 

TAPs by the TAC, assuring more political support and financial viability for the 

development of projects for the core technologies group in the country. Nevertheless, 

attributing the final decision to the TAC may imply a risk that members of ministries 

conduct the final selection of technologies to privilege sectors aligned with the agenda 

of the government in place. Beyond the TNA projectôs scope, an overall ranking is an 

important co-product of the TNA, as it works as an economy-wide map of technology 

needs and potentials. This is also the case of the technologies scoring database, which 

would benefit from becoming a public document with periodic updates and the inclusion 

of a robustness analysis. 
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Finally, if a one-size-fits-all approach had been conducted for the Brazilian TNA, 

certainly other results would have been obtained, probably less connected to the 

countryôs context of NIS capability and its actual needs. This calls for the importance that 

a technology transfer project such as a TNA must not only be country-driven but also the 

methodology itself should be reinterpreted and adapted through a country-specific 

approach, as this is at the root of the innovation concept. We call for other countries that 

conduct technology transfer processes such as TNAs not to uncritically apply one-size-

fits-all methodologies but to propose adaptations that make sense to their context and 

then write about their experiences. We do not claim that the Brazilian TNA methodology 

is better than the standard procedure, but rather that it is more adequate to the Brazilian 

context. We claim that countries should use the TNA guidebook for support rather than 

for illumination. 
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4.1. Abstract 

Brazil is an emerging market for offshore wind energy, with its first projects having 

already applied for environmental permits. However, few studies have actually evaluated 

Brazilôs offshore potential, and those that have have focused on its gross resource 

potential.  This paper thus aims to assess Brazilôs offshore wind potential through a novel 

approach that allows for the evaluation and mapping of the potential in different levels 

(Gross, Technical and Environmental and Social) and highlights the most economically 

attractive areas for offshore wind deployment, following a Spatial Multi-Criteria Decision 

Analysis. Results for Brazil show 1,688 GW of Gross Potential, 1,064 GW of Technical 

Potential and 330 GW of Environmental and Social Potential. The least economically 

attractive areas are mainly in the Southeast region, while the most attractive ones are 

concentrated in the Northeast region. The top ten areas for offshore development are 

also highlighted, totaling 126 GW of capacity. In short, this paper addresses the 

knowledge gap towards a comprehensive potential assessment for Brazil and concludes 

that the country has a significant offshore wind potential that can be sustainably deployed 

if proper siting criteria are applied. The approach proposed here is replicable and capable 

of informing the planning of sustainable offshore wind development in other regions or 

countries. 

Keywords: Offshore wind potential; Spatial Multi-Criteria Decision Analysis; 

Offshore wind siting criteria; Suitability map; GIS; Brazil. 
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AHP ï Analytical Hierarchy Process 

CEPEL ï Brazilôs Electric Power Institute 
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EPE ï Brazilôs Energy Research Office 
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LCOE ï Levelized Cost of Energy 

MCDA ï Multi-Criteria Decision Analysis 

O&M ï Operation and Maintenance 

OWF ï Offshore Wind Farm 

OWP ï Offshore Wind Potential 

SMCDA ï Spatial Multi-Criteria Decision Analysis 

WPA ï Wind Potential Assessment 

4.2. Introduction 

Offshore wind energy is expanding its capacity and importance in the 

international sphere. The leading market is the United Kingdom, followed by Germany 

and China. In 2019, this energy source had a record year, comprising 10% of all new 

wind installations (onshore and offshore) globally, totaling 29 GW of cumulative capacity 

(GWEC, 2020).  

Brazil, one of the top ten countries in the global ranking of onshore wind installed 

capacity, is seen as an emerging market for offshore wind (GWEC, 2020, 

INTERNATIONAL ENERGY AGENCY, 2019). Currently, Brazil has no offshore wind 

plants installed, but already six projects are already being considered for environmental 

permits, which, if approved, will add almost 10 GW of offshore wind capacity to the 

country (EPE, 2020b). Despite that, the development of offshore wind facilities in the 

country faces various challenges, including a nonexistent environmental framework for 

the activity, a nonexistent marine spatial planning strategy and a lack of knowledge 

regarding the national offshore wind potential.  

In fact, few studies have evaluated Brazilôs offshore wind potential. The most 

recent and complete study regarding offshore wind energy in Brazil was the Roadmap 

released by Brazilôs Energy Research Office (EPE) in 2020 (EPE, 2020b). The authors 

calculated the offshore potential in Brazil using the ERA5 wind database8 and regional 

values for Wind Farm Power Densities and Capacity Factors. The available area 

comprised the Brazilian Exclusive Economic Zone (EEZ) with wind speeds equal to or 

higher than 7 m/s at 100 m in height. The estimated potential is 697 GW for waters up to 

50 m deep, which translates into an energy yield of 2,536 TWh. 

 
8 Global database available from the ECMWF (European Centre for Medium-Range 

Weather Forecasts) with spatial resolution of 30 km and referent to the period between 2000 and 
2017 (EPE, 2020). 
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Before this study, the offshore wind resource in the country had been evaluated 

in the Brazilian Wind Atlas (CEPEL, 2017a) released in 2017, with data from Brazilôs 

Electric Power Instituteôs (CEPEL) 2013 simulations for the annual average wind speeds 

at heights ranging from 30 to 200 m and a spatial resolution of 5 km. Other offshore Wind 

Potential Assessments (WPAs) for the entire Brazilian coast were conducted in 

(PIMENTA, Felipe M., SILVA, et al., 2019) and (ORTIZ, KAMPEL, 2011) and on a 

regional and state scale, one can find studies that analyzed the offshore wind potential 

in the South and Southeast regions of the country (DE ASSIS TAVARES, SHADMAN, et 

al., 2020, PIMENTA, Felipe, KEMPTON, et al., 2008), and in the states of Bahia (BA) 

(CAMARGO SCHUBERT ENGENHEIROS ASSOCIADOS, 2013) and Rio Grande do 

Sul (RS) (CAMARGO SCHUBERT ENGENHEIROS ASSOCIADOS, 2014). 

When analyzing the available area for offshore wind development, WPAs should 

consider technological limitations and other uses of the maritime space. However, none 

of the referred studies have applied spatial exclusions at a national level for Brazil. Thus, 

it becomes noticeable the need to deepen the knowledge regarding the Offshore Wind 

Potential (OWP) in Brazil, in order to produce a more comprehensive assessment and 

identify the most suitable areas for offshore wind farm (OWF) development in the country. 

With that in mind, the aim of this paper is to assess the OWP in Brazil through a novel 

approach that allows the evaluation of the potential in different levels. This is done by 

mapping the available areas for offshore wind energy deployment with respect to 

technical, environmental and social constraints, and then ranking them according to their 

suitability in terms of economic factors. To this end, the remainder of this paper is 

organized as follows. Section 2 performs a literature review on OWFsô siting procedures 

and criteria, and on Spatial Multi-Criteria Decision Analysis (SMCDA), a methodology to 

deal with multi-variable spatial problems, such as OWFsô siting. Section 3 presents the 

methodology proposed in this study to conduct OWP assessments with respect to siting 

criteria. Section 4 is the case study in which the Brazilian OWP is assessed through the 

proposed methodological approach. The main results and discussions for the case study 

are then presented in Section 5, and finally Section 6 concludes the analysis.   

4.3. Literature review 

The process of defining the most suitable site for installing wind energy projects 

is called siting. Hence, to construct the methodological process, a literature review was 

conducted on OWFsô siting procedures, criteria and scope. Siting studies involve the 

evaluation of sites with respect to technical, environmental, social and/or economic 

criteria, so as to verify the feasibility for wind energy deployment on land and offshore. 
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For individual projects, study scale is usually regional, whereas for WPAs the scope of 

analysis can be national. 

For onshore wind energy projects, siting studies have been performed in 

countries like Ecuador (VILLACRESES, GAONA, et al., 2017), Germany (H¥FER, 

SUNAK, et al., 2016b), Greece (LATINOPOULOS, KECHAGIA, 2015), Iran 

(NOOROLLAHI, YOUSEFI, et al., 2016), Saudi Arabia (BASEER, REHMAN, et al., 2017), 

Spain (SĆNCHEZ-LOZANO, GARCĉA-CASCALES, et al., 2016), and the United States 

(GORSEVSKI, CATHCART, et al., 2013). For offshore wind energy deployment, such 

studies have been done in Brazil (DE ASSIS TAVARES, SHADMAN, et al., 2020), the 

Baltic States (CHAOUACHI, COVRIG, et al., 2017), the Canary Islands 

(SCHALLENBERG-RODRĉGUEZ, GARCĉA MONTESDEOCA, 2018), Chile (MATTAR, 

GUZMĆN-IBARRA, 2017), China (HONG, M¥LLER, 2011), Denmark (VOORMOLEN, 

JUNGINGER, et al., 2016a), Egypt (MAHDY, BAHAJ, 2018), India (NAGABABU, 

KACHHWAHA, et al., 2017), Japan (YAMAGUCHI, ISHIHARA, 2014), the North Sea 

(JONGBLOED, VAN DER WAL, et al., 2014, SCHILLINGS, WANDERER, et al., 2012), 

South Korea (KIM, Choong Ki, JANG, et al., 2018, KIM, Taeyun, PARK, et al., 2016), 

Thailand (WAEWSAK, LANDRY, et al., 2015), the United Kingdom (CAVAZZI, DUTTON, 

2016) and the United States (DHANJU, WHITAKER, et al., 2008, DVORAK, ARCHER, 

et al., 2010, MAGAR, GROSS, et al., 2018). And for offshore hybrid systems, which 

include other sources of renewable energy combined with wind, siting studies have 

already been done for Europe (CRADDEN, KALOGERI, et al., 2016), Greece 

(VASILEIOU, LOUKOGEORGAKI, et al., 2017) and Italy (ZANUTTIGH, ANGELELLI, et 

al., 2016). 

On a national scale, the siting approach can be a tool for OWP assessments. The 

core strategy of this type of analysis is to apply constraints to the theoretically available 

area for wind farm installation and, in doing so, evaluate the wind potential within different 

scopes, reducing its magnitude at each level. Europe (EEA, 2009, HUNDLEBY, 

FREEMAN, 2017) and the United States (MUSIAL, HEIMILLER, et al., 2016a) performed 

such assessments in similar ways: firstly analyzing the so-called Gross Potential and 

afterwards the Technical Potential. Applied constraints considered technological aspects 

as well as environmental features and other uses (HUNDLEBY, FREEMAN, 2017, 

MUSIAL, HEIMILLER, et al., 2016a). For Europe, further analysis included the 

Economically Attractive Potential, which represents the portion of the technical potential 

capacity that can generate energy at or below a reference Levelized Cost of Energy 

(LCOE) (HUNDLEBY, FREEMAN, 2017).  
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To compile siting criteria for OWFs, (HO, LIE, et al., 2018) developed an extensive 

list, based on a literature review and expert interviews. The paper not only identified 

which criteria to be considered, but also evaluated the importance of each criterion to 

the siting process as a function of its impact and the consensus among interviewed 

stakeholders. The authors found that the most studied aspects are usually related to 

profitability or social acceptance of projects, while advocating that environmental criteria 

should be more important in siting procedures and that all the affected biological groups 

should be taken into account. 

In (PETERS, REMMERS, et al., 2020), a systematic literature review assessed 

49 peer-reviewed papers to reveal trends in offshore wind energy research that 

employed Geographic Information System (GIS) analyses and spatial parameters. The 

objectives of the reviewed studies included resource assessment, site selection, 

planning assistance, environmental impact assessment and policy information. The 

number of GIS parameters considered in the papers ranged from 2 to 14, with water 

depth being the most applied. The majority of studies were conducted in Europe and 

Asia. No research was conducted in South America.  

According to the reviewed literature, the main criteria to be evaluated when 

conducting offshore wind energy siting studies are water depth; wind speed; presence 

of environmental protection areas, fishing areas and areas of importance for birds; 

distance to shore, to grid connection, to ports and to other structures; and visually 

impacted areas.  

Siting criteria can also be divided into constraints and factors. Constraints 

translate into spatial exclusions, which cause development to be prohibited within the 

constrained areas. Factors, on the other hand, can be interpreted as criteria that make 

a site more or less interesting according to a specific purpose.  

It can happen that some siting studies involve a wide set of variables, or factors, 

and the solution relies on a compromise between them. A tool to help solve this sort of 

problem is the Multi-Criteria Decision Analysis (MCDA). When the problem involves 

spatial variables, the MCDA methodology can be blended with GIS software, resulting in 

the so-called Spatial Multi-Criteria Decision Analysis (SMCDA) or GIS-MCDA. Many of 

the reviewed siting studies have applied the SMCDA methodology for onshore wind sites 

(BASEER, REHMAN, et al., 2017, GORSEVSKI, CATHCART, et al., 2013, H¥FER, 

SUNAK, et al., 2016b, LATINOPOULOS, KECHAGIA, 2015, NOOROLLAHI, YOUSEFI, 

et al., 2016, SĆNCHEZ-LOZANO, GARCĉA-CASCALES, et al., 2016, VILLACRESES, 

GAONA, et al., 2017) and a few for offshore wind sites (CHAOUACHI, COVRIG, et al., 
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2017, MAHDY, BAHAJ, 2018) and offshore hybrid systems (VASILEIOU, 

LOUKOGEORGAKI, et al., 2017). 

4.4. Methodology 

Based on the reviewed literature, a methodology to assess the Brazilian OWP 

with respect to technical, environmental, social and economic aspects was formulated. 

It contrasts with other national assessments in which only the Gross Potential is 

calculated, a calculation which provides a representation of the theoretically available 

area, but with no spatial constraints to development. By combining methodologies from 

both wind potential assessments and OWF siting studies, including SMCDA, the 

proposed approach allows for the evaluation of the potential in different levels, namely 

the Gross, the Technical and the Environmental and Social. It also highlights the most 

suitable areas from an economic perspective. The methodological steps are depicted in 

Figure 6. 

 

 

Figure 6. Proposed methodological framework 

 

In the present study, the Technical Potential is estimated by applying spatial 

restrictions related to current technological limitations on the Gross Potential. Then, the 

Environmental and Social Potential is calculated by restricting the Technical Potential 

with respect to environmental and social criteria that make OWF installation acceptable 

or not. Hence, in this approach, technical, environmental and social criteria are treated 

as constraints, leading to the exclusion of regions that do not comply with the stipulated 
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thresholds. The Environmental and Social Potential, therefore, represents the available 

region for offshore wind deployment in Brazil. 

The spatial suitability analysis was conducted with GIS software. To calculate the 

potential at each level, in gigawatts (GW), the total area, in kmĮ, was extracted from the 

GIS software and multiplied by the Wind Farm Power Density, considered to be 3 

MW/kmĮ in the present study. This is in alignment with (DE ASSIS TAVARES, SHADMAN, 

et al., 2020, EPE, 2020b, MUSIAL, HEIMILLER, et al., 2016a). Ergo, the potential serves 

as an estimate for the wind energy capacity that could be installed in a specific area.   

Economic aspects are not considered to be exclusions, but factors that demand 

a compromise to reach a specific common purpose. Because of this, instead of 

thresholds, they were divided into suitability classes. To deal with this multi-variable issue, 

an SMCDA methodology was employed, wherein the economic factors were weighted 

and combined, culminating in a Suitability Map for Brazil. The aim was to rank regions of 

the previously available area in terms of the costs of offshore wind projects, identifying 

the most attractive areas to inform the planning of offshore wind development in the 

country. The top ten areas from the ranking are highlighted and then evaluated in more 

detail. 

In the following subsections, the steps of criteria selection and the SMCDA are 

explained. 

4.4.1. Criteria selection 

The criteria to be applied in this study were selected based on the most frequently 

employed criteria in other research papers and on the international industry best 

practices. They are presented as: technical constraints, environmental and social 

constraints and economic factors.  

4.4.1.1. Technical Constraints 

Technical constraints are concerned exclusively with the current technology of 

commercial wind turbines and do not refer to economic feasibility, for example. According 

to the reviewed literature, the main technical constraints to be considered when applying 

siting criteria to an OWP assessment are maximum water depth to install offshore wind 

turbines, even with floating structures; and minimum wind speed to make energy 

production viable, given the characteristics of commercial offshore wind turbines.  
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Table 10 summarizes the reviewed papers that considered maximum water depth 

and minimum wind speed as technical constraints, with the respective limits applied. For 

the present analysis, a maximum water depth of 1000 m and a minimum wind speed of 

7.0 m/s at a height of 100 m were defined as the technical constraints. 

 

Table 10. Technical constraints and limits applied in other offshore wind siting studies 

 

Reviewed Studies 
Technical Constraints 

Maximum water depth (m) Minimum wind speed (by height a) (m/s) 

(DE ASSIS TAVARES, 

SHADMAN, et al., 2020) 
1000 7.0 (100m) 

(MUSIAL, HEIMILLER, et al., 

2016a) 
1000 7.0 (100m) 

(MUSIAL, BEITER, TEGEN, 

SMITH, 2016) 
1000 7.0 (100m) 

(HUNDLEBY, FREEMAN, 

2017) 
1000 7.5 ï 8.0 (100m) 

(SCHALLENBERG-

RODRÍGUEZ, GARCÍA 

MONTESDEOCA, 2018) 

500 6.0 ï 6.5 (80m) 

(KIM, Choong Ki, JANG, et al., 

2018) 
50 - 

(KIM, Taeyun, PARK, et al., 

2016) 
50 - 

(NAGABABU, KACHHWAHA, 

et al., 2017) 
50 - 

(CHAOUACHI, COVRIG, et 

al., 2017) 
60 - 

(MAHDY, BAHAJ, 2018) 60 - 

(THE CROWN ESTATE, 

2012) 
60 - 

(DVORAK, ARCHER, et al., 

2010) 
- 7.0 ï 7.5 (80m) 

(CRADDEN, KALOGERI, et 

al., 2016) 
- 7.0 (10m) 

(VASILEIOU, 

LOUKOGEORGAKI, et al., 

2017) 

- 6.0 (10m) 

a Wind speed varies according to measurement height, i.e. distance from the ground. 
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4.4.1.2. Environmental and Social Constraints 

The imposition of environmental and social constraints aims to reduce the 

impacts to and protect the integrity of natural habitats, biodiversity and societyôs 

wellbeing. Based on the literature review, the environmental constraints considered in 

the present methodology cover the presence of: marine protected areas; habitats for 

endangered species; and important areas for coral reefs, birds and bats, marine 

mammals and benthos. As for the social constraints, the following criteria were selected: 

a minimum distance of 8 km to reduce visual impact (there is no consensus on the ideal 

distance, but it ranges from 2 to 15 km in the reviewed studies); the exclusion of 

commercial fishing sites; and a radial exclusion area of 500 m around physical structures 

such as cultural heritage, dredging activities, oil and gas rigs, pipelines, cables and other 

obstacles. 

Table 11 lists the studies, among the reviewed literature, that considered these 

environmental and social criteria as well as presenting the level of importance of each 

criterion following the analysis of (HO, LIE, et al., 2018). It should be emphasized that, 

even though not frequently considered in siting studies, the presence of coral reefs was 

perceived as a ñvery importantò criterion to siting studies. For this reason, it is applied in 

the present study. 

 

Table 11. Environmental and social constraints applied in other offshore wind siting studies and 
their level of importance  

 

Reviewed 
studies 

Environmental constraints Social constraints 

Marine 
protected 
areas 

Habitats for 
endangered 
species  

Coral 
reefs 

Birds 
and 
bats 

Marine 
mammal
s 

Benthos 
Visual 
Impact 

Commercia
l fishing 
sites 

Other 
structures 

Importance rating (V.Imp-Very Important, Imp-Important, S.Imp-Somewhat Important)a 

V.Imp V.Imp V.Imp V.Imp Imp S.Imp Imp V.Imp Imp 

(DE ASSIS 
TAVARES, 
SHADMAN, et 
al., 2020) 

·      ·   

(MAHDY, 
BAHAJ, 2018) 

· 
       · · 

(SCHALLENBER
G-RODRĉGUEZ, 
GARCĉA 
MONTESDEOC
A, 2018) 

· 
     

· ·  

(CAVAZZI, 
DUTTON, 2016) 

          · 

(MAGAR, 
GROSS, et al., 
2018) 

· · 
 

· 
   ·  

(HONG, 
M¥LLER, 2011) 

   
· 

    · · 
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(KIM, Choong Ki, 
JANG, et al., 
2018) 

· 
  

· 
  

· ·  

(MUSIAL, 
HEIMILLER, et 
al., 2016a) 

· · 
    

·   · 

(HUNDLEBY, 
FREEMAN, 
2017) 

· · 
      · 

(THE CROWN 
ESTATE, 2012) 

· 
     

· · · 

(KIM, Taeyun, 
PARK, et al., 
2016) 

· · 
 

· · · · ·  

(DEPARTMENT 
OF ENERGY 
AND CLIMATE 
CHANGE, 2011) 

· · 
 

· · ·   · · 

(MUSIAL, 
BEITER, 
TEGEN, SMITH, 
et al., 2016) 

· · 
    

·     

(AUGUSTINE, 
BAIN, et al., 
2012) 

· · 
      · 

(FRANK, 
PENNOCK, et 
al., 2014) 

· · 
        · 

(VASILEIOU, 
LOUKOGEORG
AKI, et al., 2017) 

· 
     

·   · 

(JONGBLOED, 
VAN DER WAL, 
et al., 2014)  

· · 
 

· · ·   · · 

(SCHILLINGS, 
WANDERER, et 
al., 2012)  

· · 
    

· · · 

(YAMAGUCHI, 
ISHIHARA, 
2014)  

· 
     

· ·   

Total 17 10 0 6 3 3 10 11 12 

a Importance rating according to the (HO, LIE, et al., 2018) analysis. 

 

4.4.1.3. Economic Factors 

As can be seen in the analysis of (HO, LIE, et al., 2018), there is a wide range of 

criteria that affect the profitability of OWFs. Among them, four were selected to be 

assessed in the present paper as economic factors: wind speed, water depth, distance 

to shore and distance to ports.  

Wind speed is considered an extremely important criterion for the financial 

assessment of wind energy projects, given that the energy yield and the capacity factor 

are highly dependent on it (DEPARTMENT OF ENERGY AND CLIMATE CHANGE, 2011, 

HO, LIE, et al., 2018, HONG, M¥LLER, 2011). As for the thresholds, offshore wind 

resource classification varies among studies, but usually categories range from 7.0 m/s 

to higher than 10.0 m/s (BEITER, MUSIAL, SMITH, KILCHER, et al., 2016, EPE, 2020b, 

MUSIAL, HEIMILLER, et al., 2016a). 
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Another extremely important economic criterion is the water depth for OWF 

installation. As depth increases, logistic costs rise and more expensive types of 

foundations are also required (CAVAZZI, DUTTON, 2016, HO, LIE, et al., 2018, HONG, 

M¥LLER, 2011, VOORMOLEN, JUNGINGER, et al., 2016a). In shallow waters, up to 30 

m deep, the most employed foundations are monopiles; from around 30 to 60 m depth, 

jacket foundations; and for deeper waters, beyond 60 m, the ideal are floating structures 

(CAVAZZI, DUTTON, 2016). Previously in this methodology, a maximum water depth of 

1000 m was already set as a technical constraint.    

The distance to shore affects OWFsô costs due to the increase in the length of 

underwater transmission power cables to connect the OWF to the onshore grid and, 

consequently, to higher transmission losses. According to (WIND EUROPE, 2018), until 

2018 the majority of bottom-fixed OWFs under operation in Europe were installed at 

distances shorter than 70 km from shore. In 2019, the average distance to shore of 

OWFs under construction was 59 km (WIND EUROPE, 2020). However, the trend for 

new OWFs is to move further, reaching an expected maximum distance of around 200 

km (BEITER, MUSIAL, SMITH, KILCHER, et al., 2016, MAHDY, BAHAJ, 2018). 

Additionally, there is a breakeven distance of around 100 km until which high-voltage 

alternating current (HVAC) transmission is cheaper. Beyond that, high-voltage direct 

current (HVDC) offshore transmission is recommended (BEITER, MUSIAL, SMITH, 

KILCHER, et al., 2016, CAVAZZI, DUTTON, 2016). 

Finally, the distance to ports affects both the initial and the operation and 

maintenance (O&M) costs of OWFs. According to (CRADDEN, KALOGERI, et al., 2016, 

HUNDLEBY, FREEMAN, 2017), the maximum viable distance to ports varies from 200 

to 500 km, depending on the type of turbines to be transported and on the type of service 

to be offered from the port (construction or O&M).    

Based on that, limits are stipulated and factors are categorized into four suitability 

classes, as shown in Table 12: High, Medium, Low and Unsuitable. 

 

Table 12. Suitability Classification of selected economic factors 

 

Economic 
Suitability Class 

Wind speed 
(m/s) 

Water depth 
(m) 

Distance to shore 
(km) 

Distance to ports 
(km) 

High > 9.5 0 - 20 0 - 70 0 -100 

Medium 8,0 ï 9.5 20 - 50 70 - 100 100 - 200 

Low 7,0 ï 8.0 50 - 1000 100 - 200 200 - 500 

Unsuitable < 7.0 > 1000 > 200 > 500 
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4.4.2. Spatial Multi-Criteria Decision Analysis 

To reach a compromise between factors with different weights for a specific 

objective, a SMCDA was conducted. A frequently employed approach to perform SMCDA 

is through the Analytical Hierarchy Process (AHP), proposed by (SAATY, Thomas L., 

1990). It consists of defining a hierarchical structure, in which the first level represents 

the final objective, followed by levels of criteria and sub-criteria, until it reaches the 

alternatives level. According to the reviewed papers on the subject (AKBARI, IRAWAN, 

et al., 2017, MAHDY, BAHAJ, 2018, SAATY, Thomas L., 1990, VASILEIOU, 

LOUKOGEORGAKI, et al., 2017), AHP steps can be divided and applied to the present 

methodology as: 

a.  Structure the problem as a hierarchy: The objective is to minimize the 

costs associated with offshore wind projects. The set of criteria is given by the economic 

factors, and the alternatives to be evaluated are the offshore points along the available 

area, defined by the Environmental and Social Potential. 

b.  Reclassify the factors as scores, setting a common scale: The Economic 

Suitability Classes shown in Table 12 are reclassified as suitability scores: 0 ï Unsuitable, 

1 ï Low, 2 ï Medium, 3 ï High.  

c.  Pairwise comparison of factors: The factors are compared in pairs 

according to their relative importance to the overall objective and arranged in a 

comparison matrix, with equal numbers of rows and columns (a square matrix). Row by 

row, each criteria Ci in the left column is compared to each criteria Cj in the top row, 

resulting in an Aij value (e.g. Table 13). Diagonal elements are equal to 1 and the 

opposite element of each earlier comparison is its reciprocal, i.e. Aji =1/Aij (AKBARI, 

IRAWAN, et al., 2017, MAHDY, BAHAJ, 2018). Comparison is based on expertsô 

judgment and knowledge and uses the fundamental scale proposed by (SAATY, Thomas 

L., 1990), which varies from 1, when factors have equal importance, to 9, when one 

factor is extremely more important than its pair. The resulting comparison matrix for this 

study is shown in Table 13. 

Table 13. Pairwise comparison matrix 

 

 Wind speed Water depth Distance to shore Distance to ports 

Wind speed 1 2 5 7 

Water depth 0.50 1 3 5 
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Distance to shore 0.20 0.33 1 2 

Distance to ports 0.14 0.20 0.50 1 

Sum 1.84 3.53 9.50 15.00 

 

d.  Calculate the relative weights of criteria: A simple method to calculate the 

weights of factors follows these steps (MAHDY, BAHAJ, 2018, VASILEIOU, 

LOUKOGEORGAKI, et al., 2017): to normalize the comparison matrix by dividing each 

cell by the sum of its respective column (Table 13); to sum each row of the new 

normalized matrix (Table 14), obtaining a new 1-column matrix; and, finally, to divide 

each cell of this new 1-column matrix by the number of criteria, resulting in the relative 

weight of each criterion (Table 15).  

Table 14. Normalized matrix  

 

 Wind speed Water depth Distance to shore Distance to ports Sum 

Wind speed 0.54 0.57 0.53 0.47 2.10 

Water depth 0.27 0.28 0.32 0.33 1.20 

Distance to shore 0.11 0.09 0.11 0.13 0.44 

Distance to ports 0.08 0.06 0.05 0.07 0.25 

 

Table 15. Relative weights of factors 

 

Factors Weight 

Wind speed 0.53 

Water depth 0.30 

Distance to shore 0.11 

Distance to ports 0.06 

 

e.  Evaluate consistency of judgments: To validate the comparisons in the 

AHP, a Consistency Ratio (CR) is calculated as the ratio between the Consistency Index 

(CI) and the Random Index (RI), as in equation (1). If it is greater than 0.1, the matrix 

should be remade. CI can be calculated as in (2), where ɚmax is the largest eigenvalue of 

the comparison matrix and n is the number of criteria. RI is proposed by Saaty according 
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to the number of criteria and can be found in (SAATY, Thomas L., TRAN, 2007). For the 

present study, the calculated CR is 0.007, indicating consistency.  

#2                                                                                                                            (1) 

 

#)                                                              (2) 

 

f.  Final valuation: For each alternative, the final value is calculated as the 

weighted sum of the suitability scores received in each economic factor, as in equation 

(3), where i represents each of the four factors. This procedure can be executed in GIS 

software, resulting in a Suitability Map. 

&ÉÎÁÌ 6ÁÌÕÅɫ ὛὧέὶὩὡzὩὭὫὬὸ ȟὭ ρȟςȟσȟτ                                                                   (3) 

4.5. Analysis for the Brazilian Offshore Wind Potential 

To validate the proposed methodology, the assessment was performed for Brazil. 

First, offshore wind resources and criteria data were acquired. Then, constraints data 

were processed in GIS software in order to conduct the spatial suitability analysis and 

map the Brazilian Offshore Wind Potential in levels. Following that, the factors were 

mapped and the SMCDA was conducted, producing the final Suitability Map and 

enabling the ranking of regions. These processes are detailed in the following 

subsections. 

4.5.1. Selected Criteria and Data for Brazil 

In the present case study, criteria and their respective limits were employed 

accordingly to the proposed methodology but were subject to the availability of reliable 

national data, as shown in Table 16. 

 

Table 16. Selected criteria for the Brazilian case study, their respective limits and data sources 

 

  Type Criteria Limits 
Data 
Source 

Constraint
s 

Technical Wind Speed (m/s) < 7.0 CEPEL 
(CEPEL, 
2017a) 

Water Depth (m) > 1000 CPRM a 
(CPRM, 
2018a) 
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Environment
al 

Marine protected 
areas 

¶ Conservation Units 

¶ Areas for Conservation (Extremely High 
Priority)  

MMA b 
(MMA, 
2018a) 

Biological groups ¶ Coral reefs (Extreme, Very high and High 
Importance) 

¶ Birds and bats  (Extreme, Very high and 
High Importance) 

¶ Marine mammals (Extreme and Very high 
Importance) 

¶ Benthos (Extreme Importance) 

MMA 
(MMA, 
2018a) 

Social Distance to coast - 
visual impact (km) 

< 8.0 - 

Commercial fishing 
sites 

Exclusion MMA 
(MMA, 
2018a) 

Other structures 
(pipelines) 

Exclusion + 500 m buffer MMA 
(MMA, 
2018a) 

Factors Economic Suitability Class High Medium Low Unsuitable 
 

Wind Speed (m/s) > 9.5 8.0 - 9.5 7.0 - 8.0 < 7.0 CEPEL 
(CEPEL, 
2017a) 

Water Depth (m) 0 - 20 20 - 50 50 - 
1000 

> 1000 CPRM 
(CPRM, 
2018a) 

Distance to shore 
(km) 

0 - 70 70 - 100 100 - 
200 

> 200 - 

Distance to ports 
(km) 

0 - 100 100 - 200 200 - 
500 

> 500 - 

a Brazilôs Geological Survey (CPRM) 

b Brazilôs Ministry of Environment (MMA) 

4.5.2. Spatial constraints data processing 

The spatial analysis was conducted by processing the offshore gross wind 

resource data and then the technical, environmental and social constraints in GIS 

software, in order to assess the offshore wind potential at each level. Final maps for the 

Gross, Technical and Environmental and Social Potentials are shown in the results 

section. 

Figure 7 shows the acquired offshore wind resource data mapped throughout the 

Brazilian coast with no constraints imposed. Data were modeled as part of the official 

Brazilian Wind Atlas, produced by CEPEL (CEPEL, 2017a). Considering the entire 

Brazilian EEZ, the available area for the Gross Potential is around 3.6 million kmĮ. 

However, in this paper, the considered spatial extent corresponds to the acquired wind 

data, which were modeled until about 80 km from shore, comprising an offshore area of 

562,522.2 kmĮ. 
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Figure 7. Brazilian Gross Offshore Wind Resource Potential map 

 

The next step in the spatial analysis was to insert the technical constraints on that 

of the Gross Resource Potential. Figure 8 depicts the map of the constraints of minimum 

wind speed and maximum bathymetry for development. It allows the visualization of 

which Gross Potential areas are excluded from further analysis. 
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Figure 8. Overlap between technical constraints and the gross offshore wind resource map: 
minimum wind speed of 7.0 m/s (left panel); maximum water depth of 1000 m (right panel). 

 

After completing this step, the environmental and social constraints were applied 

(Figure 9). They comprise the presence of Conservation Units; Priority Areas for 

Conservation (according to the most impacted biological groups); fishing sites and 

pipelines; and a minimum distance to shore of 8 km to reduce visual impact. Figure 10 

shows the overlap between these constraints and the Technical Potential areas. 

Intersecting regions were then also excluded from further analyses, resulting in the 

Environmental and Social Potential available area. 
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Figure 9. Environmental (left panel) and social (right panel) constraints maps 
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Figure 10. Overlap between environmental and social constraints and the Technical Potential 
map 

4.5.3. Economic SMCDA 

This subsection applies the proposed approach for conducting the SMCDA to the 

case study considering the selected economic factors and limits. The spatial 

representation of the suitability classes for economic factors can be seen in Figure 11. It 

is worth mentioning that the spatial representation of the wind speed factor already 

matches the resulting available area from the Environmental and Social Potential (refer 

to Figure 13). 
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Figure 11. Economic factors suitability classification: 3 - High, 2 ï Medium, 1 ï Low. 
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By performing the weighted sum of factors in the GIS software, the Suitability 

Map with the final values was produced, which is illustrated in Figure 12. The minimum 

value found was 1.17, meaning that no point on the map presents Low Economic 

Suitability in the four factors simultaneously. On the other hand, the maximum value was 

3, showing that the points with the highest score present High Suitability in all four 

economic factors. The areas identified as the least economically attractive are mainly 

located in the Southeast region of Brazil, while the most attractive ones are concentrated 

in the Northeast region. 

Finally, points with identical values from the Suitability Map were spatially 

aggregated into polygons, forming the set of alternative regions to be ranked. The top 

ten areas from the ranking of alternatives were highlighted as the most attractive areas 

for offshore wind energy development in Brazil. 

 

 

Figure 12. Suitability Map for Brazil. 
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4.6. Results and Discussion 

4.6.1. Brazilian Offshore Wind Energy Potential 

To facilitate the comparison between calculated potentials for Brazil, Table 17 

summarizes the results for the three levels of potential and Figure 13 shows the maps, 

which are spatial representations of the available offshore wind resources at each level: 

Gross, Technical and Environmental and Social Potentials. The categorization shown on 

the maps is identical to the wind speed classification proposed in the SMCDA. This is 

done to aid the discussion of potential levels in terms of wind resources. 

 

Table 17. Summary of results for the Gross, the Technical and the Environmental and Social 
Potentials 

 

Potential Area (km²) 
Potential Capacity 
(GW) 

Share of the gross wind 
resource area (%) 

Gross 562,522 1,688 100 

Technical 354,735 1,064 63 

Environmental and Social 110,159 330 20 

 

 

Figure 13. Gross (left panel), Technical (middle panel) and Environmental and Social (right 
panel) Offshore Wind Resource Potentials for Brazil according to wind speed classes 
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The Gross Offshore Wind Potential was estimated at 1,688 GW for an area of 

562,522 kmĮ, corresponding to the extent of the available wind data. If the area 

corresponding to the entire Brazilian EEZ was considered, which is around 3.6 million 

kmĮ, the Gross Potential would have reached approximately 10,800 GW with a 3 MW/kmĮ 

density factor. 

Nevertheless, our analysis shows that only 63% of the calculated Gross Potential 

is technically feasible for offshore wind development, given current technology 

restrictions, and only 20% is environmentally and socially acceptable. The technical 

constraint of maximum water depth was responsible for excluding 16% of the Gross 

Potential area, while the minimum wind speed constraint was responsible for a 21% 

exclusion. The environmental and social constraints caused an additional 43% reduction, 

leading to a total exclusion of 80%. 

Even so, the Technical Offshore Wind Potential could reach an installed capacity 

of around 1,064 GW. And the Environmental and Social Offshore Wind Potential, which 

represents areas where OWF installation either does not interfere or poses minimal 

impacts on nature conservation and social activities, may reach 330 GW of installed wind 

capacity. As a comparison, the total installed capacity in Brazil in 2020, comprising all 

energy sources, reached approximately 174 GW (ANEEL, 2020). 

In Figure 13, by comparing the Gross and the Technical Potentials, it can be seen 

that the imposition of technical constraints mostly affected regions around the states of 

Amap§ (AP), Rio de Janeiro (RJ) and S«o Paulo (SP), and the coastline from Rio Grande 

do Norte (RN) to the south of Bahia (BA). Fortunately, it means that the regions with the 

best offshore wind resources were not highly impacted. Observing the Environmental 

and Social Potential map, it is possible to verify that the environmental and social 

constraints also affected less the regions with the greatest wind resources, with the 

exception of the good resource region near RJ. Moreover, areas close to the states of 

AP, Para²ba (PB), Sergipe (SE), BA and Esp²rito Santo (ES), which presented low but 

viable wind resources for deployment, were almost entirely excluded from further 

analysis. From the resulting available area, the majority of it (64%) presents annual mean 

wind speeds between 8.0 and 9.5 m/s, 18% of it from 7.0 to 8.0 m/s and 17% of it higher 

than 9.5 m/s.  

The Potentials are also categorized in terms of the bathymetry classes proposed 
in the SMCDA, as depicted in Figure 14 and  

Table 18. From the Gross Potential, 84% of its total area was technically suitable 

for offshore wind energy deployment, with some 33% of it located in water depths up to 

20 m. The Technical Potential also has a large share (39%) located in shallow waters (0 
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to 20 m). For the Environmental and Social Potential, however, almost half of the 

available area is in deep waters (50 to 1000 m), requiring floating wind turbines, while 

32% are in medium depths (20 to 50 m) and 22% in depths up to 20 m. Shallow waters 

were the most impacted by the environmental and social constraints because most of 

the biodiversity and human activities concentrate near the shore.  

In terms of wind capacity, the Technical Potential up to 50 m depth totals 765 GW. 

This is aligned with the official Roadmap study from EPE (EPE, 2020b), which estimated 

a potential of 697 GW for regions up to 50 m in depth, with wind speeds equal to or 

higher than 7 m/s (ERA5 database) and with wind farm power densities ranging from 2.6 

to 3.75 MW/kmĮ. In the Environmental and Social Potential area, 74 GW could be 

installed in depths up to 20 m, requiring the simplest type of foundation for the wind 

turbines, i.e. monopiles. From 20 to 50 m, 105 GW could be installed, still with fixed-

bottom foundations, like jacket foundations. For depths above 50 m, 151 GW of capacity 

could be installed, but harnessed only with floating foundation wind turbines, which are 

the most complex and expensive types. This means, the exploitation of nearly half of the 

available area for offshore wind deployment in Brazil may not be feasible in the short 

term.  

 

 

Figure 14. Gross (left panel), Technical (middle panel) and Environmental and Social (right 
panel) Offshore Wind Resource Potentials for Brazil according to bathymetry classes 
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Table 18. Wind capacity and share of the Gross, the Technical and the Environmental and 
Social Potentials per bathymetry classes 

 

Water Depth (m) Gross (GW) Technical (GW)  Environmental and Social (GW) 

0 - 20 559  33% 411 39% 74 22% 

20 - 50 468  28% 354 33% 105 32% 

50 - 1000 396  23% 299 28% 151 46% 

> 1000 264  16% - - - - 

 

4.6.2. Most Suitable Areas for Offshore Wind Energy Deployment 

From the Suitability Map, alternative available regions for offshore wind 

development were ranked according to economic attractiveness and the top ten areas 

are now highlighted in Figure 15, along with their respective spatial extent and estimated 

potential. The top eight areas are entirely located in the North and Northeast regions of 

the Brazilian coastline, from the states of Par§ (PA) to RN. The ninth and tenth areas are 

present in the North and Northeast regions as well but also found in the South region, in 

the states of Santa Catarina (SC) and RS. The states of Maranh«o (MA), Piaui (PI) and 

Cear§ (CE) are where the best ranked areas are concentrated.  

The sum of the top ten regions equals a capacity of 126 GW, 7.2% of the 

Environmental and Social Offshore Wind Potential. In the best ranked area alone, 18.6 

GW of offshore wind potential could be installed, which is more than the almost 16 GW 

of onshore wind capacity installed in Brazil in 2020 (ANEEL, 2020). 
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Figure 15. Map of the top ten areas for offshore wind development in Brazil 

 

Table 19 depicts the suitability scores reached in each economic factor by the top 

ten areas. Area 1 reached the High Suitability class in all four evaluated factors. All top 

ten areas present an annual mean wind speed equal to or higher than 8.0 m/s and are 

located within 100 km from shore and 200 km from ports. As for the water depth, 42% of 

the top ten areas (53.6 GW) are in depths lower than 20 m, 52% (65.1 GW) in depths 

between 20 and 50 m and only 6% (7.2 GW) in deep waters, from 50 to 1000 m, which 

require the deployment of floating wind turbines.  
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Table 19. Suitability scores in each economic factor for the top ten areas 

 

Area 
Wind 
Speed 

Water 
Depth 

Distance 
to shore 

Distance 
to ports 

1 3 3 3 3 

2 3 3 3 2 

3 3 2 3 3 

4 3 2 3 2 

5 2 3 3 3 

6 3 1 3 3 

7 2 3 3 2 

8 3 1 3 2 

9 2 2 3 3 

10 2 2 2 3 

 

It is worth clarifying though that not only the distance to the port is important, but 

also its characteristics, since the port must be compatible with the procedures, 

components and vessels required by the offshore wind activity, and whether it will be an 

installation or an O&M support port is also important. Thus, some criteria to be evaluated 

in more detail are: quay load bearing capacity; the port's depth; seabed suitability; quay 

length; distance to road; among others (AKBARI, IRAWAN, et al., 2017).  

4.7. Conclusions 

Offshore Wind Energy is growing in capacity and in importance in the 

international scenario and Brazil is seen as an emerging market, with the first offshore 

projects already seeking to obtain environmental permits. However, there are no 

assessments in the country that provide a comprehensive understanding of Brazilôs OWP. 

Hence, the objectives of the present study were to map and estimate the Brazilian OWP 

and identify the most suitable areas for future deployment of this promising technology.  

To fulfill these objectives, a methodological approach was proposed. The first step 

in the process was to implement siting constraints. This enables the assessment of the 

OWP in levels, namely the Gross Potential, a spatial representation of the total offshore 

wind resource in a countryôs EEZ; the Technical Potential, which is the share of gross 

wind resources that can be exploited given the current technology of commercial offshore 

wind turbines; and the Environmental and Social Potential, which represents the final 

available area for offshore wind deployment, that is, where OWF installation does not 

conflict with nature conservation or other human activities. Additionally, this approach 

allows for the identification, among the available areas, of the most attractive areas 

based on a SMCDA that ranks the alternatives. Four economic factors that affect the cost 
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of offshore wind projects are considered in the SMCDA: wind speed; water depth; 

distance to shore; and distance to ports. 

Results for Brazil show a Gross Potential of 1,688 GW, a Technical Potential of 

1,064 GW and an Environmental and Social Potential of 330 GW, almost twice the 174 

GW of total installed capacity in Brazil in 2020 (ANEEL, 2020). The SMCDA ranking 

showed that the least economically attractive areas for offshore wind development are 

mainly located in the Southeast region, while the most attractive ones are concentrated 

in the Northeast region.  

The top ten areas for offshore wind deployment were also highlighted, totaling a 

potential of 126 GW. They are mostly located in the Northeast region, with the states of 

MA, PI and CE concentrating the best ranked areas. All top ten areas present great 

offshore wind resources and are located at economically feasible distances to shore and 

to ports. As for the bathymetry, 94% of the areas are in depths up to 50 m, allowing the 

use of fixed-bottom foundations for wind turbines. The best ranked area presents high 

suitability in all four evaluated economic factors and sums, by itself, a potential of 18.6 

GW, which is more than the almost 16 GW of onshore wind capacity installed in Brazil in 

2020 (ANEEL, 2020). 

Based on these results, it can be seen that Brazil has a significant offshore wind 

potential, of which exploitation could present minimum impacts on local biodiversity and 

on the societyôs wellbeing if proper care is taken. Therefore, even though the applied 

environmental and social constraints may seem more restrictive than in other studies, 

the results attest that they do not hinder the harvesting of offshore wind resources in the 

country, neither in terms of dramatically reducing available areas nor in terms of 

excluding the most suitable sites. The application of constraints in OWAs can even help 

to anticipate and reduce risks and costs related to environmental permitting processes, 

for example. It should further be pointed out that spatial exclusions should be aligned 

both with local conditions that cannot be captured at a national scale of analysis and with 

the national energy planning strategy, which can change over time. Hence, the presented 

results do not aim to permanently prohibit deployment in certain regions, but to pre-

identify areas of interest to begin offshore wind development and research in Brazil. 

 Future work should focus, then, on applying the proposed methodology to 

evaluate more closely the promising areas identified in this analysis, updating criteria 

information and the thresholds, and even considering additional criteria. An example 

would be related to port infrastructure, one of the most cited logistical bottlenecks for 

offshore wind development in Brazil, for not only the distance is important when selecting 

a support port, but also its characteristics. 
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Finally, this analysis concludes that siting criteria should be considered in 

Offshore Wind Assessments and that the proposed methodological approach can be 

applied to other case studies. By assessing the potential in levels, it is possible to see 

the respective impacts that technological choices or environmental regulations, for 

instance, could have on the available area for development. These insights can help 

inform policy making and investment choices. Moreover, the economic evaluation based 

on an SMCDA and a suitability map is a useful and efficient tool for offshore WPAs 

performed at a national level, especially in countries where the offshore wind industry is 

still incipient. 

As for the Brazilian OWP, this study addresses the lack of knowledge towards a 

comprehensive potential assessment, showing that even the most restrictive level of 

potential presents a significant available area for deployment. This work further attests 

that Brazil could be a major player in the offshore wind sector, as it is for onshore. Lastly, 

this assessment could be integrated with marine spatial planning tools to better inform 

decisions or assist in the elaboration of environmental permitting frameworks aiming to 

promote offshore sustainable development in Brazil.  
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5.1. Abstract 

In face of the growing interest in offshore wind in Brazil, the objective of this paper 

is to assess the Brazilian offshore wind cost potential. A methodological approach is 

proposed, which combines a spatial suitability analysis with a cost estimation model, 

building on existing research. First, the available area for development is mapped 

through the application of spatial constraints. Then, the resulting areas are classified in 

terms of their Levelized Cost of Energy (LCOE), generating a cost potential map and a 

cost-supply curve. Results show an available potential concentrated in three hotspots 

along the Northeast, Southeast, and South coasts, reaching 875.7 GW of installable 

capacity, an annual yield of 489.3 TWh and with capacity factors ranging from 32% to 

65%. From total installable capacity, 294.7 GW require fixed-bottom foundations, while 

581.0 GW use floating technology. Estimated LCOE range from 86.5 to 243.4 USD/MWh, 

with an average of 136.3 USD/MWh. The proposed cost estimation model proved to be 

an accurate tool and the methodological framework is replicable and adjustable to future 

cost reductions. Moreover, this paper shows that Brazil is a promising market for offshore 

wind energy, with a large untapped potential that could be deployed at internationally 

competitive costs. 

Keywords: Offshore wind energy; Cost potential; LCOE; Cost-supply curve; 

Spatial suitability analysis; Brazil. 

 

Nomenclature List 

Section 1 

LCOE ï Levelized Cost of Energy (in USD/MWh) 

OW ï Offshore wind 

Section 2 

CAPEX ï Capital expenditure (in USD/MW) 

EEZ ï Exclusive Economic Zone 
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LCOE ï Levelized Cost of Energy (in USD/MWh) 

OW ï Offshore wind 

Section 3 

AEP ï Annual Electricity Production (in MWh) 

CAPEX ï Capital expenditure (in USD/MW) 

CF ï Capacity Factor (in %) 

DECEX ï Decommissioning expenditure (in USD/MW) 

EEZ ï Exclusive Economic Zone 

FCR ï Fixed Charge Rate (in %) 

GIS ï Geographic Information System 

LCOE ï Levelized Cost of Energy (in USD/MWh) 

OPEX ï Operational expenditure (in USD/MW) 

OW ï Offshore wind 

SM ï Supplementary Material 

Section 4 

AEP ï Annual Electricity Production (in MWh) 

CAPEX ï Capital expenditure (in USD/MW) 

CF ï Capacity Factor (in %) 

EEZ ï Exclusive Economic Zone 

LCOE ï Levelized Cost of Energy (in USD/MWh) 

OW ï Offshore wind 

SM ï Supplementary Material 

Section 5 

CAPEX ï Capital expenditure (in USD/MW) 

CF ï Capacity Factor 

FCR ï Fixed Charge Rate (in %) 

LCOE ï Levelized Cost of Energy (in USD/MWh) 

5.2. Introduction 

Brazil has been drawing investorsô attention as an upcoming market for offshore 

wind (OW) energy. While the global offshore wind installed capacity reached 57.2 GW 
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by the end of 2021 (GWEC, 2022), proposed projects in Brazil would total 133.3 GW of 

additional capacity (IBAMA, 2022), if approved. As of today, no offshore wind turbine has 

been installed in Brazilian waters, but licensing and regulatory procedures are being 

discussed and published, bringing momentum to the national market development. 

Even though previous studies have shown that Brazil has great offshore wind 

resources and favourable conditions for deployment, little is known about the countryôs 

OW potential at different cost ranges, hereafter called cost potential. In a recent study, 

(DOS REIS, MAZETTO, et al., 2021) mapped the OW development costs in waters up 

to 50m deep in Brazil. However, no spatial restrictions were applied, meaning that it is 

unsure if the most economically attractive areas might actually be suitable for OW 

harnessing. 

The available area for OW farms installation is subject to technical, environmental, 

social, and economic limitations, which translate into spatial constraints to their 

development. Thus, the OW potential can be classified and evaluated in levels, 

depending on the considered restrictions, shifting from the gross to the technical and 

then to the economic potential level, as defined by (MUSIAL, HEIMILLER, et al., 2016b), 

or from the technical to the locational to the Economic potential level, as in (WORLD 

BANK, 2019). 

The assessment of the OW potential in levels has been conducted for Brazil in 

(VINHOZA, SCHAEFFER, 2021a). Following the application of technical, environmental, 

and social constraints, the authors conducted a Spatial Multi-Criteria Decision Analysis 

to account for factors that influence the costs for OW farms, namely wind speed, water 

depth, and distance to shore and ports. Results showed the available areas to install OW 

farms in Brazil, and how they compare in terms of their economic attractiveness. 

However, the cost potential has not been quantified, and thus the present study aims to 

address this knowledge gap. 

Another relevant matter within wind potential research is the choice of the wind 

resource data to be employed, given that wind speed significantly impacts the analysis. 

The Brazilian OW roadmap, produced by the Brazilian Energy Research Office (EPE, 

2020c), shows differences in the energy yield resulting from the use of different OW 

resource datasets for Brazil, namely: the Brazilian Wind Atlas (CEPEL, 2017b), the 2015 

version of the DTU Global Wind Atlas (IRENA, 2015) and the ERA5 dataset for the period 

between 2000 and 2017 (COPERNICUS CLIMATE CHANGE SERVICE, 2017). More 

recently, (DE ASSIS TAVARES, SHADMAN, et al., 2022) also explored the influence of 

different OW datasets, namely the ERA5 (HERSBACH, BELL, et al., 2020), CSFv2 

(SAHA, MOORTHI, et al., 2010), and MERRA2 (GELARO, MCCARTY, et al., 2017) 
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atmospheric reanalysis data and the WRF model results, on the energy yield estimation 

for the state of Rio de Janeiro, in Brazil.  

The potential assessment conducted in (VINHOZA, SCHAEFFER, 2021a), as 

well as the cost analysis in (DOS REIS, MAZETTO, et al., 2021), have employed data 

from the Brazilian Wind Atlas (CEPEL, 2017b). This dataset is based on one-year 

simulations conducted by the Brams (Brazilian developments on the Regional 

Atmospheric Modeling System) model. For onshore wind, the results were corrected 

based on actual wind observations. However, the results for the OW resource could not 

be adjusted due to the lack of in-situ wind measurements. 

In the present study, the 3.0 version of the Global Wind Atlas (GWA) dataset is 

employed (DTU, 2022). It consists of 10 years of mesoscale time-series model 

simulations, with 3km spatial resolution, forced with the ERA5 reanalysis data. By using 

a similar methodological approach as applied for Brazil in (VINHOZA, SCHAEFFER, 

2021a) to map the locational potential but with a new dataset, this updated assessment 

allows comparing how the wind resource data from different databases affect the location 

of the suitable regions for the development of OW farms in Brazil. 

The main objective of this paper is to map the cost potential of OW in Brazil, in 

terms of its Levelized Cost of Energy (LCOE), and to obtain the cost-supply curve. 

Similar work has been done for OW in (BOSCH, STAFFELL, et al., 2019, GERNAAT, 

VAN VUUREN, et al., 2014), and onshore wind in (MCKENNA, HOLLNAICHER, et al., 

2014, 2015), for instance. The methodological approach combines a spatial suitability 

analysis with a model to estimate the costs of OW energy. The developed model builds 

on existing international research on the costs of fixed-bottom and floating OW and 

combines up-to-date cost values and cost functions from various sources. Moreover, a 

Locational Factor is applied in order to adapt internationally based costs to Brazil. As a 

result, the model allows the calculation of the LCOE along the Brazilian coast, concerning 

site specifications of water depth and distance to shore. 

This paper is structured as follows. Section 2 exhibits the current landscape 

regarding OW costs. Then, Section 3 introduces the methodological framework and 

Section 4 demonstrates its application in the form of a case study for Brazil, presenting 

the results and the discussion. Finally, Section 5 summarizes the highlights of the 

analysis and brings the authorsô final considerations.      
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5.3. OW Costs 

According to the annual report of the International Renewable Energy Agency 

(IRENA, 2021), the global average cost for OW energy installation (CAPEX) at the 

beginning of the decade was nearly 4,700 USD/kW. As projects moved deeper and 

further from shore, the global average costs increased and reached 5,721 USD/kW in 

2013. Since then, the CAPEX has dropped to 3,185 USD/kW in 2020. As for the sourceôs 

LCOE, the global average was around 165 USD/MWh between 2010 and 2014, when it 

began to fall until it reached the mark of 84 USD/MWh in 2020 (IRENA, 2021). 

Despite the recent global cost reduction trend, installation costs can be affected 

by numerous factors, varying regionally and according to the degree of market maturity. 

For China and Denmark, with 27.5 and 2.3 GW of installed capacity in 2020, respectively 

(GWEC, 2022), and where developers are not responsible for electrical interconnection 

costs, the CAPEX was around 3,000 USD/kW in 2020 (IRENA, 2021). In Japan, where 

development is still in the pre-commercial phase, the average CAPEX was significantly 

higher, almost reaching 5,000 USD/kW (IRENA, 2021). Nevertheless, high costs were 

also observed in the UK, which holds the worldôs second-largest installed capacity, 12.6 

GW out of a total of 57.2 GW globally (GWEC, 2022). UKôs average CAPEX of 4,552 

USD/kW is due, among other factors, to the trend of installing OW farms at higher depths 

and distances from shore (IRENA, 2021). 

For floating OW technology, which comprises projects in waters deeper than 

some 50m, (IRENA, 2020) has estimated the costs for projects at the demonstration or 

pre-commercial phases. Projections indicate that installation costs could drop from 

14,161 USD/kW in 2010 to 4,310 USD/kW in 2024 and that the LCOE could be as low 

as 130 USD/MWh in 2024 (IRENA, 2020). However, recent studies have evaluated 

floating OW LCOE to be already competitive with fixed-bottom technologies (BOSCH, 

STAFFELL, et al., 2019, LERCH, DE-PRADA-GIL, et al., 2018, MAIENZA, AVOSSA, et 

al., 2020). 

In a research paper that has estimated OW CAPEX and LCOE for different 

countries (BOSCH, STAFFELL, et al., 2019), authors calculate cost values for floating 

OW that are similar and, sometimes, lower than for fixed-bottom foundations. Amongst 

all countries, the average CAPEX was 6,033 USD/kW for depths lower than 25m, 6,642 

USD/kW from 25 to 55m, and 7,278 USD/kW for depths higher than 55m; i.e. for floating 

foundations. Considering the same water depth classes, the estimated LCOE values 

were 198 USD/MWh, 208 USD/MWh, and 214 USD/MWh, respectively. 
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For Brazil, (BOSCH, STAFFELL, et al., 2019) have projected an average CAPEX 

between 6,889 and 7,615 USD/kW for fixed-bottom and of 7,865 USD/kW for floating. 

The average LCOE was estimated between 199 and 204 USD/MWh, for fixed-bottom, 

and 193 USD/MWh, for floating. According to that, despite a higher CAPEX for floating 

when compared to fixed-bottom foundations, the LCOE is lower due to the higher 

electricity yield in regions deeper than 55 m in Brazil (BOSCH, STAFFELL, et al., 2019). 

It is worth mentioning that the referred study considered the entire Brazilian Exclusive 

Economic Zone (EEZ) and spatial constraints regarding the presence of protected areas 

and underwater cables. 

Another recent study (DOS REIS, MAZETTO, et al., 2021) calculated the costs 

for OW projects located at water depths up to 50m, i.e. with fixed-bottom foundations, in 

Brazil. The results suggest CAPEX values varying from 2,340 to 5,220 USD/kW, and 

LCOE from 69 to 200 USD/MWh. However, other than the water depth limitation, no 

other spatial constraint was imposed. 

Given the divergence in cost estimations between the above-mentioned studies 

for Brazil (BOSCH, STAFFELL, et al., 2019, DOS REIS, MAZETTO, et al., 2021) and the 

fact that spatial constraints to OW energy development were not thoroughly considered, 

the present analysis provides a new cost assessment of the Brazilian OW potential. 

Building on methods and cost values from previous studies, a methodological approach 

is proposed, which combines cost modelling with a spatial suitability analysis for fixed-

bottom and floating OW energy in Brazil. 

5.4. Methodology 

The methodology of this paper is divided into two parts: a spatial suitability 

analysis, in which spatial constraints are applied to identify the available area for OW 

deployment in Brazil; and the costs estimation process, in which a model to calculate the 

costs of OW based on spatial factors is developed, building on existing research.  

As a result, the OW cost potential can be mapped and the cost-supply curve for 

OW can be constructed. The latter represents how much capacity can be deployed at a 

given LCOE, and how costs increase as the potential gets depleted, which can be 

relevant information for Integrated Assessment Models (IAMs), for instance (GERNAAT, 

VAN VUUREN, et al., 2014, NREL, 2020). 

The methodological steps can be seen in Figure 16 and are explained in detail in 

the following sections. 
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Figure 16. Methodological framework 

5.4.1. Spatial Suitability Analysis 

The first part of the methodological framework builds on the definitions by 

(MUSIAL, HEIMILLER, et al., 2016b, WORLD BANK, 2019) and on the work conducted 

by (VINHOZA, SCHAEFFER, 2021a), in which the Brazilian OW Potential was calculated 

by levels of potential. In this study the potential is also evaluated in levels, namely: 

Gross potential: represented by the entire available OW resource within a 

countryôs EEZ, with no spatial restrictions. 

Technical potential: refers to the maximum possible installed capacity, as 

determined by technical constraints of wind speed and water depth. 

Locational potential: restricted to areas of the seabed that are available and 

suitable for OW development, as determined by environmental and social constraints. 

That is the area where developers should expect to obtain consent to build OW farms 

(WORLD BANK, 2019). 

This study will also assess the cost potential level, which includes the costs of 

installing OW energy generation facilities (see section 3.2). 

As Figure 16 depicts, spatial constraints are applied between one level of 

potential and its subsequential level, reducing the available area for OW deployment. 

Spatial constraints are divided into: technical, which regard current technological 

limitations; environmental, which comply with protected areas; and social, which aim to 

reduce conflicts with other human activities and the visual impact of wind turbines.  
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Table 20 presents the criteria applied to map and exclude unfeasible regions. A 

more detailed discussion about these constraints9  can be found in (VINHOZA, 

SCHAEFFER, 2021a). 

 

Table 20. Technical, environmental and social spatial constraints 

 

Constraints Criteria Spatial data 

source 

Technical Annual mean wind speed < 7,0 m/s (DTU, 2022) 

Water depth > 1000 m (CPRM, 2018b) 

Environmental  Conservation Units ï Full Protection and Sustainable Use (MMA, 2018b) 

Social Distance to shore < 8 km -  

 

This paper uses OW resource data from the GWA version 3.0 (DTU, 2022). 

According to (DTU, 2022), GWA 3.0 has significant improvements when compared to its 

past versions. The wind resource is calculated more accurately, by combining 10 years 

of mesoscale time-series model simulations, with 3km spatial resolution, forced with the 

ERA5 reanalysis data. Furthermore, the OW resource coverage reaches 200km from 

shore and wind speeds are modelled from 10 to 200m in height. In the present study, 

data were collected at a height of 100m along the entire Brazilian coast. 

The suitability analysis was conducted in Geographic Information System (GIS) 

software. Potential is estimated in terms of the installable wind capacity, in GW. A factor 

of 3 MW/kmĮ is used as the Wind Farm Power Density for the entire area, in line with 

(EPE, 2020c, MUSIAL, HEIMILLER, et al., 2016b, VINHOZA, SCHAEFFER, 2021a, 

WORLD BANK, 2019). 

After the application of all the spatial limitations, the final level, which is the 

Locational Potential, comprises the available area for OW farm installations in Brazil. 

Finally, the cost potential can be mapped by combining the available area of the 

Locational Potential with the OW costs model, which is described in the next section. 

 
9  One of the objectives of the referred paper was to demonstrate that there was 

considerable potential for OW energy development in Brazil, even when restrictive environmental 
and social exclusions were applied (VINHOZA, SCHAEFFER, 2021). In the present study, the 
greatest contribution lies in going beyond the previously called Environmental and social potential 
level (now named Locational potential) and mapping the Cost potential for Brazil. Hence, the 
considered spatial constraints are less restraining than in (VINHOZA, SCHAEFFER, 2021), yet 
they are in line with the industryôs best practices. 



102 
 

 

5.4.2. OW costs estimation model 

The OW cost potential is assessed in terms of its LCOE. It differs from the 

Economic Potential since the latter evaluates the economic competitiveness by 

comparing the LCOE to the potential revenue of producing electricity, which takes into 

account the electricity price (BEITER, MUSIAL, et al., 2015, MUSIAL, HEIMILLER, et al., 

2016b). The objective here, in turn, is to assess the available potential for OW generation 

at different cost ranges.  

Equation 1 shows the formula for calculating the LCOE (in USD/MWh), where 

CAPEX is the capital expenditure (in USD/MW), DECEX is the decommissioning 

expenditure (brought to present value) (in USD/MW), OPEX is the annual fixed 

operations expenditure (in USD/MW), AEP is the annual net electricity production (in 

MWh), and FCR is the fixed charge rate (in %), which is the amount of revenue that must 

be collected annually to pay the carrying charges on the investment (NREL, 2022a). 

 

ὒὅὕὉ
    

                  (4) 

 

The FCR incorporates elements of project financing, including the combined 

federal and state tax rate, the depreciation schedule of the asset, the inflation rate and 

tax incentives, and is a function of the chosen discount rate, represented by the weighted 

average cost of capital (WACC) (NREL, 2022b).  

Financial assumptions, such as the FCR value, have a great impact on LCOE 

estimation and vary from country to country, being higher in developing markets due to 

unstable policy frameworks and higher investment risks (BOSCH, STAFFELL, et al., 

2019, LERCH, DE-PRADA-GIL, et al., 2018, VOORMOLEN, JUNGINGER, et al., 2016b). 

The estimated FCR for the first OW energy projects in the USA was 10,5% (BEITER, 

MUSIAL, SMITH, DAMIANI, et al., 2016), while it is currently around 5 and 6% (NREL, 

2019a, 2020). In this study, an FCR of 10% is applied for Brazil, accounting for market 

uncertainties, such as the yet undefined institutional and regulatory framework, which 

may lead to the perception of high investment risks. 

The AEP depends on the wind speed throughout the year and the turbine power 

curve. In this study, a turbine of 8 MW was chosen, and the reference power curve given 

in (NREL, 2019b) was used. For the wind resource data, annual mean wind speeds at 

100m height were collected for each point of analysis and multiplied by the wind speed 
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index given by the GWA (DTU, 2022), to simulate the hourly and monthly wind variability 

for each region.  

Additionally, to account for losses in power production, this study imputes an 

availability factor of 94% to wind turbines and total losses of 12%, including wake effect 

and electrical losses (MYHR, BJERKSETER, et al., 2014, NREL, 2020). Finally, the 

capacity factor (CF) can be calculated as the ratio between the actual net electricity 

production and the maximum possible production according to the chosen wind turbine. 

To calculate the costs, a methodological approach is developed by comparing 

and combining cost estimations (BVG ASSOCIATES, 2019, GWEC, 2022, JOHNSTON, 

FOLEY, et al., 2020, MYHR, BJERKSETER, et al., 2014, NREL, 2019a, 2020, SHAFIEE, 

BRENNAN, et al., 2016) and equations (BOSCH, STAFFELL, et al., 2019) from previous 

studies. All values were transformed to USD2020. Results were then compared to 

findings from other studies (GOMEZ TUYA, LOWEN, 2019, LERCH, DE-PRADA-GIL, et 

al., 2018, MAIENZA, AVOSSA, et al., 2020, VALPY, HUNDLEBY, et al., 2017, 

VOORMOLEN, JUNGINGER, et al., 2016b) to validate the modelôs performance. 

It is relevant to point out some limitations of cost modelling. Firstly, studies divide 

the projectsô phases and, consequently, aggregate their costs differently, making 

comparison difficult. Moreover, the validation of results is worsened due to the lack of 

cost references based on actual project data. On the other hand, some costs depend on 

dynamic country-specific conditions that alter system prices, such as market maturity, 

regulatory requirements, government support schemes, and structural factors 

(JUNGINGER, LOUWEN, 2020), and also on local-specific bottlenecks, that could be 

related to weather conditions, existing supply chain or ports infrastructure, for example. 

Hence, cost estimations are, usually, subject to simplifications to be replicable.  

Even though Brazil has a well-established onshore wind energy industry, in this 

paper it is assumed that OW supplies would be imported, which would at least happen 

at the beginning of OW development. Since the cost estimation is based on international 

studies and values, a Brazilian Location Factor (LF) is applied to the capital costs 

(CAPEX). The LF is considered to be 38.4% in the present study, as calculated in 

(K¥BERLE, GARAFFA, et al., 2018). 

The CAPEX results without considering the LF represent the Free on Board 

(FOB) costs (CAPEX-FOB); i.e., the costs of solely manufacturing equipment and 

supplies and not the actual cost for the buyer. In (K¥BERLE, GARAFFA, et al., 2018), 

the authors have calculated the Brazilian LF by considering freight and insurance costs, 

a one-time import fee, customs expenses, as well as additional national taxes. Therefore, 
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the so-called CAPEX-LF accounts for the additional cost of bringing products and 

services into Brazil.   

Total costs are a combination of capital (CAPEX), operational (OPEX) and 

decommissioning (DECEX) expenditures. Costs are divided into spatially independent, 

and spatially dependent. Spatially independent costs for both fixed-bottom and floating 

OW farms were stipulated by comparing several studies. Whenever possible, spatially 

dependent costs are presented as functions of spatial characteristics, namely water 

depth and distance to shore, following the work conducted by (BOSCH, STAFFELL, et 

al., 2019).  

The costs stipulated for each phase of an OW project are presented in Table 21, 

along with the reviewed studies that contributed to the process. For the spatially 

dependent costs, the employed equations are presented in the Supplementary Material. 

An explanation on the phases of an OW project is also provided. 

 

Table 21. Costs for each phase of fixed-bottom and floating OW projects 

 

Phase Component 

Fixed-bottom Floating 

Cost 

(USD/kW) 

Reviewed 

studies 

Cost 

(USD/kW) 

Reviewed 

studies 

Pre-development  200.0 (BVG 

ASSOCIATES

, 2019, 

JOHNSTON, 

FOLEY, et al., 

2020, NREL, 

2019a, 2020, 

SHAFIEE, 

BRENNAN, et 

al., 2016) 

250.0 (BVG 

ASSOCIAT

ES, 2019, 

JOHNSTON

, FOLEY, et 

al., 2020, 

NREL, 

2019a, 

2020, 

SHAFIEE, 

BRENNAN, 

et al., 2016) 

Acquisition Wind turbines 1,300.0 (BVG 

ASSOCIATES

, 2019, NREL, 

2019a, 2020, 

SHAFIEE, 

BRENNAN, et 

al., 2016) 

1,300.0 (NREL, 

2019a, 

2020) 

 Foundations Spatially dependent (refer to Table SM.1) 

 Transmission 

system 

Spatially dependent (refer to Table SM.2) 
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 Substations 358.7 (BVG 

ASSOCIATES

, 2019, MYHR, 

BJERKSETE

R, et al., 2014) 

400.1 (BVG 

ASSOCIAT

ES, 2019, 

MYHR, 

BJERKSET

ER, et al., 

2014) 

Installation Foundations Spatially dependent (refer to Table SM.3) 

 Others 364.7 (BVG 

ASSOCIATES

, 2019, 

JOHNSTON, 

FOLEY, et al., 

2020, MYHR, 

BJERKSETE

R, et al., 2014, 

NREL, 2019a, 

2020) 

577.2 (BVG 

ASSOCIAT

ES, 2019, 

JOHNSTON

, FOLEY, et 

al., 2020, 

MYHR, 

BJERKSET

ER, et al., 

2014, 

NREL, 

2019a, 

2020) 

Operation  124.0 (NREL, 2020) 130.0 (NREL, 

2020) 

Decommissioning  58.0 (BVG 

ASSOCIATES

, 2019, MYHR, 

BJERKSETE

R, et al., 2014, 

NREL, 2020, 

SHAFIEE, 

BRENNAN, et 

al., 2016) 

76.0 (MYHR, 

BJERKSET

ER, et al., 

2014, 

NREL, 

2020, 

SHAFIEE, 

BRENNAN, 

et al., 2016) 

 

5.5. Application for Brazil 

The methodological approach, including the spatial suitability analysis and the 

OW costs estimation model, was applied to the entire Brazilian coast to map the national 

OW cost potential and to generate an OW cost-supply curve. 

5.5.1. OW suitability analysis for Brazil 

The first step was to acquire the GWA wind data (DTU, 2022) within 200km from 

shore inside the Brazilian EEZ. The map, which can be seen in Figure SM.1 in the 
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Supplementary Material, represents the Brazilian OW Gross potential, and shows mean 

wind speeds ranging from lower than 7.0 m/s to a maximum of 10.0 m/s. 

Following, the technical constraints of minimum wind speed and maximum water 

depth were applied, resulting in the OW Technical potential (Figure 17 ï left panel). The 

map illustrates that the remaining OW resource is concentrated in three main hotspots: 

in the the Northeast region, between the states of Maranh«o (MA) and Para²ba (PB); in 

the Southeast, between Esp²rito Santo (ES) and S«o Paulo (SP); and in the South, 

between Santa Catarina (SC) and Rio Grande do Sul (RS). The majority of the excluded 

area is due to low wind resources. In the Northeast, a large area with good resources 

was considered technically unfeasible because of the steep bathymetry. 

Finally, the environmental and social exclusions were applied, and the final 

available area of the Locational Potential is mapped (Figure 17 ï right panel). Even 

though spatial exclusions impact the near-shore available wind resource, the feasible 

area is not significantly reduced and is still encountered across the three hotspots. A total 

capacity of 947 GW is technically available in Brazil. Nevertheless, respecting 

environmental and social constraints reduces that potential by 7.5%, resulting in a 

remaining installable capacity of 875.7 GW in the Locational Potential (supporting data 

can be found in Table SM.4). 
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Figure 17. Left panel: Technical potential and the 1000m water depth limit. Right panel: 
Locational potential and the respective spatial exclusions 

5.5.2. The Brazilian OW cost potential 

Since the proposed cost estimation model is sensitive to water depth and 

distance to shore, this information was crossed with the Locational potential (maps can 

be found in Figure SM.2 in the Supplementary Material). Then, the cost estimation model 

was applied to calculate the CAPEX and the LCOE. 

The CAPEX results are depicted in Figure 18, comparing values with and without 

the LF influence, referred to as CAPEX-LF and CAPEX-FOB, respectively. The CAPEX-

FOB values varied from 2,900.6 to 4,794.7 USD/kW, with an average of 3,816.4 USD/kW. 

The latter matches the current global average CAPEX, which fell from 3,723 USD/kW in 

2019 to 3,185 USD/kW in 2020 (IRENA, 2020, 2021), being indicative of the proposed 

economic modelôs accuracy.  

After the application of the LF, the results range shifted to between 4,014.4 and 

6,635.9 USD/kW, resulting in an average CAPEX of 5,281.9 USD/kW for Brazil. The 

majority of areas with CAPEX-LF lower than 5,000 USD/kW are in depths up to 50 m, 

meaning fixed-bottom foundations. However, some sites that would require jacket fixed-
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bottom foundations reached a maximum CAPEX of 5,341.0 USD/kW, while the cheapest 

sites requiring floating foundations reached a CAPEX as low as 4,768.7 USD/kW. 

Therefore, results for Brazil show that CAPEX can be lower for floating than for jacket 

foundations. 

 

 

Figure 18. CAPEX results before (CAPEX-FOB, in the left panel) and after (CAPEX-LF, in the 
right panel) the application of the Brazilian Location Factor (LF) 

 

The next step in the analysis was to calculate the AEP, which depends on the 

wind resource and the turbine power curve. The wind resource variability for each 

Brazilian region can be found in Figure SM.3 in the Supplementary Material. Results 

show that a net AEP of 489.3 TWh could be potentially generated in Brazil annually.  

Additionally, the CF was calculated and mapped, as depicted in Figure 19. The 

Brazilian available area presents very high CF, reaching 65%, which can be found near-

shore and at low depths. As a comparison, the global CF for newly installed projects in 

2020 ranged from 33% (5th percentile) to 47% (95th percentile), with a global weighted-

average of 40%, while in Europe the average CF reached 44% (IRENA, 2021). 
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Figure 19. Capacity factors across the available area 

 

Finally, the estimated LCOE and the Brazilian OW cost potential map are 

illustrated in Figure 20. Results show that the LCOE for Brazil ranges from 86.5 to 243.4 

USD/MWh, with an average of 136.3 USD/MWh. The most economically attractive sites 

are found in the states of RN, in the Northeast region, and RS, in the South, both located 

in areas where mean wind speeds are higher than 9.0 m/s (see Figure 17). On the other 

hand, the least attractive sites are in regions where the wind speed is lower than 7.5 m/s. 
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Figure 20. OW cost potential for Brazil, in terms of LCOE, in USD/MWh 

 

Based on the cost potential mapping, a cost-supply curve for OW energy in Brazil 

could be produced. Figure 21 presents the cost-supply curve for total OW capacity, and 

also disaggregated into fixed-bottom and floating OW capacities. Additionally, it depicts 

the intersection point between the global installed capacity of 35.2 GW and the global 

weighted-average LCOE of 84 USD/MWh for the year 2020 (GWEC, 2021, IRENA, 

2021). The same is done for other markets, namely the United Kingdom (UK) and China, 

which were the leading countries in installed capacity in that year. 

So, in terms of OW capacity, 340 GW could be installed in Brazil at a maximum 

LCOE of 120 USD/MWh. These areas can be found in all three hotspots shown in Figure 

20. Moreover, the wider degrees at the left portion of the curve suggest that the majority 

of the installable capacity, an amount of 627.6 GW (or 72%), could be deployed at an 

LCOE below 140 USD/MWh. 

Compared to the UK and China, which held an OW capacity of around 10 GW 

each in 2020, Brazil could deploy the same capacity at an LCOE below 100 USD/MWh, 

with the first 2 GW at an LCOE between 86.5 and 90 USD/MWh. Hence, according to 

the results, the beginning of the Brazilian OW market development could be done at 

internationally competitive costs. 
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Figure 21. Cost-supply curve for OW energy in Brazil and 2020 data for other markets. 

 

In addition to the cost-supply curves for fixed-bottom and floating OW in Figure 

21, Table SM.5 in the Supplementary Material exhibits the available potential for 

development accordingly to LCOE and water depth classes. First, it can be seen that 

Brazil can deploy 294.7 GW using fixed-bottom foundations. This capacity can be 

developed at a maximum LCOE of around 200 USD/MWh, which is in line with the recent 

findings of (DOS REIS, MAZETTO, et al., 2021) for Brazil. For monopile foundations, 

that is, in depths up to 20m, more than 90% of the available potential for OW farms 

deployment is below the cost of 130 USD/MWh. For depths between 20 and 50m, 

compatible with jacket foundations, almost 90% of the potential can be developed at 

LCOE lower than 150 USD/MWh.  

If floating foundations are employed, an additional capacity of 581.0 GW is 

available for development in regions deeper than 50m. Almost 90% of the OW resource 

available in this area could be harnessed at costs below 200 USD/MWh.  

Even though results for Brazil show internationally competitive OW costs, it is 

important to assess whether the source is economically viable within the Brazilian power 

sector. Therefore, LCOE estimations are compared to the winning bids for the 8 auctions 

held in Brazil in 2021 (CCEE, 2022). Winning bids varied between 132.7 R$2022/MWh 

for solar power and 1699.0 R$2022/MWh for natural gas-fired power, with an average of 

251.2 R$2022/MWh for all power sources. Considering an exchange rate of 4.4 
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R$/USD10, these bids ranged from 30.2 to 386.1 USD2022/MWh, with an average of 

57.1 USD2022/MWh. 

When comparing these results with the estimated LCOE for OW in Brazil, which 

ranges from 86.5 to 243.4 USD/MWh, it can be seen that OW costs are higher than the 

average winning bids in Brazil but are already economically competitive with some 

technologies within the Brazilian power market. The same was true for other countries in 

which OW has thrived and where projects are now bidding into competitive tenders 

without subsidies (WORLD BANK, 2019). 

Moreover, other studies are showing additional benefits that OW energy could 

bring to the Brazilian energy system, given its complementarity with other sources 

deployed in the country, such as solar and hydro (BORBA, Paula Conde Santos, SOUSA, 

et al., 2023, DE SOUZA NASCIMENTO, SHADMAN, et al., 2022). 

Nonetheless, Brazil will probably have to follow other marketsô strategy 

(DEDECCA, HAKVOORT, et al., 2016) to provide public support in the near term through, 

for example, a subsidy for OW. The investment in the source will likely decrease the cost 

of future production due to the learning effects and economies of scale (RUBIO-

DOMINGO, LINARES, 2021), improving competitiveness and being an impulse to the 

development of a national dedicated supply chain in the long-term. 

5.6. Conclusions 

Given the growing OW market in Brazil, the objective of this paper was to map 

the Brazilian OW cost potential and identify the most economically attractive areas for 

OW farms installation. To do so, a methodological approach was proposed, combining a 

spatial suitability analysis and a cost estimation model. First, the available area for OW 

farms installation was mapped through the application of spatial constraints, resulting in 

the identification of the Technical and the Locational levels of potential. Then, the final 

available areas related to the Locational Potential were classified in terms of their LCOE, 

generating the cost potential map. 

According to the suitability analysis, Brazil has a technically feasible area for OW 

deployment of more than 315,000 kmĮ, in which about 947 GW of capacity could be 

installed. However, when considering basic environmental and social constraints to 

development, 7.5% of the technically available area is excluded, showing that the applied 

 
10  Annual exchange rates in Brazil between 2017 and 2022 have suffered significant 

depreciation, shifting from 3.2 to 5.1 R$/USD, with an average value of 4.4 R$/USD (BCB, 2022). 
Hence, the average winning bid is somewhere between 49.2 and 78.5 USD/MWh. 
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constraints do not jeopardize development, neither in quantitative nor qualitative terms 

in Brazil.  

The final available area allows for the installation of 875.7 GW of OW capacity, in 

which 489.3 TWh of electricity could be yielded per year. The CF values in Brazil range 

from 32% to 65%, being comparable to the CF experienced in new installations in Europe. 

Moreover, the sites with the highest CF values are located close to shore and at low 

depths. This potential is concentrated in three hotspots: the north portion of the Northeast 

region, between the states of MA and PB; the Southeast region, between ES and SP; 

and the South region, between SC and RS. 

The cost estimation model was constructed based on existing methodologies and 

estimations from other studies. Its objective was to capture the influence of spatial 

characteristics, namely water depth and distance to shore, and to reflect current costs 

throughout a projectôs life cycle. The application of the model for the Brazilian case has 

proven it to be an accurate tool. A location factor of 38.4% was applied to internationally 

based CAPEX calculations to account for the extra costs of importing supplies and 

equipment into Brazil. Even so, CAPEX values for Brazil range from 4,014.4 to 6,635.9 

USD/kW, with an average of 5,281.9 USD/kW, which is consistent with current costs for 

other developing markets. And even though the lowest CAPEX values are for fixed-

bottom foundations, CAPEX can be lower for floating than for jacket foundations in the 

country. 

Finally, the OW cost potential was mapped for Brazil, with LCOE values ranging 

from 86.5 to 243.4 USD/MWh and an average of 136.3 USD/MWh. The most 

economically attractive sites are found in the states of RN, in the Northeast region, and 

RS, in the South. Nevertheless, regions with LCOE as low as 120 USD/MWh can be 

found across all three Brazilian OW hotspots, totalling some 340 GW of OW capacity. 

From the total installable capacity, 294.7 GW can be developed using fixed-bottom 

foundations and an additional 581.0 GW are available if floating foundations are 

employed. The majority of the total capacity, which is equivalent to more than 800 GW 

of OW capacity, would cost below 200 USD/MWh. 

Despite relatively higher costs than other renewable energy options in Brazil, OW 

has a huge untapped potential in the country that could be exploited at internationally 

competitive costs. Notwithstanding, in the coming years, costs may be lower than was 

estimated for Brazil. First, because financial assumptions are known to have a great 

impact on LCOE (BOSCH, STAFFELL, et al., 2019, LERCH, DE-PRADA-GIL, et al., 

2018, VOORMOLEN, JUNGINGER, et al., 2016b). In a scenario of diminished risks to 

investors, with a public support policy in place and well-established regulations and 
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permitting frameworks for OW, Brazil could experience lower FCR than considered. 

Additionally, market development and the implementation of a dedicated supply chain in 

the country, culminating in a high national content, would also lower the location factor 

employed in this analysis. 

The main limitations of cost assessments are usually related to a lack of real data 

to validate the models and to dynamic country and local-specific conditions that alter 

projectsô costs. Hence, regional particularities, especially when regarding developing 

markets, such as in this study, are hard to account for in global, replicable methodologies. 

Thus, the cost estimation model should be adapted to match countriesô particularities in 

future studies and its application should be updated as the sector gains momentum in 

Brazil. More than that, cost reductions due to technological progress and innovation 

should also be taken into account in future applications of the methodology.  

OW is expected to be a key technological solution to support the global energy 

transition, not only as a major electricity source but also as an enabler for the 

development of other technologies, such as green hydrogen production. In this sense, 

promising markets, as Brazil has proven to be, can play an essential role by deploying a 

large untapped potential and helping to realize the OW energy prospects for larger 

installed capacities and reduced costs. 
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6. Estrat®gias de incentivo governamental no mundo e 
recomenda­»es para o Brasil 

Conforme apresentado, os resultados do artigo #3 (Cap²tulo 5) corroboraram 

com a hip·tese indicada pelo artigo #1 (Cap²tulo Erro! Fonte de refer°ncia n«o 

encontrada.), de que os altos custos s«o uma barreira cr²tica para o desenvolvimento 

da fonte e·lica offshore no contexto brasileiro, onde existem outras op­»es de gera­«o 

el®trica renov§vel mais competitivas. 

E al®m de caracter²sticas locacionais e tecnol·gicas, como as abordadas nos 

artigos #2 (Cap²tulo 4) e #3 (Cap²tulo 5) desta tese, outros fatores afetam fortemente o 

LCOE das e·licas offshore, como condi­»es macroecon¹micas e o n²vel de maturidade 

do mercado (GWEC, 2025b). Sendo assim, ® natural que os primeiros projetos 

enfrentem custos mais altos em mercados emergentes pois os riscos s«o maiores, as 

regras ainda est«o em desenvolvimento e a cadeia de suprimentos local ainda n«o 

possui escala (GWEC, 2025a, WORLD BANK GROUP, 2023).  

Por esse motivo, mesmo em mercados que n«o contam com outras alternativas 

tecnol·gicas mais competitivas para atingir suas metas de descarboniza­«o ou garantir 

sua seguran­a energ®tica, o desenvolvimento da energia e·lica offshore tende a ser 

incentivado pelo governo (IEA, 2024, WORLD BANK GROUP, 2023). Segundo a IEA, 

espera-se que mais de 75% da adi­«o de capacidade e·lica offshore entre 2024 e 2030 

receba incentivos governamentais (IEA, 2024). 

Todavia, essa pr§tica n«o ® exclusiva das e·licas offshore. Embora as 

tecnologias de energia renov§vel estejam se tornando cada vez mais competitivas no 

mundo, pol²ticas de incentivo seguem sendo imprescind²veis para estimular os 

investimentos e apoiar o desenvolvimento, conforme a Ag°ncia Internacional de Energia 

(IEA, 2024). Cerca de 84% do crescimento de capacidade renov§vel esperado entre 

2024 e 2030 deve ser baseado em mecanismos advindos de pol²ticas governamentais. 

Os outros 15% ser«o estimulados diretamente pelo mercado, atrav®s principalmente de 

contratos bilaterais e da comercializa­«o de certificados verdes (IEA, 2024).  

O intuito do emprego de mecanismos de incentivo ¨ fonte ® construir a confian­a 

no mercado, estimular a competi­«o e aumentar o acesso a financiamento de baixo 

custo para que se reduza a percep­«o de risco (GWEC, 2025a). Com isso, ® poss²vel 

expandir a capacidade instalada, atingindo economias de escala, aumentando a 

efici°ncia da cadeia de suprimentos e sustentando uma ind¼stria crescente e resiliente, 

o que pode trazer o m§ximo de benef²cios associados ao desenvolvimento da e·lica 

offshore num pa²s (GWEC, 2025a). 
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Entretanto, a an§lise da atratividade do mercado e·lico offshore n«o pode olhar 

unicamente para a escolha de mecanismos diretos de suporte de remunera­«o, j§ que 

outras quest»es associadas ao desenho do leil«o em si afetam a aloca­«o de riscos 

entre governo e empreendedor, podendo-se citar (BEITER, KITZING, et al., 2021, 

JANSEN, BEITER, et al., 2022, JANSEN, STAFFELL, et al., 2020a):  

(1) se o direito de acesso ¨ §rea ® concedido em procedimento competitivo 

anterior ¨ defini­«o da forma de comercializa­«o - e remunera­«o - pela energia que 

ser§ gerada (procedimento licitat·rio duplo) ou de forma conjunta (procedimento 

licitat·rio ¼nico);  

(2) quais e qual o valor das parcelas de pagamento devido ao governo em cada 

fase do empreendimento;  

(3) como ® a aloca­«o da responsabilidade e do custo com a constru­«o da 

infraestrutura para conex«o do parque offshore ̈  rede onshore;  

(4) como ® a aloca­«o da responsabilidade e dos custos com os estudos 

preliminares e obten­»es de licen­as da §rea cedida. 

A partir da an§lise conjetural nacional, e atentando para esses par©metros, o 

governo pode definir estrat®gias de suporte em n²vel federal e regional, que incluem n«o 

apenas mecanismos de remunera­«o, mas tamb®m incentivos fiscais, programas de 

financiamento, custeio da constru­«o de infraestrutura de apoio, custeio de estudos 

preliminares e obten­«o de licen­as, e apoio ¨ pesquisa e desenvolvimento (BEITER, 

KITZING, et al., 2021). 

Diante disso, a presente se­«o tem como objetivo trazer um apanhado do leque 

de estrat®gias que foram implementadas a n²vel governamental em outros mercados 

para impulsionar a fonte em sua fase inicial, e como elas se traduzem ao mercado do 

Brasil, dadas as suas especificidades, que ser«o avaliadas a seguir. 

6.1. O panorama do mercado brasileiro 

No Brasil, como comentado no Cap²tulo 2 e como constante na Lei no 15.097 

(BRASIL, 2025), o que est§ proposto ® que primeiro haja a cess«o de uso, que concede 

acesso e direito de uso exclusivo da §rea marinha para estudos, por Oferta Planejada 

ou Permanente. Apenas depois da cess«o da §rea e de atestada a viabilidade do projeto 

proposto, haver§ a outorga para gera­«o el®trica offshore e a contrata­«o da energia. 

Para atestar a viabilidade do futuro projeto e tamb®m conduzir o processo de 

emiss«o de licen­as ambientais, o vencedor da cess«o de uso da §rea dever§ conduzir 

os estudos pertinentes durante a Fase de Avalia­«o (BRASIL, 2025). N«o ® proposto 



117 
 

 

aux²lio do governo quanto ao custeio desses estudos, como ® feito em outros pa²ses, 

como Dinamarca e Holanda, como forma de incentivo (EPE, 2024b, JANSEN, 

STAFFELL, et al., 2020b). 

Outro ponto relevante, trazido na se­«o 2.2.2 e conforme a Lei no 15.097 

(BRASIL, 2025), ® que o empreendedor dever§ concretizar pagamentos ¨ Uni«o pelo 

uso dessa §rea e ao longo da opera­«o do empreendimento, sendo: b¹nus de 

assinatura, taxa locacional e participa­«o proporcional. A Lei no 15.097 (BRASIL, 2025) 

inclusive diz que o maior valor ofertado a t²tulo de participa­»es governamentais ser§ 

considerado como crit®rio no julgamento de processos licitat·rios, quando aplic§veis, 

para cess«o da §rea. 

Num segundo momento, o empreendedor dever§ buscar um comprador (ou um 

offtaker, no jarg«o do setor) para a energia que ser§ produzida, que poder§ ser a figura 

do governo (possivelmente atrav®s de leil»es de energia centralizados), diretamente no 

mercado livre, ou em algum contrato corporativo bilateral. 

Nesse sentido, ® v§lido analisar a experi°ncia brasileira com o desenvolvimento 

das primeiras fontes alternativas, com destaque para a energia e·lica onshore. O in²cio 

do desenvolvimento se deu atrav®s do Programa de Incentivo de Fontes Alternativas 

(Proinfa), criado pela Lei 10.438/2002 (BRASIL, 2002), com o objetivo de estimular as 

fontes e·lica onshore, hidrel®tricas de pequeno porte e usinas ¨ biomassa. Segundo a 

lei, o programa teria 2 etapas e, na primeira fase do Proinfa, o objetivo era atingir 1.100 

MW de capacidade instalada de cada uma das 3 fontes mencionadas. Para tal, era 

concedida uma tarifa de pre­o fixo, em contratos de 20 anos (MME, 2009). 

Conforme as an§lises de (DUTRA, SZKLO, 2008) e de pesquisadores do BNDES 

(DE GOUVąA, DA SILVA, 2018), a segunda fase do programa coincidiu com a reforma 

do setor el®trico brasileiro, institu²da pela Lei 10.848/2004 (BRASIL, 2004b), em que foi 

introduzido um sistema competitivo de contrata­«o de energia, baseado em leil»es, em 

que vence a proposta que oferecer o menor custo de tarifa ao consumidor.  

Diante dessa reforma institucional, o Proinfa foi relan­ado em 2004, sendo 

regulamentado por meio do Decreto 5.025/2004 (BRASIL, 2004a). Nessa reformula­«o, 

as regras da segunda fase foram alteradas e a tarifa fixada acabou sendo substitu²da 

por um mecanismo competitivo. Entretanto, para promover as fontes alternativas, que 

n«o seriam competitivas com a energia hidrel®trica, por exemplo, a solu­«o foi realizar 

leil»es dedicados para as fontes alternativas e, em paralelo, fornecer um pacote de 

est²mulos, incluindo redu­«o de tributos e financiamentos de longo prazo (DE GOUVąA, 

DA SILVA, 2018, DUTRA, SZKLO, 2008). 
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Assim, visando a contrata­«o de uma capacidade definida pelo governo, as 

fontes alternativas competiram entre si em leil»es dedicados, determinando a tarifa do 

contrato de longo prazo de forma competitiva. Entretanto, com o objetivo de manter a 

modicidade tarif§ria para o consumidor final, o impacto da contrata­«o das fontes 

alternativas ¨ tarifa atingida no leil«o dedicado era limitado a um aumento de 0,5% da 

tarifa paga pelo consumidor final em qualquer ano, ou 5% acumulados ao final da fase, 

quando comparado ¨ tarifa do consumidor final considerando a expans«o convencional 

(DUTRA, SZKLO, 2008). 

Como resultado, em 2004, foram contratados 1.422 MW de energia e·lica 

onshore, divididos em 54 usinas (DE GOUVąA, DA SILVA, 2018, DUTRA, SZKLO, 2008, 

MME, 2009). Entre 2004 e 2009, houve um grande progresso no desenvolvimento 

tecnol·gico no setor de energia e·lica no exterior, o que tornou essa fonte mais vi§vel 

financeiramente (DE GOUVąA, DA SILVA, 2018). Esses fatores, aliados ¨ 

disponibilidade de financiamento em melhores condi­»es por parte do BNDES, 

estimularam o desenvolvimento da cadeia de suprimentos nacional, adaptando a cadeia 

existente e atraindo novos fabricantes e fornecedores, certificadores de vento e de 

capacidade e·lica e projetistas, entre outros. Ou seja, houve °xito na combina­«o da 

pol²tica energ®tica com uma pol²tica industrial (ARANTES, DE SOUZA, 2025). 

Entretanto, algumas dificuldades foram encontradas diante do novo mercado de 

energia e·lica nacional e do contexto internacional, como a concentra­«o de projetos 

em poucos empreendedores, gargalos na capacidade industrial, entraves na conex«o ¨ 

rede e desconhecimento do neg·cio por parte dos agentes financeiros (MME, 2009). 

Em 2009, ocorreu o primeiro leil«o dedicado exclusivamente ¨ gera­«o de 

energia de e·lica, um Leil«o de Energia de Reserva (LER), em que foi contratado 1,8 

GW, correspondente a 71 projetos ao pre­o m®dio de R$148,39/MWh (des§gio de 

21,49% em rela­«o ao pre­o-teto de R$ 189/Wh) (DE GOUVąA, DA SILVA, 2018). A 

partir da² e nos leil»es subsequentes, sob a forma de Leil»es de Fontes Alternativas 

(LFA) e Leil»es de Energia A-3 e A-5, a energia e·lica firmou-se como op­«o de 

destaque entre as fontes alternativas (DE GOUVąA, DA SILVA, 2018). Conforme a fonte 

e·lica onshore foi ganhando escala e aumentando sua competitividade, come­ou a 

competir diretamente em leil»es de energia com outras fontes. Hoje, a e·lica onshore 

representa 14% da matriz el®trica brasileira, atr§s apenas das hidrel®tricas (EPE, 

2025a). 

H§ de se ressaltar, todavia, os diferentes momentos de inser­«o da e·lica 

onshore e da e·lica offshore na matriz el®trica brasileira. Na ®poca do Proinfa, o Brasil 

precisava diversificar sua matriz com novas fontes renov§veis, al®m das hidrel®tricas, 
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visando aumentar a seguran­a energ®tica e a renovabilidade da matriz (DE GOUVąA, 

DA SILVA, 2018, DUTRA, SZKLO, 2008, MME, 2009). Atualmente, e como j§ comentado 

ao longo desta tese, o SEB vive um novo paradigma de expans«o e opera­«o, com 

desafios estruturais relacionados aos altos n²veis de cortes da gera­«o n«o-

despach§vel e a necessidade de fornecimento de novos servi­os sist°micos, como 

capacidade e flexibilidade. Sendo assim, ® preciso estudar a fundo como a e·lica 

offshore pode contribuir positivamente com o sistema, antes de justificar sua contrata­«o 

de forma centralizada. 

Ou seja, da maneira como est§ desenhado o incipiente mercado e·lico offshore 

brasileiro, o empreendedor ter§ custos e riscos iniciais (pagamentos devidos ¨ Uni«o, 

estudos preliminares e obten­«o de licen­as), anteriores ¨ defini­«o do modelo de 

comercializa­«o e remunera­«o pela energia que ser§ gerada futuramente. J§ pelo lado 

do governo, e como j§ discutido anteriormente, n«o h§ uma motiva­«o de natureza 

energ®tica e, portanto, tamb®m n«o h§ uma pol²tica com metas de instala­«o expl²citas, 

que embasem a contrata­«o da energia por parte do governo e que possam justificar 

incentivos de remunera­«o no momento atual. 

Indo al®m, h§ ainda o aspecto da escolha locacional. Por exemplo, a depender 

da regi«o em que os projetos ir«o se conectar, poder§ surgir a necessidade de refor­os 

no sistema de transmiss«o, seja para o interc©mbio entre subsistemas, ou dentro de um 

mesmo subsistema. £ claro que, qualquer que seja a fonte, haver§ essa necessidade 

frente ¨ expans«o das novas cargas e da gera­«o. Todavia, a escolha de onde conectar 

os grandes projetos de gera­«o e·lica offshore pode alterar essas din©micas e os custos 

associados, os quais ser«o responsabilidade do governo e, novamente, rateados entre 

os consumidores. Esse ® um exemplo que reflete a complexidade da decis«o e a 

import©ncia de que o governo tenha controle acerca dessa indica­«o locacional, 

devendo ela ser bem-informada. 

Sendo assim, as estrat®gias de incentivo, e seus impactos, devem ser muito bem 

estudados antes de sua aplica­«o no contexto brasileiro, visando o sucesso do novo 

mercado, por®m sem onerar o consumidor final, dado que o custo de qualquer subs²dio 

direto ser§ rateado na tarifa de energia el®trica para todos os consumidores. A seguir 

s«o apresentados alguns fatores que afetam no desenho das estrat®gias nacionais, a 

partir da an§lise da experi°ncia de outros mercados. 
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6.2. Desenho e crit®rios de leil»es 

No que tange o desenho de leil»es para e·licas offshore, a aloca­«o de riscos 

entre empreendedor e governo depende significativamente se o processo licitat·rio ® 

¼nico ou duplo.  

O processo ¼nico diz respeito ¨ cess«o da §rea juntamente com a contrata­«o 

da energia ï ou seja, o empreendedor j§ tem seu comprador, ou offtaker, da energia 

produzida garantida. J§ no processo licitat·rio duplo, a cess«o de §rea ® realizada em 

processo licitat·rio anterior ¨ contrata­«o da energia, como ser§ o caso do Brasil (ver 

se­«o 2.2.1.2). Ou seja, o desenvolvedor assume o risco de realizar os estudos 

preliminares da §rea e obter licen­as pertinentes ¨ constru­«o do empreendimento sem 

a garantia de um pre­o da eletricidade que remunerar§ seu projeto. 

Quando o processo licitat·rio ® ¼nico, o pre­o da energia que ser§ 

comercializada ou o subs²dio sobre a tarifa que ® solicitado ao governo geralmente s«o 

os crit®rios econ¹micos avaliados para a escolha do vencedor (IEA, 2024, JANSEN, 

BEITER, et al., 2022, JANSEN, STAFFELL, et al., 2020a). Por®m, quando o processo ® 

duplo, o crit®rio econ¹mico de julgamento da proposta vencedora para a cess«o da §rea 

acaba sendo o chamado b¹nus de assinatura, ou uma parcela an§loga de pagamento 

¨ Uni«o. 

A Figura 6, baseada no levantamento realizado em (SOBROSA, RISCADO, et 

al., 2024)  apresenta o resultado das propostas vencedoras de leil»es recentes nos 

mercados que possuem essa cobran­a, em termos do valor do b¹nus, em R$/MW11, e 

da capacidade cedida por desenvolvedor vencedor, em MW. 

Os leil»es considerados na an§lise de (SOBROSA, RISCADO, et al., 2024)  

ocorreram entre 2021 e 2023 e levaram a resultados bastante discrepantes entre os 

mercados. Na Esc·cia, em que houve um teto m§ximo de 100.000 Ã/kmĮ para as 

propostas, o lance m§ximo chegou a 86 milh»es de libras (0,6 bilh«o de reais). Na 

rodada 4 do Reino Unido, chegou a 231 milh»es de libras (1,6 bilh«o de reais). 

Entretanto, no leil«o de Nova York, nos Estados Unidos, e no leil«o descentralizado12 da 

Alemanha, os lances atingiram valores alt²ssimos, chegando a 1,1 bilh«o de d·lares (6,1 

bilh»es de reais) e a 3,75 bilh»es de euros (22,5 bilh»es de reais) por projeto, 

respectivamente. 

 
11Cota­»es de d·lar americano, euros e libras esterlinas de julho de 2024. 
12 Na Alemanha, h§ dois modelos de cess«o: o centralizado pelo governo, e o 

descentralizado. Neste ¼ltimo, os vencedores s«o selecionados com base na menor proposta de 
pedido de subs²dios oferecida pelos participantes. Caso todas as propostas sejam de subs²dio 
zero, o certame passa para a segunda fase, em que ganha a maior proposta de b¹nus de 
assinatura (SOBROSA, RISCADO, et al., 2024). 
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Figura 6. Valor do b¹nus de assinatura e capacidade cedida relacionados a propostas 
vencedoras em leil»es de cess«o de §rea recentes nos EUA (Nova York e Calif·rnia, em 2022, 
e Golfo do M®xico, em 2023), Alemanha (leil«o descentralizado, em 2023), Reino Unido (Round 

4, em 2021) e Esc·cia (ScotWind, em 2022). 

Fonte: elabora­«o pr·pria, a partir de (SOBROSA, RISCADO, et al., 2024). 
 

Diante disso, fica claro que empregar o crit®rio econ¹mico de pagamento pela 

§rea como ¼nico crit®rio de julgamento, e sem um valor-teto, pode levar a um 

descontrole do processo competitivo, atingindo valores muito elevados. E mesmo que 

n«o seja empregado como crit®rio (ou ¼nico crit®rio) de julgamento, o valor cobrado pelo 

b¹nus de assinatura tem um potencial significativo de afetar a competitividade de uma 

fonte que j§ apresenta altos custos de capital, antes mesmo da sua constru­«o ou de 

se ter uma garantia de comercializa­«o futura da energia, como ser§ o caso do Brasil.  

Esse ® um dos motivos pelos quais alguns pa²ses apostam no chamado beauty 

contest, ou ñconcurso de belezaò, em que outros crit®rios, al®m do econ¹mico, s«o 

considerados na escolha do vencedor do processo competitivo (IEA, 2024, JANSEN, 

BEITER, et al., 2022). Al®m disso, crit®rios n«o-econ¹micos permitem que o governo 

aplique m¼ltiplas a­»es e pol²ticas p¼blicas, como a integra­«o de renov§veis, o 

desenvolvimento da cadeia de suprimentos e da economia local, o aumento de 

benef²cios ¨ comunidade local e a redu­«o de impactos ambientais e das emiss»es 

associados aos empreendimentos e·licos offshore (IEA, 2024). Por®m, a dificuldade de 

se realizar o beauty contest reside no aumento de complexidade em leil»es, 

principalmente em mercados emergentes, e em se estabelecer crit®rios n«o-

econ¹micos objetivos e mensur§veis. 
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Em resumo, a an§lise realizada nesta se­«o exemplifica como o desenho de 

leil«o e o estabelecimento dos crit®rios de julgamento podem influenciar nas propostas 

oferecidas pelos desenvolvedores interessados e, consequentemente, nos custos e 

riscos de concretiza­«o associados aos empreendimentos. Isso se aplica tanto aos 

leil»es de cess«o da §rea quanto aos leil»es conjuntos, de §rea e energia, conduzidos 

em outros mercados. Isso porque, por mais que os riscos iniciais possam vir a ficar com 

o empreendedor, qualquer custo ser§ embutido na remunera­«o ou subs²dio 

necess§rios para o projeto se viabilizar e, em ¼ltima inst©ncia, recair§ sobre o 

consumidor. 

6.3. Mecanismos de remunera­«o 

Dentre os instrumentos de pol²tica de incentivo governamental por remunera­«o 

empregados no mundo para energia renov§veis (IEA, 2024), os dois mais relevantes 

s«o tarifas e pr°mios fixos definidos administrativamente e oferecidos aos 

empreendedores (cerca de 65%), e leil»es, com capacidades definidas pelo governo e 

tarifas definidas atrav®s da competi­«o entre empreendedores (mais de 20%). Outras 

op­»es incluem cr®ditos fiscais (13%) e projetos de propriedade do governo (1%). 

Especificamente para a energia e·lica offshore, o desenvolvimento dos 

mercados seguiu a trajet·ria de abandonar o instrumento de tarifas fixadas 

administrativamente, dando prefer°ncia ao de leil»es, em que as tarifas s«o 

determinadas de forma competitiva entre os agentes (JANSEN, BEITER, et al., 2022). 

E espera-se que essa tend°ncia se mantenha, com mais de 75% da adi­«o de 

capacidade entre 2024 e 2030 sendo apoiada pelo leque de instrumentos de pol²tica 

governamental, incluindo cr®ditos fiscais e tarifas e pr°mios fixados, mas em grande 

parte por leil»es competitivos (IEA, 2024). 

No Brasil, a experi°ncia da energia e·lica onshore, como detalhado na se­«o 

Erro! Fonte de refer°ncia n«o encontrada., tamb®m seguiu essa l·gica, saindo de 

uma tarifa fixada na ®poca do Proinfa, passando por leil»es de energia dedicados ¨ fonte 

e apenas a fontes alternativas, e chegando ¨ competitividade em leil»es de m¼ltiplas 

fontes. 

Como discutido ao longo desta tese, o conceito de leil«o para energia e·lica 

offshore ® um tanto abrangente. As entidades governamentais conduzem leil»es para a 

concess«o, de forma competitiva, do direito de acessar §reas, de construir e operar 

usinas e·licas offshore, e tamb®m para determinar o incentivo de remunera­«o que ser§ 

dado aos empreendedores vencedores (JANSEN, BEITER, et al., 2022).  
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Dentre os mecanismos de remunera­«o h§ v§rias op­»es que podem ser 

empregadas como regimes de suporte a energia e·lica offshore, que variam conforme 

a forma de remunera­«o obtida, a aloca­«o de riscos ao gerador e de custos ao governo, 

a forma de defini­«o da tarifa e a exposi­«o ao pre­o de mercado, como ilustra a Figura 

7 (BEITER, HEETER, et al., 2019, BEITER, KITZING, et al., 2021, JANSEN, BEITER, 

et al., 2022):  

¶ Tarifa Feed-in (FiTs): o gerador recebe uma tarifa fixa, independente do pre­o 

de mercado da energia. Geralmente a tarifa ® determinada administrativamente, 

mas pode ser de forma competitiva tamb®m; 

¶ Contrato de compra de energia (PPAs): contratos de longo prazo com a 

concession§ria local, com tarifas fixas e capacidade definida pelo governo. A 

tarifa ® determinada de forma competitiva. Muito utilizado no mercado dos 

Estados Unidos e similar a uma FiT;  

¶ Certificado de gera­«o e·lica offshore mandat·rios (ORECs): contratos de 

longo prazo, com tarifas geralmente fixas (mas podem ser indexadas) e 

capacidade definida pelo governo, e que representam o atributo ambiental da 

gera­«o de 1 MWh de energia e·lica offshore. A tarifa ® determinada de forma 

competitiva. Muito utilizado no mercado dos Estados Unidos e similar a uma FiT; 

¶ Pr°mio Feed-in (FiPs): o gerador recebe um pr°mio fixo em cima do valor de 

refer°ncia do mercado. Com isso, a remunera­«o final pode flutuar, mas est§ 

sempre acima do pre­o do mercado. Geralmente a tarifa ® determinada 

administrativamente; 

¶ Contrato por diferen­a (CfDs) unidirecional: o gerador recebe a diferen­a 

entre a tarifa acordada do suporte e o pre­o do mercado, caso este seja menor 

que a tarifa. Caso contr§rio, recebe o pre­o pela venda da energia no mercado 

e fica com o excedente acima da tarifa. Ou seja, a tarifa acordada ® o piso da 

remunera­«o. £ uma esp®cie de FiP, mas, geralmente, a tarifa ® determinada de 

forma competitiva;  

¶ Contrato por diferen­a (CfDs) bidirecional: o gerador recebe a diferen­a entre 

a tarifa acordada do suporte e o pre­o do mercado, caso este seja menor que a 

tarifa. Caso contr§rio, recebe o pre­o pela venda da energia no mercado e 

devolve ao governo o excedente acima da tarifa. Ou seja, a tarifa ® o teto da 

remunera­«o. £ uma esp®cie de FiP, mas, geralmente, a tarifa ® determinada de 

forma competitiva.  
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Figura 7. Tipos e funcionamento dos principais mecanismos de suporte por remunera­«o para 
energia e·lica offshore.  

Fonte: adaptado de (BEITER, HEETER, et al., 2019). 

 

A Figura 8Erro! Fonte de refer°ncia n«o encontrada., com dados provenientes 

do levantamento de (JANSEN, BEITER, et al., 2022) ilustra o emprego dos diferentes 

mecanismos de remunera­«o para e·licas offshore, definidos em leil»es, ao longo do 

tempo e por mercado. Pode-se observar que no in²cio do desenvolvimento da fonte em 

n²vel global, os mecanismos mais empregados foram incentivos de pre­o fixo, como 

FiTs. Especialmente na Europa, eles foram substitu²dos por CfDs unidirecionais e 

bidirecionais. J§ nos novos mercados atuais, os projetos est«o sendo remunerados por 

mecanismos de pre­o fixo, como FiTs (na Ćsia e na Fran­a), e PPAs e ORECs (nos 

Estados Unidos). 
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Figura 8. Capacidade de energia e·lica offshore cedida em leil»es. Painel da esquerda: 
capacidade por ano e tipo de mecanismo de suporte. Painel da direita: capacidade por 

mercado e tipo de mecanismos de suporte. 
Fonte: produzido a partir de (JANSEN, BEITER, et al., 2022). 

 

Como mencionado anteriormente, h§ outras formas de suporte governamental 

que n«o explicitamente mecanismos de remunera­«o. No estudo de (BEITER, KITZING, 

et al., 2021) foi proposto e calculado um ²ndice, chamado de Lucro e Valor Nivelado da 

Eletricidade (Levelized Revenue and Value of Electricity em ingl°s, ou LRVE) para 

projetos energia e·lica offshore, que traduz as diferentes formas de incentivo 

governamental como parcelas do LRVE, incluindo suporte ao desenvolvimento de 

projetos (estudos da §rea e licen­as), infraestrutura (conex«o ¨ rede) e cr®ditos fiscais. 

A Figura 9Erro! Fonte de refer°ncia n«o encontrada. retrata as parcelas e como elas 

incidiram sobre o LRVE calculado pelos autores para os projetos analisados. 

£ interessante notar os tipos de suporte que foram concedidos em diferentes 

mercados e como eles incidiram na remunera­«o efetiva dos projetos (BEITER, 

KITZING, et al., 2021):  

¶ Na Dinamarca (Din) e na Alemanha (Ale), houve incentivos de infraestrutura de 

conex«o ¨ rede;  

¶ Nos projetos dos Estados Unidos (EUA), houve a maior variedade de tipos de 

mecanismos, incluindo incentivos fiscais e 2 regimes de apoio governamental, 

os PPAs e os ORECs, apoiados em m®tricas de atributos ambientais.  

¶ Olhando os mercados europeus onde o mecanismo de remunera­«o ® o CfD, 

percebe-se que na Dinamarca (Din) e na Alemanha (Ale), grande parte da 

remunera­«o vem da pr·pria comercializa­«o no mercado de energia, enquanto 
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no projeto do Reino Unido (ReiUn), a maior parte teve que ser custeada atrav®s 

do regime de CfD bidirecional (CfD-2) do governo.  

¶ No projeto do Jap«o (Jap), em que a remunera­«o ® via FiT, o lucro nivelado foi 

o maior alcan­ado, mas tamb®m se atingiu o maior custo ao governo com o 

regime de suporte. 

 

 

Figura 9. Parcelas de incentivo incidentes no LRVE calculado de projetos e·licos offshore.  
Fonte: produzido a partir de (BEITER, KITZING, et al., 2021) 

 

Apesar da amostra reduzida de projetos analisados, o estudo de (BEITER, 

KITZING, et al., 2021) aponta para a variedade de tipos de mecanismos empregados 

em diferentes mercados e reflete a import©ncia do apoio governamental. Pode-se 

concluir que n«o h§ resposta certa a priori sobre qual mecanismo de remunera­«o ® o 

mais adequado, devendo o pr·prio governo fazer uma an§lise de custo-benef²cio para 

avaliar com o quanto est§ disposto a arcar para reduzir riscos aos desenvolvedores e 

estimular o desenvolvimento da ind¼stria e·lica offshore. 

6.4. Outros instrumentos de apoio 

Al®m de um desenho de leil«o adequado e do leque de mecanismos de 

remunera­«o apresentado, existem outras formas de apoio governamental ao 

desenvolvimento da ind¼stria e·lica offshore, como incentivos relacionados a 
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mecanismos de financiamento, ¨ constru­«o da infraestrutura de conex«o dos parques 

offshore, e ao estabelecimento de projetos piloto. 

No que tange o aspecto financeiro, segundo pesquisadores do BNDES 

(ARANTES, DE SOUZA, 2025), h§ uma variedade de instrumentos para viabilizar o 

desenvolvimento e a opera­«o de parques e·licos offshore, como: 

¶ Project finance: financiamento de um projeto espec²fico, de alto custo de capital, 

baseado nos seus fluxos de caixa projetados, e n«o no balan­o patrimonial de 

uma empresa operacional; 

¶ Capital pr·prio (equity): participa­«o financeira que os investidores colocam no 

projeto, podendo vir de investidores especializados, gestores de ativos, 

contrapartes industriais ou fabricantes de equipamentos; 

¶ Emiss«o de t²tulos (bonds): especialmente os alinhados ao clima, ® uma 

estrat®gia para levantar capital e financiar projetos que atendem a metas 

clim§ticas; 

¶ Cofinanciamento (blended finance): financiamento a partir da composi­«o de 

capital privado e concessional, com caracter²sticas e apetite a risco diferentes e 

complementares. Geralmente, os bancos de desenvolvimento fornecem a 

parcela da d²vida com prazos mais longos e os credores institucionais ou 

privados oferecem prazos mais curtos ou outras condi­»es diferenciadas. 

O financiamento concessional consiste em linhas de financiamento mais 

atrativas que as dispon²veis no mercado, seja atrav®s de taxas de juros mais baixas ou 

de maiores tempos de amortiza­«o, por exemplo. Geralmente, esses instrumentos 

est«o dispon²veis para financiar projetos em mercados em desenvolvimento, por parte 

de bancos de desenvolvimento (BNDES, Banco Mundial, BID, entre outros) ou fundos 

multilaterais. 

Segundo um estudo do Banco Mundial (WORLD BANK GROUP, 2023) sobre o 

impacto de financiamento concessional sobre os custos de projetos e·licos offshore, 

uma resposta coordenada entre setor p¼blico e privado pode ajudar a reduzir os custos 

da fonte em mercados emergentes. O cen§rio ideal ® que se aplique uma combina­«o 

de instrumentos, como: 

¶ D²vida concessional (concessional debt) do setor p¼blico: financiamento 

para que o setor p¼blico possa arcar com parte da infraestrutura de um projeto, 

ou compartilhada. Um exemplo seria exatamente o aux²lio com a constru­«o da 

infraestrutura de transmiss«o e conex«o de projeto(s) offshore na rede onshore;  
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¶ D²vida concessional (concessional blend) do setor privado: financiamento 

concessional, a melhores condi­»es do que as de mercado, de parte da d²vida 

do empreendedor privado, numa combina­«o com financiamento comercial; 

¶ Financiamento concessional (concessional finance) adicional para setor 

p¼blico ou privado: financiamento para estruturas de apoio ao projeto em si, 

como portos e linhas de transmiss«o, ou para mitigar outros riscos de 

investimento; 

¶ Subven­«o (grant): para cobrir diretamente uma parcela do CAPEX do projeto 

quando as medidas anteriores forem insuficientes. 

 

A Erro! Fonte de refer°ncia n«o encontrada. e a Erro! Fonte de refer°ncia 

n«o encontrada.  mostram os resultados desse estudo, destacando onde cada 

instrumento poderia incidir dentro dos custos de um projeto e·lico offshore, e como a 

combina­«o de mecanismos ajuda a reduzir cada vez mais o LCOE de um projeto 

pioneiro de refer°ncia de 1 GW em um mercado emergente (WORLD BANK GROUP, 

2023).  

A Erro! Fonte de refer°ncia n«o encontrada. traz um exemplo de como 

diferentes tipos de mecanismos de financiamento podem ser empregados sobre as 

parcelas do custo de um parque e·lico offshore de refer°ncia de 1 GW, diversificando a 

op­«o de financiamento 100% privado (WORLD BANK GROUP, 2023). Os custos com 

o desenvolvimento do projeto (DEVEX) (9% do custo total), que englobam os estudos 

preliminares e as licen­as, poderiam ser custeados atrav®s de uma subven­«o direta, 

n«o reembols§vel (grant). O CAPEX de ñdentroò do parque e·lico offshore (76% do total), 

incluindo turbinas, funda­»es e cabos internos, seria apoiado atrav®s de uma 

combina­«o (blend) de financiamento comercial e concessional para o setor privado. E 

o governo seria respons§vel pelos custos de transmiss«o do parque offshore at® a 

conex«o ¨ rede onshore (15% do custo total), com acesso a um instrumento de 

financiamento concessional para o setor p¼blico. 
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Figura 10. Cen§rios de combina­»es de instrumentos de financiamento sobre os custos de um 
projeto e·lico offshore de refer°ncia. 

Fonte: adaptado de (WORLD BANK GROUP, 2023). 

 

J§ na Tabela 1, pode-se perceber o impacto do emprego dos mecanismos sobre 

o LCOE base de um projeto pioneiro de refer°ncia de 1 GW (Cen§rio 1-A), segundo as 

estimativas dos diferentes cen§rios do estudo (WORLD BANK GROUP, 2023). Se o 

governo se compromete a arcar com a conex«o ¨ rede, o LCOE do projeto cai em 13% 

(Cen§rio 2-A). Se essa estrat®gia ® combinada com uma mistura de 50% de 

financiamento privado e concessional para o empreendedor, a redu­«o do LCOE chega 

a quase 27% (Cen§rio 2-C). E se ® dada uma subven­«o direta por meio de recurso 

n«o-reembols§vel, a redu­«o chega a 35% do LCOE (Cen§rios 3-A, 3-B e 3-C). 

 

Tabela 1. Cen§rios de combina­»es de instrumentos de financiamento e seu impacto sobre o 
LCOE de um projeto pioneiro de refer°ncia de 1 GW.  
Fonte: adaptado de (WORLD BANK GROUP, 2023). 

 

Cenário Grant (%) 

Dívida 
Privada 

Concessional 
(%) 

CAPEX do 
desenvolvedor 
(US$ bilhões) 

Taxa de 
Juros (%) 

LCOE 
(US$/MWh) 

Diferentes níveis de instrumentos concessionais e taxas de juros 

1-A 0 0 2,93 8,0 108 

1-B 0 25 2,93 7,3 93 

1-C 0 50 2,93 6,5 91 

+ Financiamento concessional para o setor público sobre conexão à rede onshore 

2-A 0 0 2,45 8,0 94 

2-B 0 25 2,45 7,3 81 

2-C 0 50 2,45 6,5 79 

+ Subvenção direta, não reembolsável (grant) 

3-A 25 0 2,45 8,0 70 

3-B 13 25 2,45 7,3 70 

3-C 10 50 2,45 6,5 70 
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O acesso a financiamentos comerciais mais atrativos para a parte do capital 

pr·prio passa tamb®m pelo risco do mercado em si, o qual pode estar associado a 

fatores como (WORLD BANK GROUP, 2023): incertezas da pol²tica de crescimento do 

mercado e falta de previsibilidade; risco de primeiro projeto, com incertezas acerca do 

processo regulat·rio e poss²veis atrasos; cadeia de suprimentos n«o estabelecida; 

capacidade portu§ria limitada; capacidade de transmiss«o limitada; e falta de m«o-de-

obra qualificada. 

Uma estrat®gia para reduzir esses riscos e gerar uma melhor compreens«o do 

mercado e·lico offshore ® o est²mulo ¨ instala­«o de projetos piloto ou projetos de 

menor escala, que servem tanto para pesquisa, desenvolvimento e inova­«o (PD&I), 

quanto como ambiente regulat·rio experimental, tamb®m chamado de sandbox 

regulat·rio. 

J§ existem inciativas para a constru­«o de projetos piloto na costa brasileira e o 

mais avan­ado at® o momento ® o do Instituto SENAI de Inova­«o em Energias 

Renov§veis (ISI-ER) do Rio Grande do Norte. O projeto, que j§ recebeu a licen­a pr®via 

do IBAMA, prev° a instala­«o de dois aerogeradores, com pot°ncia somada de 24,5 

MW. O local de instala­«o ser§ a 4,5 km de dist©ncia do Porto-Ilha de Areia Branca, 

principal ponto de escoamento do sal produzido no Brasil. A regi«o ® considerada rasa 

e, segundo estudos desenvolvidos pelo ISI-ER, est§ distante de recifes de coral e das 

tradicionais zonas de pesca (SENAI-RN, 2025). 

No ©mbito do arcabou­o legal e regulat·rio do Brasil, incentivos que podem ser 

dados a esse tipo de projeto podem incluir processos simplificados para acesso ¨ §rea 

marinha e para a obten­«o de licen­as ambientais, isen­«o de pagamentos pela 

ocupa­«o da §rea, acesso a recursos de PD&I de setores de energia, por exemplo. 

Com a instala­«o desses primeiros projetos menos complexos, os riscos s«o 

reduzidos e ® poss²vel testar o arcabou­o regulat·rio e normativo, avaliar as 

capacidades institucionais e de infraestruturas de apoio, movimentar e identificar 

gargalos na cadeia de suprimentos, capacitar m«o-de-obra local, estimular a pesquisa 

e a aquisi­«o de dados prim§rios, entre outros benef²cios. 

6.5. Compara­«o de mercados relevantes 

Como mencionado, h§ diversos fatores que incidem sobre a aloca­«o de riscos 

no setor de e·licas offshore e que devem ser considerados ao se interpretar e comparar 

mercados (JANSEN, STAFFELL, et al., 2020a). Considerando um procedimento 

licitat·rio duplo (cess«o da §rea separada da contrata­«o da energia), a 
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responsabilidade da conex«o a cargo do empreendedor (JANSEN, BEITER, et al., 2022), 

e tamb®m os pagamentos que s«o devidos ¨ Uni«o (SOBROSA, RISCADO, et al., 2024), 

os mercados internacionais que mais se aproximam do que est§ proposto para o Brasil 

s«o o Reino Unido e os Estados Unidos. 

O Reino Unido ® o 2Ü mercado com maior capacidade instalada de e·licas 

offshore do mundo, e um dos pioneiros. Segundo o governo (DESNZ, DBT, 2023), at® 

2022, havia quase 14 GW de capacidade operando e mais 78 GW em diferentes fases 

de desenvolvimento. A meta do Reino Unido ® atingir 50 GW de e·licas offshore 

instaladas at® 2030, alinhada ¨ busca por seguran­a energ®tica e descarboniza­«o, e 

ao alcance do NetZero em 2050 (DESNZ, DBT, 2023). Ou seja, o mercado possui metas 

claras e ancoradas para o desenvolvimento da fonte e·lica offshore. 

O atingimento das metas ® apoiado por uma s®rie de inciativas governamentais 

que incluem (Figura 11): arcabou­o regulat·rio claro e estabelecido; calend§rio de 

leil»es; maior agilidade nos procedimentos (fast-track); retornos est§veis e assegurados 

para os investimentos com transmiss«o offshore; infraestrutura de apoio existente (rede, 

cadeia de suprimentos e portos); di§logo com a ind¼stria; m«o-de-obra qualificada; 

incentivo a projetos de demonstra­«o e ¨ pesquisa, desenvolvimento e inova­«o; e um 

regime de suporte claro e confi§vel (DESNZ, DBT, 2023). 

 

 

Figura 11. Principais marcos da estrat®gia de apoio ¨ energia e·lica offshore no Reino Unido. 
Fonte: adaptado de (DESNZ, DBT, 2023). 
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O mecanismo de remunera­«o utilizado no Reino Unido ® o de CfD bidirecional, 

com acordo de 15 anos entre o empreendedor e o governo (DESNZ, DBT, 2023). Uma 

vantagem extra dada pelo governo ® o ajuste pela infla­«o. Desde a primeira rodada de 

CfDs, em 2015, os resultados das propostas vencedoras ca²ram cerca de 70%, indo de 

Ã2012114-120/MWh para Ã201237-42/MWh na terceira rodada, realizada em 2019, para 

in²cio em 2024/2025 (DESNZ, DBT, 2023, JANSEN, BEITER, et al., 2022, JANSEN, 

STAFFELL, et al., 2020b). 

Apesar do custo inicial com a conex«o ¨ rede ser do empreendedor e n«o 

socializado na tarifa, como nos outros mercados que d«o esse incentivo explicitamente, 

ele acaba sendo remunerado dentro do CfD (JANSEN, STAFFELL, et al., 2020b). 

Ademais, o desenvolvedor pode arcar com a constru­«o da infraestrutura e 

posteriormente vender o ativo de transmiss«o ¨ distribuidora, a qual passa a cobrar pelo 

uso da rede. E esse custo de uso da rede de transmiss«o ao empreendedor era mantido 

fixo em Ã201110-12/MWh entre 2006 e 2018 (JANSEN, BEITER, et al., 2022).  

J§ os Estados Unidos s«o um novo mercado para a energia e·lica offshore. 

Assim como o Brasil, o pa²s possui um vasto potencial inexplorado. O in²cio do 

desenvolvimento se deu com projetos em escala pr®-comercial, com menos de 100 MW 

de capacidade instalada. Em 2022, havia poucas turbinas operando em 2 parques, 

somando 42 MW de capacidade (US DOE, 2022b). O primeiro projeto em escala 

comercial, por®m ainda pequeno, com 132 MW, entrou em opera­«o em 2024 (US DOE, 

2024).  

Entretanto, h§ 80,5 GW divididos entre as outras fases de desenvolvimento (US 

DOE, 2024), e metas nacionais ambiciosas de se atingir 30 GW de capacidade instalada 

at® 2030, e chegar a pelo menos 110 GW em 2050 (US DOE, 2022a). Apesar da cess«o 

de §reas offshore ser realizada em n²vel federal, a contrata­«o de energia e·lica 

offshore ® apoiada por pol²ticas no ©mbito estadual, com mandatos de contrata­«o 

espec²fica que visam contratar mais de 45 GW at® 2040 (US DOE, 2024). 

Em semelhan­a aos desafios identificados para o Brasil, o Departamento de 

Energia (DOE) americano indicou necessidades priorit§rias para o desenvolvimento da 

ind¼stria, como (Figura 12): redu­«o dos custos; otimiza­«o e coordena­«o do processo 

de escolha de §reas que ser«o ofertadas para cess«o; desenvolvimento da cadeia de 

suprimentos; e investimentos na infraestrutura de transmiss«o para integra­«o dos 

grandes projetos de gera­«o (US DOE, 2022a). Nos EUA, a responsabilidade pelo 

sistema de transmiss«o offshore fica a cargo do empreendedor (BEITER, HEETER, et 

al., 2019, BEITER, KITZING, et al., 2021, JANSEN, BEITER, et al., 2022). 
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Figura 12. Estrat®gias de apoio ¨ energia e·lica offshore nos Estados Unidos. 
Fonte: adaptado de (US DOE, 2022a). 

 

No mercado americano, tr°s instrumentos j§ foram utilizados para contratar 

energia e·lica offshore a n²vel estadual: PPAs com concession§rias locais; contratos de 

ORECs mandat·rios com governos estaduais; e projetos de gera­«o de propriedade e 

opera­«o da pr·pria concession§ria local (Beiter et al., 2019, 2021). Contratos de PPAs 

e ORECs entre as concession§rias e os empreendedores resultaram em pre­os13 

variando de US$58/MWh (Mayflower Wind) a US$132/MWh (US Wind e Skipjack) para 

6,4 GW de capacidade, segundo o levantamento de (JANSEN, BEITER, et al., 2022). 

Al®m disso, havia os incentivos fiscais fornecidos pelo governo americano. O 

Inflation Reduction Act (IRA), programa amplo do governo federal americano de 2022, 

previa a extens«o de incentivos a projetos de gera­«o de energia renov§vel j§ existentes, 

atrav®s de cr®ditos fiscais incidentes sobre o investimento inicial do projeto (ITC), 

chegando a 30% do CAPEX, ou sobre a produ­«o de energia (PTC). Os benef²cios 

tamb®m estimulavam a cadeia de suprimentos dom®stica (United States of America, 

2023). 

Pode-se concluir que, apesar de estarem em diferentes est§gios de 

desenvolvimento, ambos os mercados possuem metas de instala­«o definidas pelo 

governo e oferecem outros incentivos ¨ fonte al®m do mecanismo direto de 

remunera­«o, reduzindo os riscos associados.  

Entretanto, ambos os pa²ses realizam cobran­as ao longo de todas as fases do 

projeto e, como visto na se­«o Erro! Fonte de refer°ncia n«o encontrada., uma li­«o 

 
13  Em termos nominais e nivelados e considerando apenas os contratos com dados 

p¼blicos. 
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aprendida ® em rela­«o ¨ escalada dos valores dos b¹nus de assinatura nos leil»es de 

cess«o de §rea, principalmente nos Estados Unidos, o que pode inviabilizar os projetos. 

Os contratos via PPAs e ORECs do mercado americano oferecem uma tarifa fixa 

de remunera­«o de longo prazo aos empreendedores. Assim, garantem estabilidade de 

remunera­«o e tendem a expor ambas as partes a menores riscos com rela­«o a 

flutua­»es no pre­o de mercado da eletricidade, se comparados a uma remunera­«o 

via CfD, como a aplicada no Reino Unido (JANSEN, BEITER, et al., 2022). O perfil de 

remunera­«o mais est§vel e menos vulner§vel inclusive ajuda na obten­«o de 

financiamentos de longo prazo (Beiter et al., 2019). 
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7. Discuss«o dos resultados e recomenda­»es 

As subse­»es a seguir dissertam sobre os principais resultados dos cap²tulos 

apresentados anteriormente, conectando-os dentro do escopo das perguntas desta tese. 

Ao final, e diante de tudo o que foi estudado e ponderado ao longo do presente trabalho, 

s«o apresentadas recomenda­»es acerca de pontos que devem ser endere­ados para 

embasar uma eventual pol²tica de incentivo ¨ energia e·lica offshore no Brasil, e 

buscando maximizar os benef²cios ¨ sociedade brasileira. 

7.1. O papel da E·lica Offshore no Brasil 

O artigo #1 desta colet©nea, intitulado ñInterȤsectoral prioritization of climate 

technologies: insights from a Technology Needs Assessment for mitigation in Brazilò e 

constante no Cap²tulo Erro! Fonte de refer°ncia n«o encontrada.Erro! Fonte de 

refer°ncia n«o encontrada., apresentou as principais conclus»es de um estudo 

intersetorial de prioriza­«o de novas tecnologias para a mitiga­«o de mudan­as 

clim§ticas, chamado Avalia­«o de Necessidades Tecnol·gicas, ou Technology Needs 

Assessment (TNA).  Estudos de TNA j§ foram realizados em diversos pa²ses, com o 

objetivo de mapear, priorizar e direcionar esfor­os para tecnologias de mitiga­«o e/ou 

adapta­«o ¨s mudan­as clim§ticas em um ou mais setores da economia.  

No caso do Brasil, o processo se iniciou com base nos resultados de um estudo 

anterior, realizado com o emprego de modelos de avalia­«o integrada, e em que 450 

tecnologias foram elencadas como as solu­»es de menor custo em cen§rios de 

mitiga­«o para o Brasil. A partir dessa longa lista, foram selecionadas para comporem 

as op­»es a serem avaliadas dentro do TNA 80 tecnologias de 6 setores econ¹micos, 

sendo ind¼stria, energia, transportes, res²duos, edifica­»es e AFOLU14 , e que ainda 

detinham necessidades de desenvolvimento. O setor el®trico, uma subdivis«o do setor 

de energia, foi representado por 9 op­»es tecnol·gicas, dentre elas a Energia e·lica 

offshore.  

Todas as 80 tecnologias foram avaliadas com uma metodologia de An§lise de 

Decis«o Multicrit®rio (ADMC) e comparadas entre si com respeito aos mesmos crit®rios, 

de natureza tecnol·gica, f²sica, social e institucional, e buscando atender ao objetivo de 

reduzir emiss»es e gerar o m§ximo de cobenef²cios ¨ sociedade. Os resultados do 

 
14  AFOLU ® a sigla para Agricultura, Florestas e Outros Usos da Terra (em ingl°s, 

Agriculture, Forestry, and Other Land Use). 
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estudo de TNA consistiram em um valor final atribu²do para cada tecnologia, 

possibilitando um ranqueamento das op­»es.  

A energia e·lica offshore foi classificada como a 42Û op­«o mais interessante no 

ranking geral de todas as tecnologias, e a 4Û op­«o dentre as 9 tecnologias do setor 

el®trico. Ou seja, a tecnologia j§ se mostrava promissora no contexto de novas 

tecnologias que poderiam apoiar a transi­«o energ®tica do Brasil no longo prazo, 

inclusive dentro do setor el®trico. 

7.2. Desafios da E·lica Offshore no Brasil 

Apesar de ter se mostrado uma fonte interessante para o Brasil sob o aspecto 

de redu­«o de emiss»es, a fonte e·lica offshore ainda tem alguns pontos desafiadores 

a endere­ar para que o mercado deslanche. Durante a realiza­«o do estudo de TNA 

para o Brasil, no artigo #1 (Cap²tulo Erro! Fonte de refer°ncia n«o encontrada.), foram 

identificadas barreiras que levaram ¨ baixa performance da tecnologia de energia e·lica 

offshore em crit®rios considerados de grande relev©ncia (30% do valor final das 

tecnologias) dentro da ADMC conduzida, sendo eles: Potencial de mitiga­«o, Custo de 

mitiga­«o, Maturidade Tecnol·gica e Arcabou­o Regulat·rio.  

Entretanto, desde ent«o, a performance da tecnologia melhorou e deve melhorar 

ainda mais no curto e m®dio prazo para os crit®rios de Maturidade Tecnol·gica e de 

Arcabou­o Regulat·rio.  

Com respeito ¨ Maturidade Tecnol·gica, a capacidade e·lica offshore instalada 

no mundo chegou aos 83 GW, divididos em mercados cada vez mais geograficamente 

dispersos (GWEC, 2025b). No Brasil, o desenvolvimento da fonte vem sendo pautado 

pelo interesse do mercado sobre seu vasto potencial, e impulsionado por iniciativas de 

pesquisa, desenvolvimento e inova­«o, incluindo promessas de instala­«o de projetos 

piloto nos pr·ximos anos. Esses projetos em escala reduzida podem trazer luz n«o 

apenas sobre aspectos tecnol·gicos, mas tamb®m servir como estudos de caso para 

avalia­»es de impactos e aplica­«o de processos de licenciamento, e prover dados 

meteoceanogr§ficos e ambientais em diferentes regi»es de interesse. 

No que tange o Arcabou­o Regulat·rio, a Lei no 15.097/2025 (BRASIL, 2025), 

que regulamenta a gera­«o e·lica offshore foi publicada no in²cio de 2025, e o 

arcabou­o infralegal que a complementa est§ sendo constru²do, visando trazer robustez 

institucional e maior seguran­a e previsibilidade para os investimentos, e mirando no 

primeiro leil«o para a cess«o de §reas no pa²s. 
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Quanto ¨s outras duas quest»es, o Potencial de Mitiga­«o atrelado ̈ s e·licas 

offshore tamb®m ser§ elevado com o eventual aumento da taxa de penetra­«o de 

mercado em rela­«o ao considerado originalmente no estudo do TNA. Entretanto, a 

participa­«o da fonte na matriz energ®tica brasileira ® intrinsicamente dependente dos 

Custos de mitiga­«o associados ¨ tecnologia, principalmente em compara­«o a outras 

fontes renov§veis j§ bem desenvolvidas no pa²s. Sendo assim, os altos custos ainda 

s«o percebidos como uma barreira cr²tica para o desenvolvimento do setor de e·licas 

offshore no pa²s. 

7.3. Mapeamento do Potencial E·lico Offshore 

Uma vez indicada a relev©ncia que a e·lica offshore pode ter para o pa²s, se fez 

necess§rio ent«o avaliar o Potencial E·lico Offshore do Brasil. Por®m, existem 

diferentes n²veis de potencial de fontes energ®ticas, que diferem entre si com base nas 

premissas aplicadas para seu c§lculo, e que passam por categorias de Potencial Te·rico, 

T®cnico, Sustent§vel, e de Mercado, por exemplo. 

Nesse contexto, o artigo #2 (Cap²tulo 4) desta colet©nea trouxe uma avalia­«o 

do potencial e·lico offshore do Brasil, em que se prop¹s, primeiramente, uma 

metodologia de an§lise espacial baseada na aplica­«o de restri­»es t®cnicas, 

ambientais e sociais com o intuito de reduzir a §rea dispon²vel para a instala­«o de 

projetos. Essa abordagem foi novamente aplicada no artigo #3 (Cap²tulo 5) da colet©nea. 

Esses foram alguns dos primeiros trabalhos deste tipo no pa²s, ajudando a 

identificar crit®rios, limites e m®todos que podem ser usados para a sele­«o de §reas 

para projetos a n²vel nacional, uma discuss«o que agora vem ¨ tona diante da 

necessidade de cria­«o e aplica­«o de uma metodologia oficial para a sele­«o de §reas 

para cess«o de uso por parte do governo brasileiro, uma iniciativa que vem sendo 

liderada pela EPE (EPE, 2025d). 

O objetivo desse tipo de an§lise de planejamento espacial ® identificar e evitar 

poss²veis conflitos entre as atividades em curso no espa­o marinho, anteriormente ¨ 

escolha locacional para parques e·licos offshore. Ou seja, fazer uma avali­«o de 

potencial a n²vel nacional e estrat®gico, mas que permita quantificar o potencial que 

pode ser aproveitado do ponto de vista t®cnico-econ¹mico, e de maneira sustent§vel. 

Uma diverg°ncia entre os artigos #2 (Cap²tulo 4) e #3 (Cap²tulo 5) foi a base de 

dados de recurso e·lico empregada, gerando diferentes resultados para os potenciais 

calculados. Por exemplo, mantidas as mesmas premissas de densidade energ®tica do 

parque e·lico de 3 MW/kmĮ e de restri­»es espaciais de velocidade m²nima de 7m/s e 
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profundidade m§xima de 1.000m, o Potencial T®cnico calculado (Tabela 2) no artigo #215 

(Cap²tulo 4), foi 117 GW menor do que no artigo #316 (Cap²tulo 5). Apesar de montantes 

parecidos, a principal diferen­a foi relativa ¨ distribui­«o espacial das faixas de 

velocidade e, consequentemente, dos mapas finais para os diferentes n²veis de 

potencial avaliados. Esse fato enfatiza a import©ncia de se investir em medi­»es de 

vento offshore para entendimento do real potencial de cada regi«o. 

Comparando os artigos #2 (Cap²tulo 4) e #3 (Cap²tulo 5), percebe-se tamb®m 

que a escolha das restri­»es espaciais associadas a sensibilidades ambientais e sociais 

pode fazer variar significativamente a §rea dispon²vel para a instala­«o de projetos, aqui 

representada pelo Potencial Sustent§vel (Tabela 2). No primeiro, foram aplicados 

crit®rios mais restritivos, principalmente no que tange a an§lise ambiental, visando 

encontrar as §reas em que seriam m²nimos os poss²veis impactos negativos do 

desenvolvimento de projetos e·licos offshore, levando a uma redu­«o em rela­«o ao 

Potencial T®cnico de 69,0%. J§ no segundo, as exclus»es consideraram apenas 

Unidades de Conserva­«o, que s«o proibi­»es de car§ter legal, focando em identificar 

as §reas vi§veis para se realizar as an§lises que se seguiram no estudo, levando a uma 

redu­«o de apenas 7,5%.  

 

Tabela 2. Compara­«o de resultados dos Artigos #2 e #3 

 

  Capacidade Área Redução 

    GW mil km²   

Artigo #2 
Potencial Técnico 1.064 355  

Potencial Sustentável 330 110 69,0% 

Artigo #3 
Potencial Técnico 947 315  

Potencial Sustentável 876 291 7,5% 

 

 
15 No artigo #2 (Cap²tulo 4), foi empregada a base de dados de vento do Atlas E·lico 

Brasileiro, produzido pelo CEPEL em 2017 (CEPEL, 2017b), a partir de 1 ano de simula­»es 
realizadas com o modelo Brams (Brazilian developments on the Regional Atmospheric Modeling 
System), alimentado com a base de rean§lise ERA-Interim do European Centre for Medium-
Range Weather Forecasts (ECMWF) e ajustado com dados de uma rede de medi­»es 
anemom®tricas, mas apenas com medi­»es onshore. Os dados offshore s· v«o at® os 80km de 
dist©ncia da costa.Clique ou toque aqui para inserir o texto. 

16 No artigo #3 (Cap²tulo 5), utilizou os dados provenientes do Global Wind Atlas (GWA) 
(DTU, 2022), cujas simula­»es consistem em 10 anos de s®ries temporais de mesoescala, 
produzidas a partir de dados de rean§lise do ERA5, vers«o mais atualizada do ERA-Interim, do 
ECMWF. A cobertura da base ® global, englobando toda a ZEE brasileira, por®m sem ajuste a 
partir de medi­»es locais.Clique ou toque aqui para inserir o texto. 
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De qualquer maneira, uma conclus«o importante de ambos os estudos ® a de 

que, mesmo frente ¨ aplica­«o de restri­»es ao desenvolvimento de projetos, o Brasil 

conta com um vasto potencial e·lico offshore, que pode ser explorado de maneira 

sustent§vel, respeitando os outros usos do espa­o marinho e minimizando os riscos de 

gera­«o de impactos negativos e conflitos. 

Al®m disso, e principalmente no momento atual do mercado brasileiro, outra 

contribui­«o relevante decorrente da compara­«o entre os dois trabalhos ® a 

visualiza­«o do impacto do emprego de diferentes bases de dados e restri­»es 

espaciais no Brasil. Ou seja, as metodologias utilizados nos estudos apresentados nesta 

tese apontam para o leque de op­»es de dados, crit®rios e limites que podem ser 

selecionados, ao mesmo tempo que antecipa os poss²veis resultados que podem ser 

atingidos quando da aplica­«o da metodologia de sele­«o de §reas para oferta, 

detalhada na se­«o 2.2.3 desta tese e proposta pela EPE (EPE, 2025d), no ©mbito 

nacional. 

7.4. Avalia­«o do Potencial Econ¹mico 

Apesar do atrativo potencial dispon²vel, ainda era preciso endere­ar o desafio 

referente ao desconhecimento dos custos que a fonte e·lica offshore pode apresentar 

no contexto nacional. Para tal, ® essencial entender como esses custos se distribuem 

comparativamente entre as regi»es do pa²s, de forma a direcionar e estimular o in²cio 

do desenvolvimento nas §reas mais favor§veis, mitigando riscos de insucesso da 

estrat®gia brasileira. Perante essa necessidade, os artigos #2 (Cap²tulo 4) e #3 (Cap²tulo 

5) desta colet©nea buscaram responder a essas quest»es com abordagens diferentes 

e em um momento em que n«o se tinha estimativas dos custos da fonte para o Brasil. 

O artigo #2 (Cap²tulo 4) teve como objetivo comparar §reas com relevante 

potencial energ®tico entre si, de forma a identificar quais seriam as mais atrativas do 

ponto de vista econ¹mico. Por este motivo, a abordagem escolhida foi a de empregar 

uma metodologia de An§lise Espacial Multicrit®rio (AEMC), que permitiu realizar uma 

compara­«o entre as diversas alternativas, com respeito a crit®rios que 

comprovadamente afetam os custos de projetos e·licos offshore, sendo: velocidade do 

vento, profundidade, dist©ncia da costa e dist©ncia de portos. 

J§ no artigo #3 (Cap²tulo 5), a motiva­«o foi a de efetivamente estimar os custos 

que projetos e·licos offshore poderiam alcan­ar no Brasil, dadas as caracter²sticas 

locacionais das §reas com potencial. Os resultados se traduzem, ent«o, no Potencial 

Econ¹mico da fonte, com uma ordem de grandeza dos poss²veis custos e quanto 
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determinada §rea pode ser mais economicamente atrativa que as demais. A principal 

limita­«o dessa ¼ltima abordagem est§ exatamente nas fun­»es de custos empregadas, 

que s«o baseadas em refer°ncias internacionais.  

Por®m, a principal contribui­«o ® entender como as caracter²sticas locais da 

costa brasileira poder«o afetar os custos dos futuros projetos e trazer um valor de 

refer°ncia sobre o qual poder«o ser realizadas an§lises de sensibilidade. Al®m disso, os 

resultados d«o um sinal locacional acerca de regi»es em que as caracter²sticas f²sicas 

s«o favor§veis, mas que necessitam de investimentos em infraestrutura de portos e 

conex«o para que seus custos se reduzam. 

Sendo assim, ambas as metodologias de an§lise trouxeram perspectivas 

interessantes sobre a atratividade econ¹mica de projetos e·licos no Brasil, se 

complementando a depender da quest«o que deve ser respondida. Como ambas 

possuem limita­»es e incertezas associadas, as diferen­as dos resultados de 

mapeamento de custos obtidos n«o necessariamente descredibilizam as conclus»es de 

uma ou outra abordagem, mas sim ajudam a ter uma vis«o mais ampla do cone de 

possibilidades que os custos podem seguir no mercado brasileiro. Al®m disso, conforme 

os projetos forem sendo instalados e mais informa­»es forem produzidas a n²vel 

nacional, ambas as metodologias podem ser aprimoradas e calibradas, levando a um 

maior alinhamento entre seus resultados finais. 

7.5. Viabilidade econ¹mica dos projetos no Brasil 

Para trazer luz ¨ tem§tica dos custos que projetos e·licos offshore podem 

alcan­ar no Brasil, no artigo #3 (Cap²tulo 5) foi proposto um modelo de estimativa de 

custos de capital (CAPEX) sens²vel ¨s caracter²sticas locais de profundidade da §gua e 

dist©ncia da costa. Al®m disso, um fator locacional (LF) de 38,4%, representando o 

ñcusto-Brasilò de importar produtos e servi­os, foi aplicado como uma sensibilidade, 

gerando o CAPEX-LF, em contraposi­«o ao CAPEX-FOB, que seria o custo ñFree on 

Boardò, representando apenas os custos de produ­«o de equipamentos e suprimentos, 

e n«o o custo real ao comprador. 

Os resultados do artigo #3 (Cap²tulo 5) indicaram que o CAPEX-FOB, 

considerando apenas as caracter²sticas do Brasil, pode variar entre 2.900 e 4.795 

USD/kW, com uma m®dia de 3.816 USD/kW, um valor compar§vel ao CAPEX m®dio 

global da ®poca do estudo, que era de 3.478 USD/kW em 2022 (IRENA, 2024). J§ o 

CAPEX-LF pode variar entre 4.014 e 6.636 USD/kW, com um valor m®dio de 5.282 

USD/kW.  
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A t²tulo de compara­«o, em 2023, o CAPEX m®dio global atingiu a m²nima 

hist·rica de 2.800 USD/kW (IRENA, 2024). Nos Estados Unidos, o CAPEX m®dio, em 

2023, de projetos com funda­»es fixas foi calculado como 5.411 USD/kW (com uma 

faixa entre 3.000 e 7.000 USD/kW), e como 7.349 USD/kW (com uma faixa entre 5.512 

e 9.187 USD/kW) para projetos flutuantes (NREL, 2024). 

J§ em termos do Custo Nivelado da Energia (LCOE), os valores para o Brasil 

variam entre 86,5 e 243,4 USD/MWh, com um valor m®dio de 136,3 USD/MWh. As 

regi»es mais economicamente atrativas se encontram pr·ximas aos estados do Rio 

Grande do Norte e do Rio Grande do Sul, devido ¨s velocidades m®dias do vento 

maiores que 9,0 m/s, conforme a base de dados utilizada no estudo, do Global Wind 

Atlas (GWA) (DTU, 2022). 

Al®m disso, a Curva de Oferta calculada no estudo (Cap²tulo 5) aponta que 340 

GW de capacidade e·lica offshore poderiam ser instalados no Brasil a um custo inferior 

a 120 USD/MWh, espalhadas nas 3 regi»es de potencial. Al®m disso, a maior parte do 

potencial brasileiro (72%), o equivalente a 628 GW de capacidade, pode ser explorada 

a um LCOE abaixo de 140 USD/MWh. 

Apesar do vasto potencial, a conclus«o do artigo #3 (Cap²tulo 5) ® de que, por 

mais que os resultados indiquem que a fonte e·lica offshore apresenta custos 

compar§veis aos de outros pa²ses, ela pode n«o ser competitiva no contexto do setor 

el®trico brasileiro. O estudo salienta que, dadas as propostas dos projetos vencedores 

dos leil»es de energia realizados no Brasil em 2021, provavelmente h§ op­»es de 

gera­«o de eletricidade renov§vel mais baratas no Brasil que a energia e·lica offshore.  

Sendo assim, para desenvolver os primeiros projetos no Brasil seria necess§ria 

a implementa­«o de mecanismos de suporte e incentivo por parte do governo, assim 

como foi feito na maioria dos pa²ses que possuem projetos e·licos offshore instalados 

e como vem sendo proposto para os mercados emergentes, conforme abordado no 

Cap²tulo 6. Esse tema ser§ aprofundado a seguir, olhando para a experi°ncia 

internacional e tra­ando recomenda­»es para o Brasil. 

7.6. Recomenda­»es de estrat®gias de incentivo 
governamental para o Brasil 

Ao longo desta tese, foram identificados e discutidos as voca­»es e os principais 

desafios para o desenvolvimento da fonte e·lica offshore no Brasil. Com base na an§lise 

das motiva­»es e necessidades nacionais, da estrutura de mercado que est§ proposta 

para o pa²s e da experi°ncia de mercados internacionais, o objetivo desta ¼ltima 
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subse­«o ® trazer recomenda­»es para que o Brasil possa informar e tra­ar a sua 

pr·pria estrat®gia de desenvolvimento. 

7.6.1. Diretrizes de desenvolvimento 

Como j§ discutido na se­«o 2.2 e observado na experi°ncia internacional, o 

primeiro passo de um pa²s que deseja desenvolver a fonte deve ser a estipula­«o de 

metas de instala­«o, embasadas por pol²ticas energ®ticas e/ou clim§ticas, e de um 

calend§rio de rodadas de oferta que possam guiar as demais a­»es necess§rias e 

prover previsibilidade ¨ ind¼stria. O Brasil n«o vem seguindo essa l·gica e a primeira 

rodada de cess«o de uso j§ vem sendo pensada, mesmo sem metas de instala­«o que 

a justifiquem sob o ponto de vista do planejamento energ®tico.  

Pela ·tica do governo, e por conta do procedimento licitat·rio duplo, em que 

primeiro ® concedido o acesso ¨ §rea para estudo e apenas depois seria contratada a 

energia, h§ uma brecha para se realizar uma rodada de cess«o de uso sem 

compromissos ï ou metas ï por parte do governo em contratar, de forma centralizada, 

a energia produzida por esses projetos no futuro.  

Essa abordagem se aplica melhor ¨ modalidade de Oferta Permanente (aquela 

em que o pr·prio empreendedor prop»e o(s) prisma(s) de seu interesse). Nesse caso, 

o papel do governo seria o de selecionar §reas priorit§rias para ofertar e de limitar o 

n¼mero de projetos, ou a capacidade instalada m§xima equivalente, a ser cedida por 

rodada.  

Na Oferta Planejada (aquele em que o poder concedente determina os prismas 

para oferta), por mais que tamb®m n«o haja, legalmente, o compromisso da contrata­«o 

posterior da energia, h§ uma centraliza­«o maior do processo por parte do governo, que 

acaba por arcar com maiores riscos e custos para ofertar prismas espec²ficos. Nesse 

caso, ® maior a necessidade de uma diretriz de planejamento energ®tico (ou de outra 

pol²tica p¼blica) que embase a determina­«o da §rea total que se deseja ofertar sob a 

forma de prismas e, consequentemente, da capacidade que se pretende instalar em 

determinada rodada, ao contr§rio de apenas um limite m§ximo, como poderia ser o caso 

da Oferta Permanente. 

Entretanto, como em ambas as modalidades o acesso ¨ §rea requer o 

pagamento de b¹nus de assinatura por parte do empreendedor vencedor da cess«o de 

uso, h§ um risco (impl²cito) da eventual exig°ncia de uma contrapartida governamental, 

atrav®s da futura contrata­«o da energia de maneira centralizada, inclusive com 

eventuais mecanismos de incentivo. Mecanismos estes que, como apresentado no 
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Cap²tulo 6, s«o sim necess§rios aos primeiros projetos em novos mercados, mas que 

geralmente s«o embasados por estrat®gias e interesses nacionais, os quais n«o s«o 

claros no Brasil. 

Diante desse panorama, por mais que n«o se possa justificar a estipula­«o de 

metas com necessidades do ponto de vista do planejamento energ®tico, limita­»es de 

capacidade ofertada por rodada ser«o sim essenciais no Brasil para mitigar poss²veis 

impactos indesejados.  

Ent«o, para informar e balizar a decis«o do formulador de pol²ticas p¼blicas 

quanto ¨ capacidade m§xima que pode ser ofertada a cada rodada, e qual seria a regi«o 

priorit§ria para tal, se faz importante entender minimamente os gargalos e os impactos 

da inser­«o da fonte ao longo do tempo. Os gargalos aqui dizem respeito, por exemplo, 

¨s capacidades de suporte da cadeia de suprimentos, da infraestrutura portu§ria e da 

rede el®trica, que podem limitar a instala­«o de capacidade, inclusive por regi«o.  

E os impactos dizem respeito, entre outros, ¨ necessidade de investimentos por 

parte do governo, e ¨s eventuais onera­»es que recair«o sobre a tarifa de energia 

el®trica e sobre o consumidor final, por exemplo. Por outro lado, tamb®m se referem aos 

poss²veis benef²cios que a fonte pode trazer no contexto de pol²tica econ¹mica e 

industrial do Brasil, e que se traduzem em motiva­»es para seu desenvolvimento, desde 

que haja uma harmoniza­«o entre pol²ticas p¼blicas. 

Diante disso, a Recomenda­«o #1 desta tese ® que sejam modelados cen§rios 

de inser­«o da fonte e·lica offshore na matriz el®trica brasileira, avaliando as 

capacidades nacionais e os poss²veis impactos e benef²cios associados, para auxiliar 

na estipula­«o de diretrizes temporais e guiar a pol²tica de apoio ao desenvolvimento da 

fonte. 

7.6.2. Desenho de leil»es e estrutura de cobran­as 

Como apresentado na se­«o 6.2, o desenho de mercado e os pagamentos 

devidos ¨ Uni«o podem ser estruturados num mercado como formas de conceder 

incentivos ¨ fonte ou, no outro extremo, acabar criando grandes barreiras ao sucesso 

dos projetos e·licos offshore. Um exemplo emblem§tico mencionado foi a escalada dos 

valores de b¹nus de assinatura em alguns leil»es recentes. 

No Brasil, j§ est§ determinado que os leil»es ser«o com procedimentos 

separados para a cess«o de uso da §rea e a contrata­«o da energia. Ou seja, o desenho 

de leil«o por si s· j§ traz um maior risco alocado ao empreendedor no primeiro momento, 

que dever§ pagar pelo acesso ¨ §rea e arcar com os estudos necess§rios, para s· 
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depois poder atestar a viabilidade de construir um projeto e determinar o modelo de 

neg·cio que permita a contrata­«o da energia produzida. 

Principalmente no caso dos procedimentos licitat·rios duplos, e como tamb®m 

empregado em mercados como Reino Unido e Estados Unidos (ver se­«o 6.5), ® 

importante a cobran­a do b¹nus de assinatura para evitar que ñdesenvolvedores 

aventureirosò tenham acesso ¨ §rea sem a real inten­«o de construir um projeto, mas 

com o intuito de vender o acesso, ou at® mesmo atrapalhar projetos de desenvolvedores 

concorrentes. 

Entretanto, ® necess§rio que o governo se atente para a manuten­«o do 

equil²brio entre garantir um bom uso da §rea p¼blica, mas sem onerar ainda mais uma 

fonte que j§ n«o ® competitiva, e que possui diversos riscos associados e altos custos 

de capital, como demonstrado ao longo desta tese. Portanto, ser§ de extrema 

import©ncia avaliar o impacto que as cobran­as pelo uso da §rea poder«o ter sobre os 

(j§ elevados) custos da energia e·lica offshore no pa²s, para embasar a defini­«o dos 

valores que ser«o exigidos pelo governo.  

Isso se faz ainda mais importante caso o valor ofertado pelo b¹nus de assinatura 

seja escolhido como ¼nico crit®rio de julgamento nos processos licitat·rios de cess«o 

de §rea no Brasil, o que pode levar a uma escalada de valores dentro do processo 

competitivo. £ interessante que se estabele­a um valor-teto para o crit®rio econ¹mico e 

que se possa utilizar outros crit®rios de compara­«o. Em suma, ser§ preciso aten­«o ao 

desenhar os crit®rios de julgamento do leil«o de cess«o de §rea, tentando tamb®m 

considerar crit®rios n«o-econ¹micos. A dificuldade aqui reside na subjetividade atrelada 

a crit®rios n«o-econ¹micos, desde a concep­«o das m®tricas de compara­«o, at® a 

avalia­«o dos diferentes projetos. 

Para tal, a Recomenda­«o #2 desta tese ® que se conduzam an§lises de 

sensibilidade para modelar como diferentes cobran­as governamentais podem incidir 

sobre o custo de projetos e·licos offshore no Brasil, para embasar a defini­«o dos 

valores que ser«o exigidos pelo governo e de valores-teto para processos competitivos, 

evitando um desequil²brio de onera­«o da fonte. 

E a Recomenda­«o #3 ® a de avaliar quais crit®rios n«o-econ¹micos seriam 

interessantes para aplica­«o em processos competitivos no Brasil, e quais seriam 

m®tricas vi§veis, visando maximizar os benef²cios que um projeto vencedor pode gerar 

ao pa²s, em termos de desenvolvimento econ¹mico, industrial e benef²cios ambientais, 

e em linha com outras pol²ticas p¼blicas. 
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7.6.3. Mecanismos de apoio 

Como discutido no Cap²tulo 6, o apoio governamental ® essencial para o 

desenvolvimento de novas tecnologias, como a energia e·lica offshore, mesmo em 

mercados maduros e, especialmente, em mercados que dependem da fonte para 

aumentar sua seguran­a energ®tica ou alcan­ar ambi­»es clim§ticas, por exemplo. 

No caso do Brasil, como discutido ao longo desta tese e conclu²do na se­«o 7.5, 

a fonte n«o apresenta viabilidade econ¹mica no contexto atual e diante de outras 

alternativas energ®ticas que o pa²s possui. Sendo assim, o apoio governamental ser§ 

necess§rio caso o pa²s opte por desenvolver a fonte. Apesar das diferen­as de contexto, 

essa estrat®gia n«o ® novidade, dada a experi°ncia nacional com o Proinfa e o 

decorrente desenvolvimento da ind¼stria e·lica onshore, em especial (ver se­«o 6.1). 

 Uma importante conclus«o do Cap²tulo 6 foi a de que existe uma variedade de 

tipos de mecanismos que podem ser empregados para estimular a fonte e·lica offshore 

e, geralmente, uma combina­«o entre diferentes instrumentos leva a melhores 

resultados, distribuindo riscos e custos entre empreendedores, ind¼stria, agentes 

financiadores, governo e, em ¼ltima inst©ncia, o consumidor final. 

Dentre os instrumentos poss²veis se destacam, al®m do cuidado com o desenho 

de leil»es j§ discutido: mecanismos de remunera­«o direta, atrav®s de tarifas ou pr°mios 

fixos ou de pagamentos por diferen­as (via CfDs); mecanismos de financiamento de 

bancos de desenvolvimento e entidades multilaterais, combinando instrumentos 

concessionais e n«o-reembols§veis para entes p¼blicos e privados, e culminando em 

redu­»es de custo e de riscos estruturais; responsabilidade governamental por arcar 

com parcelas do CAPEX, como com a execu­«o de estudos preliminares, obten­«o de 

licen­as, e constru­«o da infraestrutura de conex«o dos parques offshore ̈  rede 

onshore; e incentivos ao estabelecimento de projetos piloto ou de menor escala, com 

regras e cobran­as simplificadas, estimulando a cadeia de suprimentos e PD&I nacional, 

servindo como experimento regulat·rio e reduzindo riscos estruturais do novo mercado. 

¶ Incentivos na fase de desenvolvimento dos projetos 

Para o Brasil, dado o expressivo interesse do mercado, n«o h§ motivo para que 

o governo arque com custos de estudos preliminares e licen­as para realizar uma 

primeira oferta de §reas, como ® feito em alguns pa²ses que centralizam e custeiam 

essas atividades como forma de incentivo (se­«o 2.2.2). At® porque nesse momento 

n«o se sabe nem se esses parques ser«o efetivamente conectados ao SIN ou se ter«o 

outro offtaker para a energia. Ent«o, n«o h§ por que o governo estimular a explora­«o 

do recurso e·lico offshore nesta fase inicial de cess«o da §rea para estudos. 
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¶ Incentivos na conex«o dos projetos 

Nessa mesma linha, e por n«o haver necessidade, no curto e m®dio prazo, de 

contrata­«o centralizada de energia e·lica offshore para compor a matriz el®trica 

nacional (se­«o 2.1.1), tamb®m n«o h§ sentido em onerar os consumidores com a 

socializa­«o dos custos de conex«o dos parques offshore ao SIN. Entretanto, o governo 

pode estimular modelos que possam reduzir os custos para projetos individuais, 

principalmente os de menor porte, como o compartilhamento de infraestrutura de 

transmiss«o offshore por diversos projetos. 

Na ®poca do Proinfa, foi criada a figura da Instala­«o de Transmiss«o de 

Interesse Exclusivo de Centrais de Gera­«o para Conex«o Compartilhada (ICG), 

visando conectar projetos pulverizados, e distantes de pontos de conex«o ¨ rede, por 

meio de uma subesta­«o coletora compartilhada e planejada com o aux²lio de modelos 

de otimiza­«o (LUDWIG, MARTINS, et al., 2009). Partindo dessa ideia, seria poss²vel 

planejar uma rede coletora offshore compartilhada, em sintonia com uma indica­«o 

locacional para a oferta de §reas para projetos, dado que esses dois processos seriam 

liderados pelo governo. Entretanto, esse mecanismo exigiria intenso di§logo com os 

empreendedores, planejamento e coordena­«o para garantir que os interessados 

efetivamente se conectassem ¨ infraestrutura compartilhada. 

¶ Mecanismos de remunera­«o 

No que tange os incentivos de remunera­«o direta, foi apresentado na se­«o 6.3 

que mercados emergentes tendem a optar por instrumentos que concedem uma tarifa 

fixa ao empreendedor, em contratos de longo prazo, atrav®s de Tarifas Feed-in (FiT) ou 

contratos de compra de energia (PPA). Entretanto, a tend°ncia mundial ® que os 

instrumentos se tornem cada vez mais competitivos (JANSEN, BEITER, et al., 2022). 

Na ®poca do Proinfa, como mostrado na se­«o 6.1, a op­«o inicial foi uma esp®cie de 

FiT, que depois foi substitu²da pelos leil»es dedicados, com a tarifa do PPA de longo 

prazo sendo definida de forma competitiva entre os projetos de fontes alternativas. £ 

prov§vel que esse tipo de instrumento se alinhe mais ao contexto brasileiro do que 

outras op­»es. 

¶ Financiamento 

Por fim, instrumentos de financiamento, como linhas e fundos com condi­»es 

atrativas ser«o imprescind²veis para o desenvolvimento do mercado e·lica offshore, 

assim como foram para as e·licas onshore (se­«o 6.1). O Brasil conta com bancos 

nacionais de desenvolvimento, sendo o maior o Banco Nacional de Desenvolvimento 

Econ¹mico e Social (BNDES), que tem desempenhado papel crucial no financiamento 

da transi­«o energ®tica, com mais de US$ 36,4 bilh»es investidos desde 2004 
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(ARANTES, DE SOUZA, 2025). O BNDES atuou na remunera­«o dos projetos do 

Proinfa e no desenvolvimento da cadeia de suprimentos da ind¼stria de e·lica onshore, 

na ®poca (ARANTES, DE SOUZA, 2025, DE GOUVąA, DA SILVA, 2018).  

No Brasil, j§ existe um fundo voltado para projetos de transi­«o energ®tica, 

atuando como um importante mecanismo de cr®dito. £ o chamado Fundo Nacional 

sobre Mudan­a do Clima (Fundo Clima), administrado pelo BNDES, e que teve seu 

or­amento foi ampliado para cerca de R$ 10 bilh»es, a partir de 2024, impulsionado por 

capta­»es externas (ARANTES, DE SOUZA, 2025). 

De toda forma, conforme o pr·prio BNDES, projetos inovadores, como os de 

energia e·lica offshore, demandar«o novas fontes de capital e instrumentos financeiros. 

Uma op­«o ® atrav®s da capta­«o de recursos internacionais com bancos multilaterais 

e ag°ncias governamentais de outros pa²ses, com os quais o BNDES possui 

relacionamento institucional. Al®m disso, o governo brasileiro tamb®m lan­ou a 

Plataforma Brasil de Investimentos Clim§ticos e para a Transforma­«o Ecol·gica (BIP), 

visando ampliar investimentos sustent§veis e a descarboniza­«o da economia atrav®s 

da conex«o entre projetos e fornecedores de capital financeiro. A gera­«o e·lica offshore 

ser§ um dos setores priorizados, e projetos outorgados poder«o se candidatar ao 

financiamento para acelerar sua implementa­«o e benef²cios econ¹micos (ARANTES, 

DE SOUZA, 2025). 

¶ Impactos no Brasil 

Como conclu²do no Cap²tulo 6, n«o h§ resposta certa sobre qual deve ser o 

mecanismo empregado em um novo mercado. Por®m, ® imprescind²vel que se conhe­a 

o efeito que os diferentes tipos de subs²dio poder«o surtir sobre a tarifa paga pelo 

consumidor final, e sempre buscar evitar a onera­«o.  

Al®m disso, ® interessante atrelar os incentivos a crit®rios ou contrapartidas que 

estimulem os benef²cios que a nova ind¼stria de e·licas offshore pode trazer ao Brasil, 

como a gera­«o de emprego e renda, o est²mulo ¨ ind¼stria nacional, a melhorias na 

infraestrutura de apoio e ¨ economia verde. 

Diante do exposto, a Recomenda­«o #4 desta tese ® que sejam propostas 

estrat®gias de redu­«o de custos de conex«o atrav®s do compartilhamento de 

infraestrutura offshore e calcular o efeito sobre os custos da fonte. 

A Recomenda­«o #5 ® a de modelar o impacto de diferentes mecanismos de 

incentivo governamental sobre a competitividade da fonte e tamb®m sobre a tarifa paga 

pelo consumidor final de energia el®trica, visando guiar a pol²tica de apoio ¨ energia 

e·lica offshore no Brasil, mas prezando pela modicidade tarif§ria. 
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E, por fim, a Recomenda­«o #6 do presente trabalho ® que se proponham 

instrumentos vi§veis para associar a pol²tica de incentivo a mecanismos de promo­«o 

da ind¼stria nacional, de desenvolvimento regional, com gera­«o de emprego e renda, 

e que se desdobrem em melhorias na infraestrutura associada, dentre outros poss²veis 

benef²cios para o pa²s. 
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8.  Conclus»es 

A presente tese teve como objetivo geral discutir o papel que a e·lica offshore 

pode desempenhar no Brasil. Para prover um embasamento inicial, os dois primeiros 

cap²tulos versaram sobre o contexto global e sobre o mercado nacional de energia 

e·lica offshore, visando trazer um panorama acerca do posicionamento atual do Brasil. 

Em seguida, se fez necess§rio compreender qual ® o efetivo potencial da fonte a n²vel 

nacional, isto ®, que pode ser explorado de maneira sustent§vel e competitiva, e quais 

s«o as principais barreiras para a inser­«o da fonte no contexto brasileiro. Essas 

avalia­»es foram baseadas pelos Cap²tulos Erro! Fonte de refer°ncia n«o 

encontrada., 4 e 5, que apresentaram uma colet©nea de 3 trabalhos cient²ficos 

publicados nesses temas. 

A partir das conclus»es dessa pesquisa, foi produzido o Cap²tulo 6, que trouxe 

um levantamento acerca da import©ncia e da disponibilidade de mecanismos de apoio 

governamental para o desenvolvimento da fonte e·lica offshore. O objetivo espec²fico 

foi mapear quais op­»es o Brasil pode empregar caso decida incentivar a fonte. Para 

conectar todo o conhecimento produzido, o Cap²tulo 7 apresentou uma sess«o de 

discuss«o de resultados, culminando em uma s®rie de recomenda­»es que o Brasil 

deve seguir caso opte por incentivar o desenvolvimento da fonte e, ao mesmo tempo, 

extrair o m§ximo de benef²cios para a sociedade brasileira. 

Em suma, esta tese mostrou que, mesmo havendo outras fontes renov§veis j§ 

bem estruturadas no pa²s, a fonte e·lica offshore pode exercer um papel na transi­«o 

energ®tica brasileira, principalmente no longo prazo (Cap²tulo Erro! Fonte de 

refer°ncia n«o encontrada.). O potencial, al®m de vasto e regionalmente diversificado, 

pode ser explorado de maneira sustent§vel, respeitando os outros usos do espa­o 

marinho e minimizando os riscos de gera­«o de impactos negativos e conflitos (Cap²tulo 

4). 

Algumas barreiras j§ v°m sendo ultrapassadas, mas desafios ainda 

permanecem, como o que se refere aos altos custos que a fonte pode apresentar no 

pa²s (Cap²tulo 5), principalmente para os primeiros projetos. Entretanto, sendo o Brasil 

visto como um novo mercado promissor para a tecnologia, com forte interesse por parte 

da ind¼stria global, h§ estrat®gias que podem ser seguidas de forma a endere­ar os 

desafios e criar um ambiente favor§vel para o desenvolvimento da e·lica offshore no 

m®dio e longo prazo (Cap²tulo 6).  
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Para isso, as recomenda­»es decorrentes desta tese apontam para alguns 

t·picos estrat®gicos a serem abordados no curto prazo para embasar uma eventual 

pol²tica governamental de incentivo ¨ fonte e·lica offshore no Brasil (Cap²tulo 7):  

¶ Modelar cen§rios de inser­«o da fonte e·lica offshore na matriz el®trica brasileira, 

avaliando as capacidades nacionais e os poss²veis impactos e benef²cios 

associados, para auxiliar na estipula­«o de diretrizes temporais e guiar a pol²tica 

de apoio ao desenvolvimento da fonte; 

¶ Conduzir an§lises de sensibilidade para modelar como diferentes cobran­as 

governamentais podem incidir sobre o custo de projetos e·licos offshore no 

Brasil, para embasar a defini­«o dos valores que ser«o exigidos pelo governo e 

de valores-teto para processos competitivos, evitando um desequil²brio de 

onera­«o da fonte; 

¶ Avaliar quais crit®rios n«o-econ¹micos seriam interessantes para aplica­«o em 

processos competitivos no Brasil, e quais seriam m®tricas vi§veis, visando 

maximizar os benef²cios que um projeto vencedor pode gerar ao pa²s, em termos 

de desenvolvimento econ¹mico, industrial e benef²cios ambientais, e em linha 

com outras pol²ticas p¼blicas; 

¶ Propor estrat®gias de redu­«o de custos de conex«o atrav®s do 

compartilhamento de infraestrutura offshore e calcular o efeito sobre os custos 

da fonte; 

¶ Modelar o impacto de diferentes mecanismos de incentivo governamental sobre 

a competitividade da fonte e tamb®m sobre a tarifa paga pelo consumidor final 

de energia el®trica, visando guiar a pol²tica de apoio ¨ energia e·lica offshore no 

Brasil, mas prezando pela modicidade tarif§ria; 

¶ Propor instrumentos vi§veis para associar a pol²tica de incentivo a mecanismos 

de promo­«o da ind¼stria nacional, de desenvolvimento regional, com gera­«o 

de emprego e renda, e que se desdobrem em melhorias na infraestrutura 

associada, dentre outros poss²veis benef²cios para o pa²s. 

Diante disso, fica claro que s«o necess§rios diversos estudos para embasar a 

decis«o acerca da melhor estrat®gia para o Brasil, se apoiando na experi°ncia de outros 

mercados, mas se debru­ando sobre o contexto nacional, que, por vezes, ® bastante 

diferenciado. E entendendo-se como a melhor estrat®gia aquela que atraia os 

investimentos necess§rios para viabilizar o mercado e·lico offshore no pa²s, mas que 

ao mesmo tempo maximize os benef²cios associados ao desenvolvimento dessa 

ind¼stria (para al®m da quest«o energ®tica), por®m sem se tornar um fardo sobre os 

consumidores de energia el®trica. Nesse sentido, trabalhos futuros podem explorar 
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todas as quest»es apontadas acima e, amplamente, buscar responder ¨ pergunta-

chave: ñQuanto custaria uma pol²tica de incentivo para a fonte e·lica offshore no Brasil?ò. 
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Ap°ndice A. Material Suplementar do Artigo #1 

This supplementary material contains the approach for calculating scores for the 

quantitative-bases indicators applied in the study. From the 15 indicators applied to 

evaluate each technology for the AHP multicriteria assessment tool, three of them are 

based on values retrieved from other studies, namely Technology Readiness, Mitigation 

Potential and Mitigation Cost. 

 

Technology readiness 

The technology readiness was assessed by the Technology Readiness Level 

(TRL), as developed by the National Aeronautics and Space Administration (NASA) and 

the U.S. Department of Defense (DoD) (US DOE, 2011). The TRL index is scaled from 

1 to 9, being 1 the lowest technology readiness level and 9 the highest. For the purposes 

of this study, the technology readiness indicator follows the normalization process 

depicted in Table SM1. 

 

Table SM1. Technology readiness indicator grade scale 

 

Technology readiness level Performance Score 

TRL = 1 (basic principles observed) 

TRL = 2 (technology concept formulated) 

TRL = 3 (proof of concept established) 

Very poor performance 1 

TRL = 4 (laboratory testing of protype) 

TRL = 5 (laboratory testing of integrated system) 
Poor performance 2 

TRL = 6 (prototype system verified) 

TRL = 7 (integrated pilot system demonstrated) 
Neutral performance 3 

TRL = 8 (system incorporated in commercial 

design) 
Good performance 4 

TRL = 9 (system ready for full scale deployment) Very good performance 5 

 

Mitigation potential 

For the GHG emissions mitigation potential indicator, the normalization of the 

values follows a threshold value based on a representative figure of the countryôs 
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emissions landscape. In this study, the transport sector is used as reference, since it 

emits the highest share of CO2 according to the Brazilian Emissions Inventory (BRASIL, 

2017), accounting for approximately 210,000 Gg of CO2e in 2014. Table SM2 presents 

the ranges for the emissions mitigation potential used to set the indicator value for the 

technologies in this study. The mitigation potential absolute figures were taken from the 

results of (MCTIC, 2017). 

 

Table SM2. Mitigation potential indicator grade scale 

 

Mitigation potential 

range 

Share of threshold 

value A 
Performance Grade 

< 5,250 Gg CO2e < 2.5 % Very poor performance 1 

5,250 ï 10,500 Gg CO2e 2.5 ï 5 % Poor performance 2 

10,500 ï 15,750 Gg 

CO2e 
5 ï 7.5 % Neutral performance 3 

15,750 ï 21,000 Gg 

CO2e 
7.5 ï 10 % Good performance 4 

> 21,000 Gg CO2e > 10 % Very good performance 5 

Notes: A: The threshold value in this study is the total emission from the largest emitting sector 

(transport) accounted in the latest Brazilian Emissions Inventory (REF), with 2014 being the 

reference year. 

 

Mitigation costs 

For the mitigation costs indicator, cost ranges were aligned with current IAMs 

carbon pricing scenarios for the short-term (until 2030), following the normalization 

process presented in Table SM3. The mitigation cost absolute values were taken from 

the results of (MCTIC, 2017). 
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Table SM3. Mitigation costs indicator grade scale 

 

Mitigation cost 

(US$/tCO2) 
Justification Performance Grade 

> 50 High cost Very poor performance 1 

25-50 Medium-high cost Poor performance 2 

10-25 Proxy to European carbon 

market 

Neutral performance 3 

0-10 Low cost Good performance 4 

< 0 Non-regret Very good performance 5 
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Ap°ndice B. Material Suplementar do Artigo #3 

Supplementary information to the costs estimation model in Section 5.4.2. 

Pre-development: this phase comprises project management and engineering 

procedures, as well as environmental and geological surveys that support the project 

development. These costs are considered to be spatially independent. 

Acquisition: it consists of the acquisition of materials and components for the OW 

farms, including wind turbines, foundations and electric transmission assets, such as 

cables and substations. In this study, the acquisition costs for turbines and substations 

are considered to be spatially independent. The costs for foundations depend on the 

installation depth, which will affect the choice between fixed-bottom and floating 

foundations, and on the distance to shore. And the costs for the transmission system 

depend on the distance to shore, which influences the length and type of cabling. 

The cost for foundations was calculated according to the equations from the study 

of (BOSCH, STAFFELL, et al., 2019). They follow the form y = axĮ + bx + c, in which x is 

the water depth and the parameters a, b and c are defined as in Table SM4. 

 

Table SM4. Parameters to calculate the cost for foundations, according to (BOSCH, STAFFELL, 
et al., 2019) 

 

Foundation Water depth a b c 

Monopile 0 ï 20 m 201.0 612.93 411,464.0 

Jacket 20 ï 50 m 114.24 - 2,270.0 531,738.0 

Floating 50 ï 1000 m 0 773.85 680,651.0 

 

The transmission system costs are determined by the distance to shore and were 

also calculated from the equations proposed by (BOSCH, STAFFELL, et al., 2019). They 

follow the form y = axĮ + bx + c, in which x is the distance to shore and the parameters a 

and b are defined as in Table SM5. 

 

Table SM5. Parameters to calculate the cost of transmission, according to (BOSCH, STAFFELL, 
et al., 2019) 

 

Distance to shore a b 

<= 56 km 0.0085 0.0568 

> 56 km 0.0022 0.3878 
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Installation: these costs are related to the procedures of installing turbines, 

foundations and the electric infrastructure. In this study, the costs for the installation of 

foundations are sensitive to water depth and distance to shore, since these factors will 

determine the type of foundation and the procedures to transport and install the assets.  

The costs for installation of foundations established by (BOSCH, STAFFELL, et 

al., 2019) can be seen in Table SM6. Originally, the cost for each water depth class would 

refer to projects located at specific distances to shore: 50km or 370km. However, in this 

study, the mark of 210km (the average between 50 and 370km) is used as the breakpoint 

for the two classes of distance to shore. Thus, for the same water depth class, the same 

cost for the installation of foundations is assumed for all points located at distances lower 

or equal to 210km. Similarly, all points located at distances longer than 210km are also 

assumed to have equal costs. 

 

Table SM6. Installation of foundations costs, in USD/kW, based on (BOSCH, STAFFELL, et al., 
2019) 

 

Foundation Water depth 
Distance to shore 

Ò 210km > 210km 

Monopile 0 ï 20m 182.2 194.8 

Jacket 20 ï 50m 233.9 246.4 

Floating 50 ï 1000m 100.1 206.8 

  

Operation: operation and maintenance procedures throughout the OW farmôs 

lifetime that are translated into annual recurring costs (OPEX). OPEX in this case is 

heavily dependent on local meteorological conditions and on the available time window 

to conduct O&M procedures, for example. However, in this study, an average OPEX is 

applied and considered to be spatially independent. 

Decommissioning: in the final phase of a project, costs (DECEX) are associated 

with the decommissioning of the projectôs structures at the end of its operational lifetime. 

Thus, DECEX is financially discounted by 30 years. DECEX depends, among other 

factors, on the chosen decommissioning strategy, the type of foundation, the location of 

the wind farm and the availability of technical expertise and equipment (TOPHAM, 

MCMILLAN, 2017). However, in this study, an average DECEX is applied and considered 

to be spatially independent. 
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Supplementary figures 

 

 

Figure SM. 1. Gross OW resource within the Brazilian EEZ.  
Source: Own elaboration based on data from the GWA (DTU, 2022) 
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Figure SM. 2. Water depth (left panel) and distance to shore (right panel) within the available 
area of the Locational potential.  

Source: Own elaboration based on bathymetry data from (CPRM, 2018) 

 

 

Figure SM. 3. Hourly and monthly wind speed variability in each region of Brazil.  
Source: Own elaboration based on data from the GWA (DTU, 2022) 

 


