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CAPITULO 1: INTRODUÇÃO

Resumo
Nesta tese é discutida a aplicabilidade de novas tecnologias para a produção de energia
elétrica, de biogás e biocombustíveis no Nordeste do Brasil, com foco especial na
Região Semiárida.
São consideradas tecnologias de geração, transmissão, gestão ativa da demanda,
previsão dinâmica da carga e armazenamento de energia elétrica. Foi identificado um
conjunto de tecnologias estratégicas para lograr uma maior integração de energias
renováveis intermitentes. Mediante o uso destas tecnologias, a região poderia reverter
sua atual situação de dependência energética e se tornar uma exportadora neta de
energia elétrica dentro do Sistema Interligado Nacional.
Por outra parte a Região Semiárida possui, apesar de seus recursos limitados, um grande
potencial não explorado na área da bioenergia. Para viabilizar este potencial deve ser
vencida uma série de problemas tecnológicos e logísticos. São analisados novos
sistemas produtivos de biodiesel adaptados a terras marginais do Semiárido, assim
como o uso de resíduos agroflorestais da região para produzir biogás e etanol de
segunda geração.

Palavras-chave: Semiárido; energia renovável; smart grid; biogás; bioetanol; biodiesel
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1.1 Contexto
A região Nordeste é importadora neta de energia elétrica e de derivados do petróleo.
Embora, possui um enorme potencial de fontes renováveis de energia.
A energia eólica está ultrapassando à hidráulica como a principal fonte geradora. Em
2016, 18% de toda a energia elétrica consumida no Nordeste veio de fontes eólicas,
contra 15.5% de fontes hidráulicas1. As previsões apontam para uma perda crescente do
peso da energia hidráulica na matriz de geração elétrica, agravada por mudanças
climáticas e conflitos pelo uso da água do rio São Francisco2. Com 7000 MW instalados
e um fator de capacidade médio em torno de 50%1, a energia eólica é uma realidade
consolidada no parque gerador da região. Uma parte dos necessários investimentos nas
áreas de transmissão e infraestruturas elétricas já tem se materializado, permitindo à
região absorber a energia elétrica gerada nos parques eólicos e exportar eventuais
excedentes.
Pela sua parte, a energia solar está ganhando uma importância crescente, com novos
projetos sendo construídos na região do Semiárido. Esta fonte de energia, grande
protagonista em alguns dos últimos leilões de energia3, apresenta interessantes sinergias
tanto com a curva de carga elétrica quanto com outras fontes de energia2. Parques
híbridos fotovoltaicos/eólicos e a instalação de placas fotovoltaicas flutuantes no
reservatório de Sobradinho são exemplos do aproveitamento atual destas sinergias na
região. No futuro, é provável que sejam também propostas centrais termossolares
hibridizadas com gás natural, carvão ou biomassa, que já estão sendo instaladas em
outras partes do mundo4.
Na área de biocombustíveis, a produção de biodiesel se limita ao uso de soja, sementes
de algodão e sebo bovino concentradas nas regiões mais férteis, como o Oeste da Bahia.
Enquanto fontes consideradas promissoras há alguns anos (mamona e pinhão manso)
desabaram, outras como o dendê ou óleo de cozinha residual ainda estão numa fase
embrionária. A logística dos biocombustíveis no Nordeste continua dominada pela
produção centralizada de 6 grandes usinas de biodiesel e no caso do etanol, 73 usinas de
1ª geração localizadas na sua maioria nas planícies litorâneas úmidas. As iniciativas para
desenvolver uma indústria local de etanol lignocelulósico (GranBio em Alagoas) ainda
não conseguiram avanços significativos.
1

ONS – Operador Nacional do Sistema Elétrico e BIG – Banco de Informações de Geração (ANEEL)

2

De Jong P, Sánchez AS, Esquerre K, Kalid RA, Torres EA. Solar and wind energy production in relation to
the electricity load curve and hydroelectricity in the northeast region of Brazil. Renew Sust Energ Rev
2013;23:526-35.
3

LEILÃO "A-1" de 2016; 2º LER de 2015; 1º LER de 2015

4

Borges Blanques (Espanha), Kogan Creek (Austrália), Hysol Project (UE), Solugas Project (UE-Argélia)
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A pesar de possuir um mercado de biocombustíveis maduro e desenvolvido, a região
ainda precisa superar dificuldades tecnológicas e logísticas para desenvolver uma
produção de biocombustíveis mais eficiente, diversificada e que aproveite melhor as
matérias primas locais.
Tanto a demanda de energia elétrica quanto a demanda por energéticos (em especial
diesel) estão atreladas ao andamento da economia. No Brasil, entre 2015 e 2016,
tivemos uma queda do PIB global de 3,8% que acarretou uma queda na demanda
elétrica de 2,9% e uma queda na demanda de combustíveis entre 3% (ciclo Otto) e 4,7%
(ciclo Diesel)5. Esta interdependência indica que o contexto económico e a previsão de
cenários mais prováveis devem ser considerados nos estudos que analisem a viabilidade
de novos sistemas energéticos na região. No contexto atual, dadas as atuais predições
económicas, a demanda energética da região crescerá a taxas bem modestas, perto de
uma situação de estagnação6. A segurança energética na região poderá ser ameaçada por
fatores que ajam sobre a geração (por exemplo, eventuais secas) embora não por um
aumento no consumo de energia como aconteceu durante a última década de
crescimento económico. Durante esses anos o planejamento esteve caracterizado pelo
curto prazo, pela ameaça constante de desabastecimento elétrico, e pela instalação de
usinas termelétricas. Um cenário “calmo” para a demanda energética implica uma
oportunidade para desenvolver um planejamento energético em longo prazo que
aproveite recursos renováveis oriundos da região e ao mesmo tempo a confiabilidade do
fornecimento. Esse cenário permite estimular as fontes solar e eólica e ao mesmo
tempo reforçar as linhas de transmissão e a infraestrutura elétrica, essenciais para
absorber a energia gerada e exportar os excedentes. Os organismos governamentais
dedicados à planificação e operação do sistema deverão colocar o foco num
protagonismo crescente de fontes renováveis intermitentes. Em paralelo, a iniciativa
privada pode seguir sendo responsável nos próximos anos pelo desenvolvimento das
energias renováveis na região. O contexto atual permite margens de lucro atrativas para
investimentos em renováveis, enquanto o marco legal tem avançado favoravelmente,
com exemplos como o ProGD - Programa de Desenvolvimento da Geração Distribuída
de 2015. Atualmente o Mercado Livre de Energia representa 25% de toda a carga do
SIN – Sistema Interligado Nacional1. No mercado energético brasileiro já são comuns
as figuras do prossumidor, do agente comercializador e das ESCOs (Empresas de
Serviço de Conservação de Energia), assim como a gestão ativa da demanda por parte
dos próprios consumidores.
5

dados da ANP (Agência Nacional de Petróleo, Gás Natural e Biocombustíveis), EPE (Empresa de
Pesquisa Energética) e BCB (Banco Central do Brasil)
6

este tema é estudado em profundidade no artigo “Forecasting electric demand with artificial neural
networks”
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Por último, mas não menos importante, nos análises de sistemas de produção de energia
é preciso considerar os contextos ambiental e social, assim como as mudanças
climáticas antropogênicas7. Esta tese dedica especial atenção à região do Semiárido,
inserindo-a no subsistema energético do Nordeste. A Região Semiárida conta com
974.752 km2 e 22 milhões de habitantes8. Apresenta várias áreas com baixos índices de
desenvolvimento humano, que coincidem com áreas de baixa cobertura do serviço de
energia elétrica. Índices de desenvolvimento humano e acesso à eletricidade estão
intimamente relacionados, já que a eletricidade é chave para uma base de serviços
básicos que impactam as condições de vida. Entre 1999 e 2013, num período de 14
anos, os programas de eletrificação rural “Luz no Campo” e “Luz para Todos” levaram
acesso à eletricidade para 16 milhões de moradores rurais no Brasil, a maior parte deles
situados nas regiões Norte e Nordeste9. Uma pequena parte das atuações destes
programas se baseou em sistemas híbridos de geração distribuída, formados por uma
combinação de geradores a diesel com microgeração mediante fontes renováveis. No
“Capítulo 2 - Contexto ambiental e Social”, estes sistemas são analisados visando sua
aplicação em áreas rurais da Região Semiárida8. Contudo, a principal fonte energética
da região é a lenha, seguida pelo GLP (Gás liquefeito do petróleo). A extração de lenha
é um enorme problema que afeta ao principal bioma local, a Caatinga, enquanto o GLP
é um energético que precisa ser importado das refinarias situadas no litoral. Por isso, a
maior parte dos trabalhos do “Capítulo 4 - Biogás e biocombustíveis” está dedicada ao
aproveitamento de resíduos agrícolas disponíveis na região para a produção de
eletricidade, de biocombustíveis e de biogás que possa substituir em parte ou totalmente
a lenha ou o GLP importado. Nesse capítulo, também são considerados novos esquemas
produtivos de biodiesel que se adaptem às condições de solos marginais presentes em
boa parte da região e que não compitam por terras válidas para produção de alimentos.
O conceito de “serviços ambientais ou ecossistêmicos” foi usado para estudar a
adequação destes novos esquemas produtores de biodiesel na mitigação de outro grande
problema regional: as extensas áreas de pastagem degradada e com risco de
desertificação, das quais o Brasil comprometeu-se a recuperar 15 milhões de hectares
antes de 202010.

7

estas últimas são estudadas em profundidade no artigo “The impact of climate change on the Brazilian
Northeast’s electricity matrix” no Capítulo 2.
8

Grupo de Trabalho Interministerial GTI para delimitação do novo semi-árido brasileiro, 2004.

9

Sánchez AS, Torres EA, Kalid RA. Renewable energy generation for the rural electrification of isolated
communities in the Amazon Region. Renew Sust Energ Rev 2015;49:278-90.
10

Ministério de Agricultura do Brasil. Plano ABC (Agricultura de Baixa Emissão de Carbono), 2012.
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1.2 Justificativa e limitações do estudo
Diante deste panorama de dependência energética regional, propõe-se um conjunto de
trabalhos que visam à exploração de novas alternativas energéticas para o Nordeste do
Brasil.
Enquanto o mercado está impulsionando a energia eólica e solar, esta tese pretende em
paralelo contribuir com uma análise de tecnologias e novos sistemas produtivos com
potencial para fortalecer a segurança energética da região.
Procurou-se identificar um nicho para realizar uma contribuição original com o
suficiente grau de rigor, profundidade e inovação na proposta, características de uma
tese de doutorado. O nicho identificado foi a aplicabilidade de uma série de tecnologias
de produção de energia a partir de fontes renováveis no contexto rural do Semiárido.
Estas tecnologias são: (I) sistemas híbridos de microgeração distribuída
(diesel/biomassa/solar/eólica), (II) a produção de biogás e de etanol de 2ª geração a
partir de resíduos agrícolas, e (III) recuperação de terras degradadas mediante novos
sistemas produtivos de biodiesel.
Durante o andamento desta pesquisa, surgiu um segundo nicho de pesquisa relacionado
com o primeiro. Foi desenvolvido em colaboração com o GI-UFBA um modelo original
baseado em redes neurais para a predição da carga (demanda) elétrica. Este modelo se
aplicou inicialmente tanto para sistemas elétricos em grande escala (predição da
demanda do subsistema Nordeste) quanto para micro-redes (um campus universitário
com uma configuração Smart Grid).
Posteriormente foi identificado que o modelo de redes neurais desenvolvido tinha
aplicabilidade para a análise de recursos renováveis (eólico, ondas, solar) a partir de
instrumentação (anemômetros, ondografos e perfiladores acústicos, piranómetros).
Resolveu-se avançar nesses dois nichos em paralelo, procurando não fugir do tema
inicial (segurança energética no Nordeste mediante energias renováveis) e visando
aplicações para o modelo de redes neurais que complementassem essa pesquisa. As
aplicações do modelo, além de gerarem trabalhos originais com relevância para serem
publicados, acrescentam profundidade à tese. Uma das aplicações permite gerar um
modelo para a previsão da demanda elétrica no Nordeste durante os próximos anos, com
incerteza inferior a 2%6. Outra está focada na predição dinâmica de carga numa microrede do tipo Smart Grid com capacidade de gestão da demanda, armazenamento de
energia e autoprodução de energia mediante fontes renováveis11.
11

ver artigo “Application of neural networks to the prediction of energy consumption in University
buildings”
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A última aplicação do modelo em redes neurais foi para a avaliação da disponibilidade
de recurso de fontes renováveis num local. A pesar do modelo ser perfeitamente
aplicável às fontes eólica e solar, abundantes no Semiárido, preferiu-se aplicar o mesmo
para avaliar o potencial da energia das ondas no litoral da Costa Verde (Bahia). Esta
decisão é justificada pela coincidência de abrir uma “chamada de trabalhos” específica
para este tema na revista Renewable Energy, pela existência de dados recentes (ainda
não usados por nenhum pesquisador) obtidos mediante um perfilador acústico de última
geração fundeado no local e pela procura por originalidade na pesquisa. Desta forma, o
trabalho submetido nessa revista é a primeira pesquisa que aplica esta tecnologia de
computação em esta fonte renovável na América do Sul12.
Por último, procurou-se também complementar as linhas de trabalho desenvolvidas
pelos colegas do LEN – Laboratório de Energia e Gás da UFBA. Desta forma gera-se
um grupo de trabalho que avança em diversos frentes de pesquisa (ou nichos) bem
definidos e complementários. A colaboração com estes colegas foi fundamental para a
elaboração desta tese. Na Tabela 1, seguem alguns exemplos das pesquisas
desenvolvidas pelos colegas do LEN.
Tabela 1 – Linhas de trabalho desenvolvidas por pesquisadores do LEN
Doutorando

Início

Marcelo Santana Silva
(Pós-Doutorando)

2016

José Alexandre Ferraz de 2015
Andrade Santos

Csaba Sulyok

Pieter de Jong

Adalberto Luiz
Cantalino

12

2014

2013

2013

Tema
Biodiesel, inclusão social e competitividade:
diagnóstico, estratégias e proposições para a
cadeia produtiva no estado da Bahia
Método para geração centralizada híbrida de
eletricidade a partir das energias eólica e solar
fotovoltaica no Estado da Bahia
Perspectivas econômicas da indústria fotovoltaica
no Mercado Brasileiro

Integração da geração mediante energia
renovável variável na rede elétrica no Nordeste
do Brasil
Estudo do potencial da cadeia produtiva do sisal
na Bahia com ênfase nos aspectos tecnológicos,
de inovação e uso da biomassa residual como
combustível.

ver artigo “Wave resource characterization through in-situ measurement followed by artificial neural
networks' modeling”
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1.3 Objetivos específicos:
1. identificar o contexto atual, os obstáculos e os desafios para a segurança
energética na região Nordeste, com foco nas energias renováveis.
2. avaliar a aplicabilidade de tecnologias de microgeração distribuída para a
eletrificação rural na região Nordeste.
3. desenvolver aplicações para a área de energia baseadas no modelo de redes
neurais artificiais desenvolvido em colaboração com o GI-UFBA. Em particular,
aplicações para a previsão da demanda por energia elétrica/energéticos e para a
avaliação de recursos de fontes renováveis em locais promissores.
4. avaliar a viabilidade de novos sistemas produtivos de bioenergia no contexto da
Região Semiárida, identificando seu potencial, seus benefícios e seus trade-offs
(contrapartidas).
5. extrair conclusões sólidas do conjunto de pesquisas realizadas, identificando as
áreas de pesquisa mais promissoras que devem ser priorizadas por oferecerem
melhor viabilidade e potenciais benefícios à região.

1.4 Metodologia
O leque de temas abordados destaca pela sua abrangência: vai desde o contexto
ambiental, social e económico da região, passando pelos mercados locais de energia e
combustíveis, até trabalhos mais específicos de modelagem computacional.
Embora, todos os artigos que compõem esta tese seguiram uma metodologia similar.
Em primeiro lugar, a revisão bibliográfica foi base de todos os trabalhos. Inclusive em
aqueles mais técnicos em que foi aplicado um modelo original desenvolvido no GIUFBA11,12 procurou-se realizar uma pesquisa bibliográfica rigorosa do estado-datécnica. A revisão bibliográfica abrangeu às empresas e instituições públicas e privadas
de referência no setor da energia, tanto nacionais quanto internacionais. Foi necessário
um estudo exaustivo para entender o marco legislativo e económico que definem os
mercados de energia no Brasil, suas peculiaridades e sua evolução provável. Ao mesmo
tempo foi preciso esquadrinhar as tendências internacionais para uma maior penetração
de energias renováveis, gestão ativa da demanda, estocagem de energia, redes
inteligentes e vanguarda tecnológica na produção, conversão e distribuição de energia.

Análise de tecnologias e novos sistemas produtivos para
fortalecer a segurança energética da região Nordeste do Brasil
Para a pesquisa de artigos científicos, foram usados a plataforma ScienceDirect 13 e o
Google Acadêmico. O acesso aos artigos científicos foi facilitado pela CAPES Coordenação de Aperfeiçoamento de Pessoal de Nível Superior, quem possui acordos
com várias das principais editoras científicas. Os artigos derivados da tese estão
fundamentados em revisão bibliográfica (vários dos artigos elaborados contam com
mais de 100 referências) e em meta-análises dos dados disponibilizados na internet por
várias instituições públicas e grupos de pesquisa do Brasil:


Teclim – Rede de Tecnologias Públicas: dados de consumo de energia em
prédios públicos disponibilizados pelo sistema AGUAPURA VIANET14 foram
usados para a modelagem da demanda energética do prédio da Escola
Politécnica11.



ANP – Agência Nacional do Petróleo, Gás Natural e Biocombustíveis: foram
usados dados estatísticos das pesquisas de levantamento de preços, produção e
demanda de combustíveis, importação e exportação, entre outros15.



ONS – Operados Nacional do Sistema Elétrico: foram analisados dados
históricos de carga de energia e demanda, boletins de operação e documentos
dobre o funcionamento do sistema. A grande maioria deles está disponibilizada
no site desta organização16.



ANEEL – Agência Nacional de Energia Elétrica. Foram consultados diversos
documentos disponíveis no site17 assim como o banco de dados BIG – Banco de
Informações de Geração.



Rede Ondas – Rede de Monitoramento de Ondas em Águas rasas: foram usados
dados medidos por um perfilador acústico de efeito Doppler - ADCP Work
Horse Sentinel de 600 kHz com medidor de onda direcional - Waves Array
acoplado, fundeado em Praia do Forte (Bahia)12. A manutenção deste
equipamento é responsabilidade da UFBA. Os dados estão disponibilizados no
website desta organização18.

Desta forma, os trabalhos desta tese não envolveram aquisição de dados de campo nem
experimentais. Pelo contrário, foram usados dados previamente adquiridos por outras
organizações e publicados em seus sites de internet.
13

página web operada pela editora Elsevier
http://teclim.ufba.br/web/aguapura/
15
http://www.anp.gov.br/wwwanp/
16
http://www.ons.org.br/home/
17
http://www.aneel.gov.br/
18
http://redeondas.furg.br/index.php/pt/
14
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Esses dados foram posteriormente tratados durante a elaboração dos artigos: eliminando
dados espúrios, usando programas de análise estatística, calculando a incerteza
associada às medições. Dentre os programas informáticos usados para tal fim destacamse o Excel®, o Minitab® e o Matlab®. Para a programação dos modelos em redes
neurais artificiais11,12 foi usado o Matlab®. O modelo foi programado usando esse
software de cálculo numérico por pesquisadores do GI-Grupo de Incerteza da UFBA.
A infraestrutura física necessária para as pesquisas foi provida pelo PEI – Programa de
Pós Graduação em Engenharia Industrial da UFBA. Estas foram elaboradas desde a sala
Profª. Glória Meyberg Nunes Costa do PROTEC – Laboratório de Processos e
Tecnologia.
Outra característica que define a metodologia desta tese é seu carácter de pesquisa
colaborativa. Foi procurado estabelecer parcerias com expertos nas diversas áreas
requisitadas, às vezes tão distantes entre sim quanto programação em redes neurais ou
serviços ecossistêmicos dos biocombustíveis. O nível destas colaborações superou todas
as expectativas. Assim, os artigos publicados ou submetidos contam com a participação
efetiva de coautores de várias nacionalidades e de oito universidades diferentes. Destaca
o exemplo de Alexandros Gasparatos, professor da Universidade de Tokyo e editor da
revista Biomass & Bioenergy com quem foi mantida correspondência frequente para a
redação conjunta de um artigo sobre biodiesel no Semiárido19.
Dentro da UFBA, foram encontradas sinergias entre o GI – Grupo de Incerteza e o LEN
– Laboratório de Energia. Fruto da colaboração com estes dois grupos foi a aplicação de
modelos computacionais desenvolvidos pelo GI à temática da energia. Estes dois grupos
de pesquisa são liderados pelos dos coordenadores desta pesquisa de doutorado, os
professores Ricardo de Araújo Kalid e Ednildo Antrade Torres.
As pesquisas também tiveram participação destacável de alunos de Iniciação Científica.
O autor orientou, direta ou indiretamente, a um grupo de 12 alunos, a maioria deles
graduandos de engenharia química. Seis deles conseguiram elaborar e apresentar um
artigo científico em congresso. Quatro destes alunos mostraram um maior nível de
aptidão e comprometimento e acabaram participando como coautores na elaboração de
artigos científicos que foram submetidos em revistas A1. Além da ajuda prestada na
elaboração da tese, foi reconfortante acompanhar o progresso destes alunos enquanto
desenvolviam um genuíno interesse pelas energias renováveis.
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ver artigo “Alternative biodiesel feedstock systems in the Semi-arid Region of Brazil: Implications for
ecosystem services”
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A seguir, são listados os pesquisadores que tiveram uma contribuição direta nesta tese.
Os mesmos aparecem como coautores dos artigos científicos publicados ou submetidos:



Pesquisadores do LEN-UFBA envolvidos: Ednildo Andrade Torres (coorientador da pesquisa), Pieter De Jong
Pesquisadores do GI-UFBA envolvidos: Raony Maia Fontes, Márcio Martins

Alunos de Iniciação Científica envolvidos:



Alunos de Engenharia Química: Aline Pereira, Mateus Bastos de Almeida, Yuri
Lopes da Silva.
Alunos de Engenharia Civil: Diego Arruda

Pesquisadores de outras universidades brasileiras:



Universidade Estadual de Feira de Santana: Eduardo Borges Cohim Silva
Universidade Federal do Sul da Bahia: Ricardo de Araújo Kalid (co-orientador
da pesquisa)

Pesquisadores de instituições internacionais:







The University of Tokyo: Alexandros Gasparatos (editor de Biomass &
Bioenergy)
Wrocław University of Science and Technology: Wojciech Budzianowski
(editor de Renewable & Sustainable Energy Review e presidente do comitê
científico da RESRB Conference 2017)
Universidade do Porto: Idelfonso Bessa dos Reis Nogueira
Tampere University of Technology: Hannu Koivisto (coorientador de Idelfonso
Bessa dos Reis Nogueira)
University of Melbourne: Roger Dargaville (coorientador de Pieter De Jong)

Estas parcerias entre a UFBA e outras instituições foram criadas durante a elaboração
das pesquisas decorrentes desta tese. Estão ilustradas na Figura 1:
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Figura 1: Parcerias criadas com outras instituições
1.5 Estruturação da tese
Esta tese contém um capítulo introdutório seguido de uma série de artigos publicados e
submetidos durante os anos 2015, 2016 e 2017 (7 artigos publicados e 1 submetido) e 2
artigos apresentados/submetidos em congressos internacionais durante 2017. Fecham a
tese um capítulo conclusivo e uma série de anexos (4 artigos publicados no Congresso
Brasileiro de Planejamento Energético, Setembro 2016).
Esta estrutura atende a resolução n° 03/15-PEI/UFBA:
“A tese de doutorado poderá ser apresentada no formato de uma coleção de artigos
publicados, desde que haja coerência entre os mesmos e que pelo menos 3 (três)
deles tenham sido publicados em periódicos do Qualis das engenharias, ou de áreas
correlatas, de nível A1, A2 ou B1. As teses apresentadas neste formato deverão,
necessariamente, conter, em adição às publicações, pelo menos um capítulo
introdutório e um capítulo conclusivo.’’
Ressalta-se que, para a tese ser aprovada nesse formato, são precisos 3 artigos já
publicados em revistas A1, A2 ou B1. Sete dos 9 artigos apresentados já foram
publicados a dia de hoje (Setembro de 2017). Deles, seis artigos foram publicados em
revistas de nível A1 na área de Engenharias III.
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Brine reject from inland desalination plants can have interesting agricultural uses.
An integrated scheme that comprehends tilapia + Atriplex + goats is described.
Results from 10 years of operation of this scheme are presented.
Spirulina cultivation is an alternative to tilapia for the brine reject ponds.
Irrigation and hydroponic cultivation of vegetables using brine were also tested.
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a b s t r a c t
This paper offers a review on different experiences that have been conducted in South America, which are of interest for the agricultural use of the brine reject originated in inland desalination plants. The results obtained by a
combined production scheme that uses brine reject from inland desalination plants for ﬁsh farming and for the
irrigation of halophyte forage shrubs are summarized. This scheme has succeeded in turning an environmental
problem (the brine reject disposal in inland areas) into a source of new economical activities. However, despite
a slightly salt removal capacity shown by the halophytes, this production scheme was not able to prevent a progressive salinization of the land irrigated with the reject brine. The yields obtained are analyzed in terms of ﬁsh
and forage production as well as the weight gain in the livestock fed with the halophytes. Also, due to its characteristics and good performance in arid regions and saline waters, the cultivation of Spirulina cyanobacteria is proposed as an alternative for ﬁsh farming within this production scheme. Finally, a series of South American studies
addressing the irrigation of crops under saline conditions are reviewed, with the objective of establishing their
potential use for reject brine management.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The brine discharge in inland desalination plants remains a problem
with few viable alternatives [1–4]. Diluting the brine in a water stream
is not a feasible option as a small variation in the salinity levels of
lakes and inland water courses can pose a serious environmental threat
[5]. Also, brine can contain residues of pretreatment and cleaning
chemicals, and their reaction byproducts [6].
Direct brine discharge in the soils would lead to its degradation by
salinization. Pervious evaporation ponds [7,8] that allow percolation
as well as the injection in shallow wells could pollute groundwater. In
addition, salts may rise to the soil surface by capillary transport from a
⁎ Corresponding author at: Escola Politécnica, Rua Aristides Novis, n° 2, 6° Andar,
Federação, CEP 40.210-630, Salvador, Brazil.
E-mail addresses: sanchezbahia@gmail.com (A.S. Sánchez),
idelfonso.nogueira@gmail.com (I.B.R. Nogueira), kalid@ufba.br (R.A. Kalid).

http://dx.doi.org/10.1016/j.desal.2015.01.034
0011-9164/© 2015 Elsevier B.V. All rights reserved.

salt-laden water table and then accumulate due to evaporation. This
issue is of particular importance in arid regions where there is already
a man-made cause of salinization due to irrigation or due to an extensive use of potassium as fertilizer, which can form sylvite [9–11]. The
process of salinization due to irrigation occurs when the salts dissolved
in the water get accumulated in the soil. Since soil salinity makes it more
difﬁcult for plants to absorb soil moisture, these salts must be removed
out of the plant root zone by applying an additional amount of water.
This excess of irrigation is called the leaching fraction [12]. Together
with an increase in the water consumption for irrigation, this subsurface
drainage from agricultural ﬁelds can also produce large volumes of saline water [13,14].
The use of saline waters even at slightly above recommended values
can have severe effects on soil resources [15]. If the land where the reject brine is disposed is of special environmental or agricultural value,
a potential accumulation of salt minerals, ions or heavy metals should
also be taken into consideration. In the deserts of the United Arabs
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Emirates, the reject brine from some desalination plants is disposed
directly into surface impoundment in a permeable soil with low clay
content, cation exchange capacity and organic matter content, and
where the groundwater table lies at a depth of 100–150 m [16]. Even
in these circumstances some impacts were detected in soil and groundwater, which pointed out the need of a management of the brine reject
disposal [17].
The State-of-the-Art management of brine reject originated from inland desalination comprehends a range of techniques: evaporation
ponds, WAIV (Wind Aided Intensiﬁed Evaporation) [18], discharge in
shallow watercourses in combination with wastewater or other efﬂuents, and deep well injection. The injection of the brine reject into
deep aquifers poses many security issues and should only be applicable
in conﬁned aquifers. This technique has also been used in some desalination plants, using depleted oil wells. Deep injection has been carried
out in the United States [19–22].
One approach of the management of brine involves the treatment of
the reject brine to minimize the resulting ﬂow and its salinity: two-step
reverse osmosis with chemical precipitation between the stages (intermediate chemical demineralization) [23,24], two-step reverse osmosis
with biological treatment between the stages [25,26], reverse osmosis
with softening pre-treatment and high pH [27], two-step nanoﬁltration
[28], and SPARRO process (Seeded Slurry Precipitation and Recycle
Reverse Osmosis) [29–31]. Emerging technologies that are growing in importance are membrane distillation or pervaporation (aka pervaporative
separation) [32], capacitive deionization [33], and FO (forward osmosis)
[34–36]. The ZLD technique (Zero Liquid Discharge) may be of interest
in those cases where the brine has heavy metals or other toxics that
are wanted to be captured in the resulting solid product [37,38]. One
solution for ZLD are evaporation–crystallization processes [39,40].
The evaporation–crystallization technology combines these two
techniques to produce a solid residue (essentially calcium sulfate
salts) from a liquid efﬂuent. The energy consumption of this technique is high, and may be economically viable only in some particular cases, when associated with a vapor recovery system or waste
heat. The use of solar energy could be of special interest for the increase in the viability of this technique.
Another approach focuses on the valorization of the brine reject
stream. One research path aims the exploiting of the minerals contained
in the brine by desalting procedures and the production of chemical
products [41]. Separation of divalent salts from brines using extraction
with organic solvent is technically feasible but to make the process economically viable is necessary to implement a solvent recovery system
that allows its energy use [42]. A second research path regards the
valorization of evaporation ponds. The main uses in order to add environmental and commercial value to evaporation ponds are aquaculture,
irrigation of halophyte plants, which can be valuable sources of biofuel
or fodder for cattle, and algaculture. Halophyte plants have also been
used in revegetation to reclaim degraded land, providing a wildlife habitat and improving the soil. The production of microalgae using a brine
reject stream mixed with wastewater as a source of phosphorus is of
special interest in the treatment of brine rejects loaded with nitrogen
compounds, which are generated in reclamation and reuse plants. Regarding algaculture, of particular interest is the cultivation of Spirulina
cyanobacteria [43]. Halotolerant algae like Gracilaria tenuistipitata [44],
the genus Dunaliella (Dunaliella bardawil and Dunaliella salina) and
others [45] are a source of biological products (such as lipids and fatty
acids) that may be isolated from the algal biomass. In addition, these
algae are also relevant for biodiesel production [46].
Considering the valorization of evaporation ponds and the use of the
brine reject generated from inland desalinization, a series of experiments have been carried out in South America in recent years, whose results can be of interest for the developing of similar projects in other
parts of the world, especially in those with semi-arid climates.
South America has huge natural inland salt deposits located in arid
zones. The Central Andes contain one of the most spectacular set of
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saline lakes and salt crusts in the world, with three major brine groups:
alkaline, sulfate-rich, and calcium-rich brines [47].
Inland deposits of brackish waters are common also in the Gran
Chaco region, a semi-arid lowland region divided among eastern
Bolivia, Paraguay, northern Argentina and a portion of the Brazilian
states of Mato Grosso and Mato Grosso do Sul [48]. A third vast region
with brackish aquifers is the Northeast of Brazil which has a semi-arid
climate and recurrent droughts.
Many arid zones of South America have aquifers that are naturally
saline or have been salinized due to irrigation. These areas are generally
populated by impoverished rural communities, whose income comes
from livestock and irrigated agriculture. The lack of water constrains
economic development, even when there are important mineral deposits, as in the case of the Atacama Desert (Chile). The use of the inland
deposits of brackish groundwater can dramatically improve the life conditions of the local communities. Desalination through reverse osmosis
is the most suitable solution in many cases, but together with its use
comes the problem of brine disposal. Fig. 1 offers an outlook of the distribution of groundwater resources in Central and South America.
In Fig. 1, the light brown color refers to regions with minor groundwater resources in local and shallow aquifers. In these areas groundwater is limited to the alteration zone of the bedrock that locally may
contain productive aquifers. Vast areas of the Paciﬁc coast (Chile,
Peru), the arid part of Argentina, Paraguay, and Bolivia as well as the
Northeast part of Brazil stand out as the regions with the least groundwater resources.
The location of the Semi Arid region of Brazil is highlighted inside a
red square. It is one of the largest semi-arid areas of the Americas,
with 974,752 km2 and a population of 22 million. In Fig. 2, the different
soils that constitute the Northeast region of Brazil are classiﬁed according to their geological domain.
The areas colored in pink correspond to soils with fractured crystalline rock and low water potential. In these areas, aquifers are restricted
to fracture zones represented by metasedimentary and metaigneous
rocks from Archean to Proterozoic age, associated with a thin mantle
(3–5 m) and located in the Semi Arid region. These are critical water
stress areas due to low rainfall rates (yearly average of 500–700 mm)
and high evapotranspiration values. The combination of these geological and climate conditions leads to problems of water salinization of
soils and the presence of brackish groundwater. In these areas, brackish
groundwater is available typically at a well depth of 40–80 m.
This part of Brazil is an exceptional example of inland desalination
and brine management, partially because of a massive governmental
program launched in 2004 named “Agua Doce” (Fresh Water) that has
beneﬁtted 150,000 inhabitants of the Semi Arid region [51]. Several
small-size reverse osmosis plants were built to serve rural communities
or to reinforce the supply of water in already existing networks that link
several middle size municipalities. The selection criteria for the locations is based in lower rainfall rates, higher rates of child mortality,
rates of poverty and human development, and lack of access to other
sources of potable water supply. The region has a great availability of renewable sources [52], which make off-grid wind and solar systems suitable to power the small-size desalination RO plants developed in these
rural areas. However, this option was ﬁnally disregarded by the Agua
Doce Program and the RO units were connected to the existing electrical
network, where available. Currently, local communities have access to
the brackish groundwater through small wells that use tubular pumps
coupled with reverse osmosis plants. Generally, the intake ﬂow of
these small-scale systems is up to 3 m3/h, operating with an average recovery rate of 90% [50]. As a result, a waste stream of brine with high
level of salinity is produced.
Values of brine from different RO inland plants in the region are
shown in Table 1.
Electrical conductivity (EC) indirectly measures the amount of
salts dissolved in the soil. Table 1 shows that brines with the same conductivity can have different contents of solutes. The predominant ones
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Fig. 1. Groundwater resources in Central and South America.
Source: [49] (2006).
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Fig. 2. Brackish aquifers in the Semi Arid region of Brazil.
Source: [50] (2003).

responsible for salinity include the cations Na+ (sodium), Ca+2 (calcium)
and Mg+2 (magnesium). The concentrations of these cations determine
the sodium adsorption ratio (SAR) which is a measure of the suitability
of water for use in agricultural irrigation. Throughout this paper, the electrical conductivity of water used for direct irrigation or hydroponic cultivation is reported as a measure of its salinity. However, it is noticeable
that salt speciation is important as well. Hence, brines with different contents of calcium and sodium would have different effects in soil and
plants, even at the same conductivity [54–56].
As one of the guidelines of the Agua Doce Program was to guarantee
the sustainable use of the water resources, the management of brine reject arose as a primary issue. Many solutions were considered regarding
both the minimization of the environmental impact and the valorization

of the brine as a source of income to impoverished rural communities.
Also, studies addressing the effect of brine disposal in local soils were
carried out, based in the observation of those communities that were
discarding the reject efﬂuent directly in the surroundings [57].
Finally, it was developed an integrated production scheme that aims
to add as much value as possible to the brine reject while at the same
time solves the environmental problem of this efﬂuent. This production
scheme has its intake in brackish groundwater and produces, together
with fresh drinkable water, ﬁshes for human consumption and fodder
for the local cattle. Byproducts of the ﬁsh process can also be transformed
into oil and used as a protein source for cattle while at the same time the
manure produced by the livestock can be used as a fertilizer, mixed with
the brine used in irrigation.
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Table 1
Chemical analysis of brine reject from RO desalination plants (Semi Arid region of Brazil).
Source: [53].
EC
(mS·cm−1)

pH

2.6
10.5
2.2
3.4
1.4
3.2
3.2
3.3
0.8
1.2

7.0
7.0
7.5
7.8
8.0
7.8
7.5
7.6
7.6
8.1

Ca+2

Mg+2

Na+

Cl−

CO−
3

HCO−
3

(mmol·L−1)
11.3
35.1
11.3
16.6
7.9
10.7
20.1
11.9
8.1
6.1

7.4
43.4
9.2
8.2
5.2
13.3
5.1
9.2
9.5
4.7

0.9
3.1
0.1
0.1
3.1
0.2
0.1
0.1
3.2
3.2

13.8
110.0
9.0
22.4
5.7
15.2
19.5
15.4
11.6
3.8

7.4
11.0
0.1
0.3
0.9
2.4
1.7
2.1
0.5
1.0

0.0
0.0
11.8
10.4
9.0
5.7
7.0
3.0
2.0
7.4

SAR
(mmol·L−1)0.5
0.3
0.5
0.0
0.0
1.2
0.0
0.0
0.0
1.1
1.4

This paper summarizes the results of brine use in the Semi Arid
region of Brazil, either in the integrated production scheme (ﬁsh +
halophyte forage shrub) or in the irrigation of a range of crops. Also,
due to its high characteristics and good performance in arid regions
and saline waters, the cultivation of the Spirulina cyanobacteria is proposed as an alternative for ﬁsh farming within this production scheme
developed in Brazil.
Together with a description of the use of halophyte shrubs for fodder
in some arid parts of South America, it is also regarded as the use of
brine reject for the irrigation of commercial crops different than forage
halophytes. A series of South American studies addressing the irrigation
of crops under saline conditions are reviewed, with the objective of
establish their potential use for brine reject management.
The summary of all the production possibilities reviewed and proposed in this work is presented in Fig. 3. This conﬁguration was found
to be the most convenient for the agricultural use of inland desalination
brine reject, as will be discussed in the following sections.
The ﬁrst stage of the brine use process comprehends ﬁsh farming or/
and Spirulina cultivation. Right after this stage, the brine enters a
mixture pond where it is enriched with organic matter from local agricultural waste. This brine is ﬁnally used to irrigate the Atriplex ﬁeld,
whose harvest will help to feed livestock.
A further improvement of this scheme consists in using part of the
brine reject ﬂow for hydroponic or soil cultivation of crops, also mixed

with manure from local livestock. This direct irrigation of additional
crops would complement the ﬁsh farming — Spirulina–Atriplex scheme.

2. Production scheme: ﬁsh farming plus irrigation
In the Semi Arid region of Brazil, the “Agua Doce” Program developed a scheme that offers a use for the brine reject disposal in smalland medium-size inland desalination plants. The considered scheme
regards the valorization of the evaporation ponds by ﬁsh farming of tilapia species, well adapted to the high salinity of the brine reject. In a
forward production stage, the brine water that leaves the ponds is
mixed with organic fertilizer (manure from the local livestock) and
then pumped for the irrigation of halophyte forage shrub plantations,
located in the surroundings of the desalination plant facilities. Forage
shrubs from the Atriplex species were considered because their nutritional values, offering a fodder supplementation for the local livestock,
formed mostly by goats. Hence, unproductive lands and saline water
ponds turn to produce valuable commercial products together with forage during the whole year. This is particularly important in this region
under a constant threat of drought, as provides the local livestock with
an additional source of fodder. With this approach to the brine reject
management problem, it was aimed to achieve an environmental acceptable solution as well as a sustainable production scheme for rural
impoverished communities. Since this solution was adopted, several villages of the Semi Arid region have been beneﬁted with both a drinkable
water supply and an increase in the local economy [58].
Typically, one of these integrated production facilities, projected for
a small RO unit with a reject ﬂow of 1.0–2.5 m3·h−1. It occupies a total
area of 2 ha and is located next to the RO plant (stage 1). The output
pressure of the brine reject can be used to reserve it in an elevated storage tank. The production facility is constituted by two ponds for tilapia
farming (stage 2) followed by another tank where the brine is enriched
with organic matter, totalizing 1 ha, plus a plantation of Atriplex shrubs
(1 ha, stage 3). An additional small area is needed for haymaking and
auxiliary services (stage 4). Fig. 4 depicts one of these facilities as conceived by the Brazilian Environmental Agency, which has created 14
of them so far. Note in the ﬁgure the four stages described above.
The yields obtained within this integrated production scheme range
from 10.0 to 15.0 tons of dry mass per ha and year (or equivalently 5.5 to

Fig. 3. Proposed integrated production the use of inland desalination brine reject.
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Fig. 4. Integrated production scheme for the use of inland desalination brine reject.
Source: [27] (2001).

8.5 tons of forage per ha and year) together with 589–650 kg of tilapia
per each 330 m3 pond and year.
Regarding the contribution to the weight gain of the local livestock,
it was reported an average increase of 138 g·day−1 in each goat, using a
diet of Atriplex forage (1.5 kg of Atriplex forage per day and animal)
combined with citron melon (Citrullus lanatus var. citroides), cassava
(Manihot esculenta), forage palm (Opuntia fícus) and local graminoids.
The best weight gains were obtained when the participation of Atriplex
in the diet ranged from 38.3% to 64.6% [59]. Table 2 shows the overall
productivity obtained in an integrated production facility in the Semi
Arid region of Brazil. Although the yields can vary depending on the salinity of the brine reject stream, local precipitation, density of ﬁshes in
the ponds, ﬂow of efﬂuent used for irrigation, age of the shrub plantation, type of soil, diet of the animals as well as other factors, the following can be considered as guideline values for the production scheme
related.
The goats that participated in this production scheme and were fed
with Atriplex hay experienced a growth slightly above the average,
when compared to local herd. The normal weight gain in the Semi
Arid region of Brazil is 133 g·day− 1[60]. Weight gains for goats of
108 g·day−1 have been reported for a participation of Atriplex in the
diet of 59.4% in other arid parts of the world [61].
3. Tilapia production
Tilapia is the common name given to cichlids from the genera
Oreochromis, Sarotherodon and Tilapia. They are endemic to Africa and
the Middle East and, besides being originally freshwater ﬁshes, they
adapt very well to saline waters [62].
Tilapiines have become the third most important ﬁsh in aquaculture
after carp and salmon because are among the easiest and most proﬁtable ﬁsh to farm due to their omnivorous diet, their high protein
content, tolerance of high stocking density, large size, and rapid growth
(6 to 7 months to grow to harvest size). Unlike salmon, which rely on

high-protein feeds based on ﬁsh or meat, commercially important
tilapiine species eat a vegetable or cereal-based diet. Tilapia raised in inland tanks or channels are considered safe for the environment, since
their waste and disease is contained and not spread to the wild. However, tilapiines have acquired notoriety as being among the most serious
invasive species in many subtropical and tropical parts of the world.
The production system for tilapia developed in the Semi Arid region
of Brazil consists in the use of the brine reject of RO desalination units
(typically small plants with a reject ﬂow of 1.0–2.5 m3·h−1), which
ﬂows into impervious hatchery ponds. In the experiences carried in
this region, the ponds had a capacity of 330 m3 and were populated
with a density of 4 fries for each m3. No mechanical facilities for oxygenation were installed, which could have allowed a higher population
density. Because of its pink color which favors the appearance of marketing and a good quality meat without bones, the ﬁsh that was chosen
was the Koina tilapia (Oreochromis sp.) native of Malaysia.
For a brine reject with an electrical conductivity of 11.38 mS·cm−1,
the ﬁsh yield was 1.96 kg for each m3 of cultivation pond. The average
weight of each ﬁsh was 518.7 g for a rearing period of 153 days and a
survival rate of 94.7% [59].
In a different desalination plant of the region, with the same population density and a brine reject whose electrical conductivity varied from
9.82 to 13.38 mS·cm−1, the ﬁsh yield was 1.78 kg for each m3 of cultivation pond. The average weight of each ﬁsh was 557.7 g for a rearing
period of 170 days. The survival rate was 80.0%. The use of ﬁsh feed
was 1.6 kg for each 1.0 kg of tilapia produced [63]. These results are
within the average values for tilapia farming in the region [64].
The viability of this production scheme can be improved by further
uses of the waste generated in the processing of the tilapia (gutting
and ﬁlleting). Hence, guts and organic waste can be used for the production of oil. This oil is already been used in the Semi Arid region of Brazil
for the production of animal feed, soap and biodiesel [58]. Other experiences in Colombia report opportunities for the production of collagen,
used in the cosmetic industry, from tilapia skin [65].

Table 2
Productivity of the scheme (Oreochromis sp. + Atriplex nummularia + Capra aegagrus hircus).
Source: [59].
Salinity of RO reject brine
(mS·cm−1)

Tilapia (Oreochromis sp.)
production

Annual yield of dry biomass
(ton·ha−1)

Amount of forage saltbush given to goats
(kg·day−1·animal−1)

Weigh increase of the livestock
(g·day−1)

11.38

648.4 kg in 153 days

14.9

1.5
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4. Cultivation of Spirulina in evaporation ponds as an alternative
to tilapia
The cultivation of Spirulina has been considered as a promising alternative to tilapia for this production scheme. Spirulina cultivation can use
all or some of the brine ponds. It can be either a substitute or a support
for ﬁsh farming as it offers valuable nutrients for tilapia [66]. However,
despite studies carried out in that direction [67], so far its cultivation
has not been added to the tilapia-Atriplex scheme.
With impressive nutrition characteristics, Spirulina was already
cultivated by the Aztecs in the 16th century in the salty Lake Texcoco.
They used to dry the harvested algae and then commercialize the
dehydrated product in the form of cakes, as a valuable nutritive source
[68]. Nowadays, this cyanobacterium (that can be consumed by humans
and other animals) is cultivated worldwide. Production can be carried
out by means of open cultivation in artiﬁcial ponds and also in closed
photobioreactors with an artiﬁcial illumination and constant temperature. As an advantage, the processes of harvest and dry of its biomass
are simple.
Spirulina thrives at a pH around 8.5 or more, which will get more
alkaline, and a temperature around 30 °C. In South America, there are
several arid environments with high saline waters (2 to 270 g of salt
per liter of water), bicarbonated, with high pH (higher than 9), warm
temperatures (25 to 35 °C), and good light availability where Spirulina
grows naturally, especially in Argentina (Spirulina argentina), Peru and
Uruguay (Spirulina platensis). Cyanobacteria species like S. platensis
and Spirulina maxima have a high tolerance to salt. S. platensis has
an optimum growth between 20 and 70 g of salt per liter (32.0 to
112.0 mS·cm−1). Experiences have shown that a content of 5–15% sea
water in the culture medium only causes a decrease of biomass yield
in 15–20% as compared with a Zarrouk's culture medium [69]. Given
these characteristics, various species of Spirulina are suitable to be
grown in the shallow ponds used for ﬁsh farming, replacing tilapia in
the production scheme.
Spirulina has a unique quality to detoxify (neutralize) or to chelate
toxic minerals and heavy metals [70] and is also capable of removing
calcium and salts from inland saline waters [43]. Also, there is the possibility of using Spirulina as a fertilizer, replacing chemical fertilizers in
the treatment of depleted soils [71]. Spirulina uses less water per kilo
of protein (approximately 2100 l/kg protein) than other crops. The
brackish water fed into the evaporation ponds can be recycled and the
only signiﬁcant water loss is through evaporation. Chile cultivates
some species in shallow ponds, even in hard environmental and saline
conditions. In this country, a productivity of 30 tons per ha a year has
been reached in a medium with sodium bicarbonate, ammonia phosphate, saltpeter and as much as 30% of sea water, which is mixed with
the waters of a coastal river. In the northern coastal zones of Chile,
with the referred productivity of 30 tons·ha−1·year−1, the calculated
cost of production of dried Spirulina was USD 11.4 per kg, of which nearly
29.8% corresponds to the cost of nutrients, mainly CO2 [72]. With regard
to the market value of the ﬁnal product, the 2014 wholesale prices in
Brazil, Argentina and Chile are around USD 20.0 per kg of dry product,
while shelf retail prices rise up to USD 90.0 per kg.
5. Irrigation of Atriplex nummularia ﬁelds with the efﬂuent of the
evaporation ponds
When considering high salinity waters for irrigation, halophyte forage shrubs are among the most preferred options in South America
(Atriplex spp. in Bolivia; A. nummularia in Brazil, Chile and Argentina).
In the Bolivian Altiplano native forage plants such as kauchi (Suaeda
foliosa) and saltbush (Atriplex spp.) as well as crops such as quinoa
(Chenopodium quinoa) and cañahua (Chenopodium pallidicaule) are
cultivated in adverse conditions of soil (salinity and sodium) and
weather (frost, droughts), producing food and feed with high protein for humans and animals.

Argentina is in third place after Russia and Australia regarding
the land area affected by salinization. Several Argentinian scientists
addressing this issue have focused their investigations in the reforestation of saline lands with ligneous species such as Casuarina, Melaleuca
cuticularis, Schinopsis quebracho Colorado and especially Prosopis [73].
A combination of fodder shrubs based on A. nummularia and spineless
cactus (Opuntia spp.) was also studied in Argentina and proved to be
useful for the feeding of goat herds in arid environments [74].
The threshold limit for salt in livestock feeding (cows and goats)
is 10 g for each 100 g of dry mass [75]. This is one of main limitations
to the use of saltbush forage as it has to be mixed with other nourishment. Despite this inconvenient, it offers a high content of proteins and other nutrients. Table 3 offers a comparative chemical
analysis of A. nummularia and alfalfa hay.
Table 3 shows a slight difference in metabolizable energy between the
two types of hay (alfalfa hay contains 10% more energy). A. nummularia
reveals to be an interesting source of proteins, with higher content than
alfalfa. The limiting factor about the use of A. nummularia is the content
of sodium, whose percentage is 36 times higher than in alfalfa hay.
A. nummularia is a halophyte plant that can tolerate saline waters
with up to 31.2 mS·cm− 1 [77] and has the capacity of effectively
remove salts from the soil (note in Table 2 above the high content in
chloride and sodium of the plant). Because of these properties, it is a
convenient option for saline soils to replace traditional forage plants
as alfalfa (Medicago sativa), which has much lower tolerance to salinity
(1.3 to 4.0 mS·cm−1). For each additional mS·cm− 1, alfalfa experiments a decrease of 7.3% in the yield [78].
In North America the Atriplex lentiformis (quailbush), native from the
U.S.–Mexican Sonoran Desert, has already been used speciﬁcally for the
brine disposal of RO desalinization plants. The application of brine (RO
concentrate with 3.5 mS·cm− 1) to an Atriplex lentiformis plantation
led to a yield of 16.2 ton·ha−1·year−1 even in adverse conditions of
evapotranspiration (1797 mm), rainfall (192 mm) and radiation
(22.46 MJ·m−2·day−1) [79]. The yield in the same desalination plant
was increased to 22.0 ton·ha−1·year−1 by using a 12.5% drainage fraction whose salinity was established in 6.69 mS·cm−1 [80].
In the Semi Arid region of Brazil the “Agua Doce” Program aimed to
develop a similar scheme for fodder bush cultivation using the reject
brine stream of RO desalination plants. For such a purpose the
A. nummularia plant was chosen. Differently from the North American
case, the Brazilian approach for brine management considers an integrated scheme with an intermediary stage between the RO plant and
the salt bush plantation: tilapia aquaculture. The water that leaves the
tilapia ponds is mixed with organic waste and then used to irrigate
the A. nummularia ﬁelds. This water has a higher salinity than in the
North American case, ranging from 6.0 to 11.0 mS · cm− 1 (average
electrical conductivity of 8.29 mS · cm−1). A comparative table between
the Brazilian and North American cases, together with values for
A. nummularia cultivated as a wild crop, is presented in Table 4.

Table 3
Chemical analysis of Atriplex nummularia and alfalfa hay.
Source: [76].
Nutrients

Dry matter, %
Crude protein, %
Neutral detergent ﬁber, %
Acid detergent ﬁber, %
Hemicellulose, %
Lignin, %
Cellulose, %
Ash, %
Metabolizable energy, Mcal·kg−1
Chloride, %
Sodium, %

Hay
Alfalfa

A. nummularia

89.70
16.00
41.40
30.70
10.70
8.10
22.60
9.90
2.21
0.45
0.18

88.10
20.20
35.20
17.10
18.10
5.10
12.00
28.30
1.99
4.78
6.47
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The experiences carried out in the Semi Arid region of Brazil revealed
that the optimal performance of A. nummularia was obtained through
the application of the efﬂuent of the tilapia ponds in an amount of 225
liters of efﬂuent per plant and week, considering an average 625 plants
per ha [81]. The location of the study has an average annual rainfall of
433 mm, an evapotranspiration of 1520 mm and receives a radiation
of 20.30 MJ·m− 2·day−1. The average salinity of the tilapia efﬂuent
used was 8.29 mS·cm− 1. Table 5 shows a comparative study using
four different ﬂows of efﬂuent.
It was also measured an increase in the salinity levels of the soil that
was irrigated with this efﬂuent. The initial average salinity of the soil in a
depth of 0–90 cm was 0.40 mS·cm− 1. After the application of 225
liters·plant−1·week− 1 the salinity was increased to 4.97 mS·cm−1.
Using this ﬂow of efﬂuent the salt removal rate was 8.0%.
A broader study regarding the effects in the soil of the RO-tilapiaA. nummularia production scheme comprehends 5 years of continuous
irrigation and drainage of the ﬁelds [82]. Starting with a salinity level at
0.90 m depth of 0.60 mS·cm−1 in 2000, salinity progressively increased
to 6.7 mS·cm−1 (2004), 7.2 mS·cm−1 (2005) and 8.2 mS·cm−1
(2006). Although the biological quality of the soils along with its fertility
was increased, it was stated that the cultivation of A. nummularia was
not able to prevent salinization.
6. Crop irrigation with the brine reject
Besides the irrigation of halophyte plants such as Atriplex, other
crops may be an alternative for the brine reject disposal. In South
America as well as in the rest of the world several studies have been
conducted to determine the acceptable levels of salinity and its effects
in commercial valuable crops, and to determine which varieties have
more tolerance to salinity conditions. These studies have been more focused in the use of brackish waters than in the use of the brine reject
from desalination plants. However in the Semi Arid region of Brazil
the brine use option has been considered and thus high levels of salinity
have been tested, especially in crops cultivated under hydroponic conditions. Following, three different approaches to this problem from
different parts from South America are reviewed.
In the Bolivian Altiplano some strategies have been observed in
order to allow the cultivation of other crops different than halophyte
plants [83]. One of these strategies is the use of brackish water only during the most advances stages of the development of the plants, when
they have a higher tolerance to salinity. Thereby, the sowing of alfalfa
and other crops is made during the rainy season which allows, in
those months, to rely on a better quality of water with lower concentrations of salts, and thus guarantee germination. Later on, during the dry
season, water with higher concentration of salts can be used as the
plants have already reached advanced reproductive or vegetative stages
in which their tolerance to salinity is greater. This practice is generally
performed in those water streams whose salt concentration varies during the year. This is the case of Desaguadero River, whose waters reach
an electrical conductivity of 4 mS·cm−1 during the dry season. Other
strategy considered in the Bolivian Altiplano is the use of cultivation
ridges for beetroot (Beta vulgaris). The plants are sowed in the slopes
of the ridges. This technique prevents the seeds from a quick dry during
the germination process while allows the salts to accumulate in the top
of the ridges and in the furrows, far away from the seeds. Later on, the
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ridges are removed and, in addition, the drainage of the soil can be
improved with clay or plastic tubes for a more efﬁcient removal of the
accumulated salts.
A second approach to crop irrigation with saline waters consists in
determine the amount of saline water that can effectively be supplied,
either diluted with fresh water or with animal urine as a fertilizer.
This is the focus of a series of studies conducted in the Semi Arid region
of Brazil, which regards soil and hydroponic culture. One of the crops
tested was Lettuce (Lactuca sativa), which is moderately sensitive to salinity and prefers soils with conductivity under 1.3 mS·cm−1. Beyond
that value, it is expected a reduction in the yield of around 13% for
each additional mS·cm−1. In the Semi Arid region of Brazil a series of
experiences regarding its cultivation under hydroponic conditions
were carried out, using mixed streams of brackish and fresh water.
The use of brackish water only for the preparation of the nutritive solution and fresh water as a replacement of evapotranspiration reduced the
yield of lettuce in 5% for each additional mS·cm−1. The yield was reduced by 7% for each additional mS·cm− 1 when brackish water was
used for both the preparation of the solution and the replacement of
evapotranspirative losses. The reduction of the yield was only in the
size of the plants, not in their quality [84]. However, other experiences
showed a reduction between 15% and 17% for each additional mS·cm−1
and concluded that while the brackish aquifers of the region are suitable
for the cultivation of this vegetable, the brine reject of the RO plants
would produce a critical decrease in both the size and quality of the plants
[85,86].
Similar experiences regarding other vegetables have also been conducted. Beetroot plants (B. vulgaris) cultivated under hydroponic conditions had their growing reduced between 7% and 9% for each
additional mS·cm−1 beyond a limit value of 1.2 mS·cm−1 [87]. Tomato
plants (Lycopersicon esculentum) grown in saline hydroponic conditions
of 2.1 mS·cm−1 experienced a yield reduction of 21% when reaching
10.1 mS·cm−1 [88].
Sunﬂower (Helianthus annuus L.) is another interesting alternative
that has been studied due to its commercial value and uses as forage.
When cultivated in soil and irrigated with brackish water, it showed a
decrease of 11% in the mass and 10% in the number of seeds for each
additional mS·cm−1, within a range of salinity between 0.5 mS·cm−1
and 5.0 mS·cm−1 [89].
The use of nitrogen fertilization (urea plus potassium nitrate) improved this situation, as the yield was reduced in 7.6% for each additional mS·cm−1 within the same salinity range [90]. When cultivated in
hydroponic conditions for ornamental purposes, the reduction in its
size was 5.78% for each additional mS·cm− 1. However, a variety
named “Sol Vermelho” (Red Sun) didn't experience signiﬁcant reduction in both size and quality even under high saline concentrations in
its nutritive solution (16.4 mS·cm−1) [91].
Apart from hydroponic cultivation, direct irrigation of lands with saline waters have also been tested in the Semi Arid region of Brazil, with
the aim to determine the potential of brackish or even more saline waters for irrigation in emergency situations (lack of freshwater or rainfall). Cotton (Gossypium hirsutum) was tested under saline conditions:
ﬁelds containing three different species of cotton were irrigated during
the initial growing stages of the plant, using a range of saline water of
0.5–8.5 mS·cm−1. The three species experienced an inhibition of its
growth measured in 10% of their mass for each additional mS·cm−1

Table 4
Performance of Atriplex nummularia (South America) and Atriplex lentiformis (U.S.A.) yields.
Location

Average annual precipitation
(mm)

Type of water used for irrigation

Electrical conductivity
(mS·cm−1)

Yield
(ton·ha·year−1)

Source

Argentina — Mendoza

175

Rainfed agriculture and saline aquifer at 7 m depth

3.5–5.0

[74]

Brazil — Semi Arid region
Brazil — Semi Arid region
U.S.A. — Sonoran Desert

433
433
260

RO reject brine — after tilapia tanks
RO reject brine — after tilapia tanks
RO reject brine

11.38
6.0–11.0 (average 8.29)
3.5

0.47 (after year 3)
1.88 (year 6 onwards)
14.9 (after year 1)
14.5 (after year 1)
16.2–22.0 (after year 1)

[59]
[81]
[79,80]
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Table 5
Application of the efﬂuent of the tilapia ponds to an Atriplex nummularia ﬁeld using four different amounts of ﬂow of this efﬂuent, during one year.
Source: [81].
Flow of efﬂuent
(liters·plant−1·week−1)

Salinity before irrigation
(mS·cm−1)

Salinity after irrigation
(mS·cm−1)

Salt removal
rate (%)

Annual yield of dry biomass
(ton·ha−1)

Annual yield of forage
(ton·ha−1)

75
150
225
300

0.40
0.40
0.40
0.40

8.02
6.09
4.97
4.60

13.8
10.9
8.0
5.2

9.75
12.26
14.49
13.81

5.5
7.1
8.3
7.9

[92]. The use of nitrogen fertilization did not achieve signiﬁcant improves in the cotton growth within a similar range of saline water
[93]. Finally, fruit trees as papaya (Carica papaya L.) were also tested
under saline conditions [94], irrigated with brackish waters only or
together with bovine liquid manure as in the case of guava (Psidium
guajava L.). The application of liquid manure attenuated the degenerative effects of salinity in the plants, but did not prevent the soil from salinization [95]. Experiments in this direction have also been conducted
in Colombia, regarding the cultivation of feijoa in saline soils under
greenhouse conditions, although using commercial fertilizers applied
directly in the soil [96].
The third approach to the problematic of the use of saline waters
consists in the determination of the crop varieties that are more resistant to cultivation in saline soils and thus maximize the yield performance. This approach was followed in Venezuela where six varieties
of sugar cane (Saccharum ofﬁcinarum) were tested [97], concluding
with the ﬁnding of three varieties that are resistant to saline soils
under a threshold value of salinity of 3.2 mS·cm− 1. One particular
variety, named CP 711210, had a relatively good performance (a 20% decrease) in soils with a conductivity level of 6 mS·cm−1. In Boyacá,
Colombia, similar studies were conducted with the aim to ﬁnd a hybrid
variety of tomato plant (L. esculentum — Miller) better adapted to the
local soils. In this agricultural area, fertigation led to a progressive salinization of the soil. From within the hybrids tested, the Astona variety
showed the best response to saline soils with no signiﬁcant negative effects registered under 3.6 mS·cm−1 [98]. This is a signiﬁcant result, as
previous studies had reported that beyond a threshold value of
2.5 mS·cm−1 a decrease in the yield of 10.0% is expected [99]. However,
the performance of this hybrid is still lower than that achieved in Semi
Arid region of Brazil by tomato plants cultivated under hydroponic
conditions. Table 6 summarizes the results of the above related
experiences.
In order to help the reader see the trends, Fig. 5 illustrates the information shown in Table 6.
In conclusion, the cultivation of the proposed crops is viable using
brackish waters, preferably under hydroponic conditions and mixed
with fresh water if available. A good management of the irrigation
schemes, appropriated cultivation techniques and the use of liquid manure can improve the performance of the yield grown with brackish

waters. However, periodical leaching proved to be necessary in order
to remove the accumulated salts and conserve an acceptable salt balance of the soil. The use of the brine reject of desalination plants didn't
show to be a convenient option due to the adverse effects detected in
the plants.
7. Conclusions
A. nummularia offered forage yields of 5.5–8.5 ton·ha− 1·year−1
when irrigated with the brine reject, which is a far greater value than
that obtained in other arid parts of South America, where it is cultivated
as a wild crop. Previously to the irrigation of the Atriplex ﬁelds, the brine
reject was used for the growing of tilapia (with a yearly yield of 648–
589 kg for a 330 m3 pond) and then enriched with manure and organic
waste.
The forage obtained with Atriplex made a positive contribution in the
support of the local herd. For goat feeding, it was stated a convenient
rate of participation of between 38.3% and 64.6% in the diet.
Besides the environmental beneﬁts, the integrated scheme used in
the Semi Arid region of Brazil, which produces ﬁsh plus forage saltbush,
revealed to be a nice example of how to add value to a waste stream
with potential pollution effects. Also, value is added to the surface occupied by evaporation ponds as well as to unproductive soils in the surroundings of the desalination plant. Thus, by inserting activities such
as aquaculture of tilapia species or cultivation of Spirulina inside the production scheme, new products and byproducts are created enhancing
the overall value chain. In addition to fresh drinkable water, the local
communities of these arid regions get beneﬁted with the production
of forage from Atriplex saltbush, oil from ﬁsh processing or Spirulina,
all of them excellent nutritional complements for local livestock. The
most valuable products of this production scheme are ﬁlleted frozen
ﬁsh and hay for the feeding of goats. The production of collagen as a
byproduct of tilapia processing and the use of halophyte plants and
algae for biofuel production are also interesting alternatives and deserve
further studies. In this production scheme, the cultivation of Atriplex is
proposed as the last stage in the use of the brine stream. These species
have a good capacity of absorbing salt and protecting the soil. However,
an eventual drainage of the soil may be necessary. When considering
the irrigation of halophyte plants, the drainage fraction associated

Table 6
Yield reduction (inhibition of the growth) of different crops irrigated with saline waters in the Semi Arid region of Brazil and in Venezuela and Colombia.
Species

Type of cultivation

Range of salinity
of the study
(mS·cm−1)

Inhibition of the growth for
each increasing mS·cm−1
within the range

Source

Lettuce (Lactuca sativa)
Beetroot (Beta vulgaris)
Tomato (Lycopersicon esculentum)
Tomato (Lycopersicon esculentum) — Miller Astona variety
Sunﬂower (Helianthus annuus L.)
Sunﬂower (Helianthus annuus L.)
Sunﬂower (Helianthus annuus L.) — Red Sun variety
Cotton (Gossypium hirsutum)
Cotton (Gossypium hirsutum)
Papaya (Carica papaya L.)
Feijoa (Acca sellowiana)
Sugar cane (Saccharum ofﬁcinarum) — My 5514 variety

Hydroponic
Hydroponic
Hydroponic
Soil cultivation
Soil cultivation
Soil cultivation, under nitrogen fertilization
Hydroponic
Soil cultivation
Soil cultivation, under nitrogen fertilization
Soil cultivation
Soil cultivation
Soil cultivation

1.3–5.2
1.2–5.2
2.1–10.1
1.8–8.8
0.5–5.0
0.5–4.9
0.5–16.4
0.5–8.5
0.7–8.7
1.2–4.8
2.8–11.1
3.2–6.0

7.0%, 15.0%, 17.0%
7.0% to 9.0%
2.6%
6.0%
10.0% to 11.0%
7.6%
5.8%
10.0%
9.5%
7.2%
20.0%
10.0%

[84–86]
[87]
[88]
[98]
[89]
[90]
[91]
[92]
[93]
[94]
[96]
[97]
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Fig. 5. Yield reduction (inhibition of the growth) of different crops irrigated with saline waters.

with brine disposal must be estimated and properly managed, as can be
a possible salinity hazard to local aquifers. The experiences carried out
in Brazil using the RO-tilapia-Atriplex scheme revealed a progressive
salinization of the soil, as the saltbush was only able to retain around
13% of the salt input.
The experiences conducted regarding both soil growth and hydroponic cultivation of vegetables showed that these could be suitable
options for brackish waters but not for desalination brine. The species
tested did not tolerate well the high salinity content of the brine with
the exception of the “Red Sun” variety of sunﬂower, which showed
promising results when cultivated under hydroponic conditions. Therefore, the most convenient option when considering the brine reject
stream for irrigation are halophyte plants.
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From 1999 to 2013, in a 14 years' period of time, rural electriﬁcation programs brought access to electricity
to 16 million rural inhabitants in Brazil. Approximately 155,000 rural households remain without access to
electricity in the Amazon Region, conforming very isolated communities that cannot be supplied by the
expansion of the existing grid. To supply electricity to these communities, off-grid generation through
diesel fuel has traditionally been the only option considered.
The Amazon Region has a huge potential in renewable energy, specially: hydraulic, biomass and biofuels,
solar as well as wind in the coast. The Brazilian Government has started to consider the use of these local
renewable sources for the electriﬁcation of isolated communities. Several experimental projects have been
deployed, supplying electrical power through appropriated off-grid renewable energy technologies: run-ofthe-river and hydrokynetic, biomass (direct burning or gasiﬁcation), biofuels and vegetable oils, and hybrid
(solar–wind–diesel). Regarding these technologies, the most signiﬁcant projects conducted in the region
were evaluated. Analyzing the costs, technical and social issues as well as the performance of these systems,
after a 10 year's evaluation period, this paper shows that some renewable energy technologies have proven
to be a more convenient and economic option than electricity generation through diesel, in these isolated
communities.
& 2015 Elsevier Ltd. All rights reserved.
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The United States pioneered in 1935 rural electriﬁcation programs for vast territories with the “Rural Electriﬁcation Act” which
provided federal loans for the installation of electrical distribution
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systems to serve rural areas. By 1960, household electriﬁcation in
USA had reached 99.0%.
USA had in 1920 the same percentage of population with
electricity access that China had in 1970, Brazil in the end of the
70's, India in 1985, or South Africa in 1990, as shown in Fig. 1.
By observing the curve of household electriﬁcation related to
Brazil, in Fig. 1, an interesting fact can be revealed. According to
this curve, the electriﬁcation process of rural areas in Brazil passed
from 45% to 93% in a period of ﬁfteen years, starting in 1980. By
1995 rural electriﬁcation had reached a stagnation point, as the
curve was limited by an asymptote of 93% of household electriﬁcation considering the whole country. This limit was caused by the
difﬁcult geographical conditions of the Amazon Region (Brazilian
northern states), as well as the lack of speciﬁc rural electriﬁcation
programs, which led the electriﬁcation initiative to utilities and
private companies not interested in investing in undeveloped rural
areas. Because of these reasons, around the year 1995, while most
of rural areas in the South and South East parts of the country had
already reached 99.0% of electriﬁcation rate, the North and Northeast Region remained with rates of 75% and 42% of household
electriﬁcation [2]. It was not until 2000 that the stagnation point
was surpassed. Since that year it can be observed a turnaround in

Fig. 1. Evolution of household electriﬁcation in different countries. .
Source: [1] (2010)

Fig. 2. Electric exclusion and human development rate in 2000. .
Source: [7] (2003)
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the electriﬁcation curve, coinciding with the upcoming of speciﬁc,
and ambitious, rural electriﬁcation programs by the Brazilian
Government. In 2013, the electriﬁcation rate in Brazil had already
reached 99.7%, with 3.3 million of people lacking from access to
electricity [3].
Between 1999 and 2002 a ﬁrst attempt was made with a rural
electriﬁcation program called “Luz no Campo” (Light in the
Country), that gave access to electricity to 1 million households.
In the year 2000, a census revealed that 2 million of families
lacked from electricity access in Brazil [4]. That census indicated
that the number of homes without access to electricity in the
Amazon Region was 770,000 resulting in a population of around
3.8 million people. Of these, it was estimated that approximately
615,000 households would be able to be powered via the expansion of the electrical network (on grid connection). From the
remaining 155,000 households, 55,000 are extremely isolated and
may be preferentially supplied by photovoltaic systems, while
100,000 were grouped in small villages able to be supplied by
isolated mini grids.
In November 2003, the Federal Government of Brazil launched
the “Luz para Todos” (Light for All) Program, trying to mitigate this
situation. The Government stated that the energy would serve as a
vector of social and economical development, contributing to
poverty reduction and to the rise in the incomes of those families.
As the program stated, “the arrival of electrical energy helps the
integration of the government social programs, as well as the
access of health services, education, water and sanitation” [2]. In
several communities assisted, it was possible to implement a
Production Community Center, which is a unity composed of
machines and equipment for the process, storage, and conservation of farm products. With the increase in productivity, rural
undeveloped communities can go beyond the subsistence agriculture with the sales of the production excess. Health assistance gets
beneﬁted as vaccines and medicines can be safely stored thanks to
refrigeration. Also, education gets improved as electric inclusion
guarantees digital inclusion. The linkages between development
and rural electriﬁcation through the Human Development Index
(HDI) within the context of the Amazon Region were analyzed by
[5,6]. Fig. 2 shows that Brazil is a good example of how closely
related are the access to electricity (measured as rate of service
provided) and the human development rate.
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Several Brazilian agencies have taken part in the “Light for All”
Program. It has been coordinated by the Ministry of Mining and
Energy, operated by Eletrobras, which is the Nation's main power
utility holding and responsible for the technical and ﬁnancial
analysis of projects from “Light for All”, and executed in ﬁeld by
local power utilities in association with State Governments.
Developed countries like USA that started their rural electriﬁcation schemes in the early 20th century have already reached 100% of
household electriﬁcation (in the case of USA, in a period of 40 years
starting in the 1920s) and are since the last decades concerned only
with upgrading the quality of the rural network and adapting it to
the challenges of integrating new energy sources like large commercial wind farms often placed in remote locations. The challenge
now is to transform the national grid into a more efﬁcient, reliable
and ﬂexible smart grid, capable of load adjustment and smart power
generation. In a smart grid scheme, private consumers with microgeneration capacity can also sell their eventual surplus of electrical
power to the grid. This can be interesting to small consumers located
in areas with good wind, hydro or solar conditions. Cogeneration
and biomass are also local energy sources to be considered by rural
producers, and can produce a temporary surplus of electric power
during harvest periods.
For those countries that initiated their rural electriﬁcation
schemes later in the 20th century the challenge is similar to the
situation that developed countries had to face decades ago.
But there is a great difference: nowadays, renewable energy
sources offer both technically and economically viable solutions
for those countries [8–10].
In the ﬁrst rural electriﬁcation schemes, isolated households
were commonly connected to large and medium generating facilities using long transmission lines. Another solution was the use of
small networks covering isolated areas, relied in a small or medium
size hydro or fuel power plant. Later on, these isolated grids became
interconnected to the nation's network.
Until the end of 20th century, with the upcoming of solar and wind
energy systems viable in a commercial scale, the only alternative for
small off-grid systems was diesel generators. Available in a wide range
of power generation, they are able to supply electricity to a single
household or a small isolated community composed of nearby houses
connected by a microgrid. Off-grid generation using diesel has two
main disadvantages. First, it is an external energy source that has to be
transported to the often remote and distant locations. The other main
disadvantage is the increasing cost of the fuel. In the USA, for instance,
a gallon of diesel costs in 2014 3.5 times what costed in 1994, and the
trend in its price is to continue rising [11].
Many emergent countries that started the 21st century with a
part of their population living in poor conditions, spared in vast
territories and lacking from access to electricity started to turn
their eyes to solar and wind power generation. China and India
saw renewable sources as a way to achieve a double objective. On
the one hand, they provide their rural electriﬁcation programs
with efﬁcient and reliable technologies. On the other, they reduce
their dependence on imported fossil fuels [12]. In addition,
Chinese authorities considered the rural electriﬁcation programs
as a way to foster their renewable energy industries, contemplated
as a strategic sector to be developed.
China has introduced electricity access to over 900 million rural
residents since 1949 and has achieved an electricity access rate of as
high as 98 percent [13]. According to [14] the rural generation of
electricity in China was provided in 2002 by small hydro (49.30%) and
small thermal coming from coal and biomass (44.89%), while diesel
(5.42%) and wind–solar (0.39%) have had secondary roles. There was
an enormous turnaround in 2001, as the Chinese Government turned
its eyes to renewable sources, making them the guideline of its rural
electriﬁcation schemes. The “China Township Electriﬁcation Program”
(from 2001 to 2005) provided electricity to 1.3 million people by using

small hydro, photovoltaics and wind power. After its completion, the
“China Village Electriﬁcation Program” was launched with the aim to
provide electricity to 3.5 million people in 2010 and to achieve full
rural electriﬁcation using renewable energy by 2015. The energy
sources considered are chieﬂy solar generation, and also small hydro
and wind when available in good quantity [15]. Wind power and solar
PV power are currently under rapid development in China [16].
India is also investing heavily in solar and wind energy, as well
as in bio-gas [17,18]. Due to its good solar endowment, the country
is currently developing several solar-based rural electriﬁcation
programs, often coupled with microﬁnance schemes [19–21].
Unlike other emergent countries, Brazil has failed in fostering a
national industry of solar and wind microgeneration. The initial
challenge in 2001, later upgraded, needed the supply of electricity
to 15 million people, many living in remote isolated areas. Thirteen
years later, solar panels industry has not boomed like it has done
in China. Neither a microloan scheme with the participation of
banks nor private institutions to foster a viable market for solar
technology has been created, as in the case of India.
Although the investments of the “Light for All” Program have
produced some research, leading to new knowledge and innovations, most of this has been focused in the extension of the existing
nation's network, or on-grid technologies. This has diverted the
investments from developing the nation's solar and wind own
technology for microgeneration.
As an example, from more than 7.3 million power poles needed,
13.3 thousand were developed with new technology using polyester resin reinforced with ﬁberglass, which facilitated their transport in the Amazon Region, since by being lighter and able to ﬂoat
were easily transported by boats or even helicopters. In addition,
Brazilian authorities claim that stood in those poles were 1.4 million kilometers of electric wires, and 1 million of transformers [2].
Besides the lighter polyester power poles, no other signiﬁcant
advances were achieved as the on-grid technologies used in the
Program were developed and mature since decades, and have a
less innovative impact than renewable energy technologies. By
increasing the participation of hybrid off-grid systems, relying in
solar and wind microgeneration with the occasional support of
diesel, Brazil would have invested in a ﬁeld where lacks from
expertise. Even the research of storage systems, hydrogen cells, or
small solar Stirling motors would have been of greater interest for
this Program, and valuable products for the whole country could
have been developed.

2. The “Light for All” Program: numbers and results achieved
The initial goal was to bring electriﬁcation to 10 million people
(2 million power connections), which was achieved in 2009. As the
Program was been executing, new families lacking from access to
electricity were discovered and registered in the census, so the
Program was extended until 2011. In that year, the Government
census revealed a signiﬁcant population still lacking from access to
electricity, mainly in the North (Amazon basin) and Northeast part
of the country. Again, the Program was extended until 2014.
In 2012, there were 14.4 million people beneﬁtted, against
9.0 billion USD invested. In December 2013, the Program claimed
that 15 million people were beneﬁted, being 3.0 million of them in
the North Region (Amazon basin) and 7.5 million in the Northeast
Region [22].
A survey by the Ministry of Mines and Energy interviewed
3,892 families beneﬁted by the Program [23]. The research
revealed that job opportunities increased 34.2% in these families,
while study opportunities increased in 40.7%. Healthcare services
availability increased in 22.1% and family income increased in
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35.6%, showing that electric power is stimulating the economic
and social development of the communities.
The Program “Light for All” has also been encouraging other
sectors in the economy such as the sale of household appliances.
According to the survey carried out by the Ministry of Mines and
Energy in 2009, 79.3% of the recipient families acquired televisions, 73.3% refrigerators and 24.1% water pumps. In 2014, the total
impact of the Program in the Brazilian economy due the acquisition of household appliances is estimated in 3 billion USD [23].
Another survey, focused speciﬁcally in rural women beneﬁted
by the Program, showed that the free time provided by electrical
appliance can serve to empower women: 7.5% of the interviewed
housewives said that they used that time to start an economical
productive activity and increase incomes, while 9% retook or
started their studies [24]. This represents 244.5 thousand women
incorporated into the labor market and 309.1 thousand women
receiving education.
The Brazilian Government estimated that the “Light for All”
Program had created 462 thousand new direct and indirect jobs.
Overall, 155,000 families left the cities and came back to rural
areas after the arrival of electric power, proving the capacity of this
Program in reversing rural exodus [24].

3. Brazilian electrical grid
The Brazilian electrical network is called SIN—“Sistema Interligado Nacional” and has multiple owners and utilities involved. It
generates and delivers electricity for a country with continental

Fig. 3. Interconnected national system with new lines under construction in 2014. .
Source: ONS [25] (2014)
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dimensions. Only 1.7% of the country's energy demand comes from
outside of the SIN, in small isolated systems located mainly in the
Amazon region. Fig. 3 shows the main transmission lines of the SIN.
The electrical generation has a strong predominance of
hydroelectric plants. In the last years, the construction of big
dams has been slowed down by social and environmental issues
and has not achieved to keep the pace of the growing demand.
Occasional droughts have threatened the capacity of the SIN to
supply the electrical demand in some parts of the country. In
this context, the need of self supply by private industries and
the wish of the Brazilian Government to diversify the generation
sources have led to an increase in thermal generation [26]. In
the last decade, on-shore wind generation has emerged and
reached signiﬁcant values, especially in the South and Northeast
Region. Finally, the exceptional conditions of Brazil for the
production of sugar cane allow to a signiﬁcant co-generation
by the ethanol industry. Fig. 4 shows the electricity generation
by source in Brazil in 2011.
With the aim to promote the contribution of renewable sources
in the nation's generation of electricity, the PROINFA Program was
launched in 2004 allowing the incorporation to the National
Network (SIN), before 2010, of 1.1 GW of wind energy, 1.1 GW of
small hydro and 1.1 GW of biomass [28].
The next huge hydroelectric dam to enter in operation will be
Belo Monte, in the Amazon Region. It will start operating between
2015 and 2019, producing an average of 4.5 GW, being the third
biggest hydro power of the world due to its 11.2 GW capacity [29].
So far, there are no more big hydro power projects in the spotlight
[30]. Forecasts for renewable energy deployment in the Brazilian
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Fig. 4. Electricity generation by fuel in 2011. .
Source: IEA [27] (2013)

Fig. 5. Annual average of wind speed (m s-1) in the North Region of Brazil (Amazon basin). .
Source: MME [35] (2001)

system predict that by 2021 there will be 15.6 GW of wind energy,
7.8 GW of small-scale hydro, and 19.3 GW of bioenergy [15].
Regarding isolated systems, there is a subsidy that impacts in
the cost of the generated electricity that is charged to the

consumer, who is generally living in poor, rural and undeveloped
conditions.
The electricity generated by thermal power plants is approximately three to four times more expensive than that generated by
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hydroelectric plants and the inhabitants of isolated unconnected
areas in the Amazon Region do not have access to this cheaper
energy. Thus, a tax named CCC–“Conta de Consumo de Combustíveis“ was created with the aim to subsidize the electricity
generated using diesel fuel in isolated systems so the consumer
can have a rate similar to the other electricity consumers served by
hydro generation [31]. The CCC tax is paid by the electrical utilities
from overall Brazil, even in the more developed Southern and
Southeastern States miles away from the Amazon Region.
The CCC subside for isolated systems was later on extended to
small and microhydro plants as well as biomass, wind and solar
systems [32]. This stimulated the evolution of just diesel generation into more efﬁcient hybrid systems composed of solar–wind–
diesel and battery banks, as diesel prices were increasing. In the
calculation of the costs achieved by hybrid and renewable projects
of the “Light for All” Program that follows, neither the CCC tax nor
any local subsidies have been considered.
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Figs. 5 and 6 show the availability of wind and solar sources in
the region, measured respectively by the average wind speed at a
height of 50 m and the average daily produced power per solar
panel (kW h per Wp installed and day).
The wind speed map for the Amazon Region shows that only
the Atlantic coast and the Guiana Highlands are propitious for the
use of wind turbines. The rest of the region forms the Amazon
basin and has poor wind conditions. Also, this low land is covered
by high tropical rainforest trees that act as a barrier against wind,
lowering the performance of small wind turbines.
The region is located around the equator and thus has
a high degree of solar radiation. However, the high precipitation
level of the tropical rainforest climate makes the radiation
levels lower than in the surroundings regions, which have a dry
season.

5. Review of the most signiﬁcative renewable energy projects
for isolated communities in the Amazon Region
4. Coverage of solar and wind sources over the Amazon Region
The Amazon Region, or North Region of Brazil, is not as abundant
in wind and solar energy as its neighboring Northeast Region where
also exists complementarity between wind, solar and hydro availability, and between wind, solar and the yearly load curve [33]. Back
in the Amazon Region, there is a correlation between the daily and
seasonal solar maximums and local peaks in energy demand due to
the use of air conditioning, especially in the two main cities of the
region: Manaus and Belem. Small isolated communities where
hybrid systems (wind–solar–diesel) could be an option are located
in the coast, where wind and solar energy have a similar seasonal
variation: in the months where wind blows stronger there is also
more solar radiation available, and vice versa [34].

A set of appropriated renewable energy sources was considered
for small-scale electrical power generation in this region. The
power generated was intended for the supply of isolated communities that did not have access to electricity previous to the
developed projects or, alternatively, already had diesel generators
that were taken in consideration in a new hybrid scheme. In order
to calculate the power needed and consequently size the systems,
it was calculated the amount of productive, collective and residential demands of electrical power that these communities
would have (or already had).
In most of the projects, power generation was only a part of a
wider investment plan. In parallel to electricity access, these
deprived communities were provided with technical support

Fig. 6. Annual average PV power production (kW h kWp  1 day  1) in the Amazon basin, together with existing thermal power plants. .
Source: [36] (2001)
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and machinery to improve productivity and add value to their
local products. For these projects, productive demand stands for
the electrical load caused by the processing and storage of
commercial valuable products extracted from the surroundings
of the community.
Some examples of productive demands of electricity can be the
illumination that allows night work, refrigeration which has
special importance in ﬁshing communities, communications
(radio and telephone), or water pumping for agricultural uses.
For small villages or grouped houses, electricity also allows water
purifying devices (for example reverse osmosis pumps [37])
needed for food processing as well as machinery that can boost
the productivity of the local community, like ﬂour mills, sewing
machines or sawmills. Electricity also allows a minimal infrastructure needed for the tourism development of the communities.
The collective demand stands for the load caused by the public
illumination as well as by the schools, churches or community
centers. A centralized water treatment and distribution system as
well as sanitation facilities can also be inserted in this category.
Telecommunication antennas are also typical.
Regarding the residential demand of power, this was typically
caused by small houses with electrical appliances (70% of the load)
and illumination needs (30% of the load). In these households, the
arrival of electricity allowed the acquisition of small electrical
appliances and the substitution of old kerosene lamps, improving
greatly the living conditions. The “Multi-dimensional Energy
Poverty Index” captures the set of energy deprivations and is
composed, in addition of cooking, of these basic energy services
associated with electricity use: lighting, services from household
appliances (refrigerator), entertainment/education (radio, tv) and
communication (cell phones, internet) [38].
Among the technical options, the ones considered as feasible
were: small hydro and hydrokinetic systems, thermal power plants
operated by biofuel or straight vegetable oils, biomass burning both
directly or gasiﬁed, photovoltaic solar plants, small wind turbines,
and hybrid systems [39–42].
The idea is to develop speciﬁc projects, monitor them, get
experience with new technologies and generate enough data and
information to provide an environment of discussions and evaluations, close to the regulation agency, on quality indicators and
maintenance and operational costs.
Photovoltaic and wind systems are characterized by higher capital
costs, while their operating costs and maintenance needs are low.
Diesel systems for electricity generation have an opposite behavior,
with low initial investment costs and high costs of operation and
maintenance. The operational costs of hybrid systems are much lower
than only diesel systems. Besides, in the context of these remote rural
communities, it is convenient the replacement of an external energy
source that must be imported through intermediaries, often under
abusive price increases [43]. Regarding replacement costs, batteries
are the equipments of a hybrid system that require more constant
replacements due to their shorter life. Several hybrid systems were
deployed in the Amazon Region, using photovoltaics panels and
battery banks to support diesel generation. In many coastal areas of
this region wind conditions are propitious and justify the use of small
wind turbines, thus allowing the complementarity of these two
sporadic, intermittent energy sources. The interior of the Amazon
basin has poor wind conditions and the use of wind turbines is not as
suitable as in the coast.
Microhydro power plants, ranging from 50 to 80 kW, proved to
be a convenient option for certain cases. Also characterized by
higher capital costs and low operating maintenance costs, the
main concern regarding this technical solution was the hydrographical conditions of the region's rivers, with strong ﬂuctuation
in the backwater level of reservoirs [44], which does not make
viable the construction of small dams for the electriﬁcation of

small isolated communities. Subsequently, run-of-the-river hydroelectric generation, with little or no water storage, was considered
the most suitable technical option for the projects developed.
Biomass was a primary option due the huge availability of this
renewable source in the region. Timber waste is available in every
small rural community. Waste originated by the extraction or
harvest of local fruits is also a valuable energy source, as in the
case of the açai tree palm, or cupuaçu nuts. In these two cases,
gasiﬁcation proved to be a more convenient option than the direct
burning of the waste. Several projects were committed to add
energetic value to the residues of the extraction process of
valuable plants that are destined to the production of frozen fruit
pulp or essences. By using this biomass to produce electrical
power, the community expenses with diesel imports are reduced
while the sustainability of the production scheme is strengthened.
Finally, this region that is famous by its biodiversity is also rich in
oleaginous species of plants, making biofuel production an option
to be taken into consideration.
With the goal to speed up the implementation of projects that
answer the needs of remote communities, the Ministry of Mines
and Energy published, in February 2009, the Manual of Special
Projects of the Program “Light for All”, which establishes the
technical and ﬁnancial criteria to the services that use the
generation of energy from renewable sources. For instance, in
the case of a project contemplating a hybrid system combining
renewable sources with a diesel generating unit, there must be
submitted a study showing a speciﬁc adapted consumption of less
than 0.3 l/kW h [45].
Despite the abundance of the renewable sources considered in
the projects and the good context for the takeoff of these technologies in the region (isolated communities, high costs of diesel), it
was veriﬁed the high cost of the generated kW h compared to the
average rate charged in the conventional on grid supply, when
available. A reason for this may be the high cost of the imported
equipment, as PV solar panels and wind turbines were imported in
all cases from outside Brazil. A few of the electronic devices like
inverters and charge regulators, or even the batteries or the diesel
engines were manufactured in the country. The development of low
cost technology speciﬁcally oriented for these projects, and the use
of national equipment could mitigate this situation.
Following, it is presented a brief description of the most
signiﬁcant rural electriﬁcation projects using renewable sources in
the considered region. These projects are related to the ﬁrst stages
of the “Light for All” Program (2003 to 2011) so enough evaluation
time has passed to gather valuable experience and conclusions.
Previous signiﬁcative projects as well as pilot plants and experimental systems developed by universities were also considered. A
complementary list of 29 projects developed in this region until
2008 was published by IICA—Inter American Institute for Agricultural Cooperation [46].
5.1. Biomass (direct burning and gasiﬁcation)
Biomass burning at Ilha de Marajó: This project is composed of
a steam engine boiler, which burns biomass residues from a saw
and an isolated mini-grid. The operation and maintenance of the
whole system (generation, transformation and distribution) are
being accomplished by a community cooperative. From the total
available 200 kW of the biomass plant, 150 kW is intended for the
productive demand: 90 kW for an ice factory that will serve the
local ﬁshery and 60 kW for a vegetable oil mill that beneﬁts local
species from the surrounding forest. The remaining capacity is
distributed between 30 kW of parasites charges, and a collective
demand composed of 15 kW of a school and a community center,
and still a 5 kW residential demand from 11 households. The total
investment in equipment, freight, construction and facilities was
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Fig. 7. Hydro-kinetic turbine at Maracá River. .
Source: [34] (2007)

USD 382,350.00. The lifetime of the main equipment generation,
consisting of the boiler, steam turbine and the electric power
generator, is estimated in 25 years. Thus, the average operating
and maintenance cost reaches about 0.06 USD per produced kW h.
Before the project, the community spent 300 l of diesel per week
using a generator, at an operating cost of 0.26 USD per kW h.
Biomass gasiﬁcation at Timbó: Between 2002 and 2005, the
project supplied power to 90 households in an isolated community
through a 20 kW biomass gasiﬁcator, achieving a 80% reduction in
the diesel consumption of the community [47]. The proposal was to
develop and build a system with national technology, with easy
operation and low maintenance needs, and to be fed with locally
available biomass waste.
Biomass gasiﬁcation at São Francisco do Paroá: This project
includes the demonstration of a gasiﬁcation system that uses the
core of açaí (an amazonic fruit) on a commercial scale, the
implementation of a 12 km mini-grid, the increase in the incomes
through the processing of products (fruit pulp) associated with the
production of electricity; capacity building programs for the
community regarding the management of their local resources
as well as their production and electrical facilities.
The energy system has an output of 80 kW, distributed as
follows: 15 kW of demand production (processing of açaí pulp);
5 kW collective demand (school, church, community center, water
supply) and 40 kW of residential demand. A similar project was
carried out at Cooperativa Energética e Agro-Extrativista Rainha do
Açaí (Ceara).
The use of biomass combustor modules (furnace þgasiﬁer)
coupled with a small Stirling engine for electricity generation in
isolated communities has also been studied for the Amazon region
[48]. Such a system for generating electricity on a small scale
(9 kW) was proposed: the “Amazon motor”. The tests revealed
problems with ash depositions that limited the power output,
though the technical and economical performance of commercial
Stirling biomass motors (3 kW output at an equipment cost of
32,000 USD) were not achieved [49]. In general, the Stirling engine
is about twice as expensive compared to a diesel engine of the
same power, but the operating costs are much lower as it uses
local biomass waste.
5.2. Biofuels and vegetable oils
The cost of transporting diesel fuel to isolated Amazon communities doubles its selling price compared to large centers. The
production cost of palm oil stands at less than half the price of
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diesel. The low implementation cost of this biofuel, compared to
other renewable alternatives, can offset the cost of maintenance of
the engines, which can be reduced with the use of a convenient oil
cleaning system.
For biodiesel production, there are two technological routes:
transesteriﬁcation and cracking. Both are relatively complex to be
used small-scale in rural communities in the Amazon Region.
A recent innovation that could be interesting for this region is
Palmdiesel. Developed by Agropalma jointly with the Federal
University of Rio de Janeiro, this biofuel uses 95% of the fat oils
(low value oils) produced in the palm oil reﬁne process. In parallel
with big-scale production, this biofuel has also been experimented
for direct feeding of small diesel generators in rural isolated
locations [50,51].
Biofuel production for electricity generation at Planaltina de
Goiás: a small-scale biofuel factory was installed, with a production capacity of 500 l of fuel in 10 h, what could handle the power
demand of a 5000 people community. The pilot plant had a cost of
USD 16,660 (cracking unit) plus USD 11,360 (oil extraction unit)
[46].
Biofuel production for electricity generation at São Francisco de
Mainá: the system is composed of one transesteriﬁcation reactor
with a production capacity of 1.000 l/day of biodiesel, using a
mixture of palm oil plus ethanol available in the local market. The
resulting biofuel powers a 55 kW generator that was previously
operating in the location using diesel. The demand is composed of
10 kW productive (frozen ﬁsh, soap, handicraft, ecotourism); 6 kW
collective and 35 kW residential (34 households).
Biodiesel production for electricity generation in Maués: since
2006, 47 families are beneﬁted with this project that uses babaçu
palm trees and other species for biofuel production or burning of
the raw oil. The electricity generated is used for the processing of
local plants, destined to the cosmetics industry.
Regarding the burning of straight vegetable oil, there are three
main technologies to be considered: conversion kits, AMS-Elsbett
engines, and engines with pre combustion chamber. Conversion
kits are already been manufactured in Brazil.
In the Amazon Region there are several native plants with
valuable oil for the food, cosmetics, or pharmaceutical industry. The
general view of the projects developed is that the best part of the
vegetable oil, with good quality and high value, should be marketed
and the rest, with lower quality and little economic signiﬁcance,
must be used as a fuel, increasing thereby the sustainability of the
production scheme. The residues of the extraction process can also
be used for burning in a boiler and produce steam to move a turbogenerator, or then gasiﬁed to feed an internal combustion engine.
Straight vegetable oil burning at Vila Soledade, Moju: This
project was called PROVEGAM—“Implementation and test of a
demonstrative unit for vegetable oil energy use“. It was conducted
by the University of São Paulo together with CENBIO—Brazilian
Reference Center on Biomass, and funded by the Financier of
Studies and Projects (FINEP). The project aimed to expand the
supply of electricity in isolated communities, using a conventional
diesel generator set of 115 kV A, adapted to work with straight oil
palm and capable to operate under hard tropical environmental
conditions. It was intended to determine the necessary modiﬁcations in both the oil and the engine, thus allowing reproducible
results in isolated communities in the Amazon region.
Straight vegetable oil burning at Igarapé – Açu community,
Moju: this project was called Provenat – Program for power generation from vegetable oils from the Amazon through the adaptation of existing diesel engines. This project used the expertise level
achieved by the previous Provegam project. From 2004 to 2007,
500 ha of palm trees was distributed to 50 selected families,
responsible of supplying the existing power generator engine with
“in natura” oil and thus allowing the substitution of the diesel
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Fig. 8. Hydro-kinetic turbine at Maracá River, in operation.
Source: [34] (2007)

the year, expanding the reservoir's ﬂooded area. Run-of-the-river
hydroelectricity is a type of hydroelectric generation whereby little
or no water storage is provided. In this region, this is the most
suitable technology for rural electriﬁcation. Francis, Indalma and
hydro-kinetic turbines were used for the projects deployed.
Microhydro at Cachoeira de Aruã (Aruã Falls at Arapiuns River):
the system is composed of a microhydro power plant of 50 kW,
using a Francis turbine, and by a distribution mini-grid of approximately 2 km, which supplies electricity for 50 households and for
some productive uses: a furniture factory, a fruit pulp freezer and a
water pumping system. The monthly fee charged to users, 0.09
USD per kW h, covers the operating and maintenance costs.
Microhydro at Jatoarana: delivers 55 kW of Power, using an
Indalma turbine, and is responsible for the supply to 36 households, scattered over 8 km.
Microhydro at Novo Plano: delivers 76 kW of Power supplying
40 households.
Hydro-kinetic turbine at Maracá River: this project was conducted from 2003 to 2006. The objective was to generate electricity for a small community in an extractive reserve, in order to
allow the beneﬁtting of local forest resources (nuts), in addition
with a solar dryer. The power generated by the 1 kW hydro-kinetic
turbine was used for the productive demand (600 W), the collective demand (200 W) and one household (200 W) [46]. The results
showed the highest cost per kW h produced among all the
different projects, which is mainly explained because this experimental turbine is the only equipment that is not produced in a
commercial scale. Figs. 7 and 8 show the deployment of the
turbine through a crane.
5.4. Coastal hybrid systems with wind turbines

Fig. 9. Life-time cycle savings as a function of the PV-array size, for three different
costs of the PV system [57].

imported by the community. The system is composed of a 115 kV A
conventional diesel engine, adapted with a conversion kit, powering 90 households, a school and two churches [52].
Straight vegetable oil burning at Roque Community, Juruá River:
since 1998 a 115 kW multifuel generator (diesel and vegetable oil) is
operating. The demand to be supplied is 30 kW from the vegetable
oil factory together with the ice and açai pulp factories, added to a
collective demand of 4 kW regarding a school, church and public
illumination, and a residential load of 5 kW (60 households). Due to
maintenance problems, mainly regarding the wear of the noozles in
the fuel injection system, the use of vegetable oil was abandoned in
favor of diesel.
Straight vegetable oil burning at Ouro Preto River Reserve in
Guajará-Mirim: Babaçu oil is another promising biofuel, extracted
from the native babaçu palm tree. Since 2006 this raw oil has been
used for electricity generation in a reserve that produces soap,
ﬂour, paper, and coal from this plant. The generator powers a
freezer, a pulp extractor, a mill and several households.
5.3. Microhydro
Despite the large water availability in the Amazon Region, low
slope and subdued topography altogether with a low per capita
demand have inhibited the deployment of small and microhydro
power plants. The level of the rivers, also, varies widely through

Hybrid system at Iha de Lençois (Lençois Island): hybrid system
with three different sources of energy: solar, with 162 photovoltaic
modules; wind, with three air generators; a diesel motor generator
and 120 batteries that store energy for an average period of 10 h
without local and wind generation. The total power installed is
40 kW, projected to supply 89 households. However, the current
demand is only 9 kW, in the form of households and public
illumination. This village is located in the coast, where the wind
conditions are far more propitious than in the interior of the
Amazon basin.
Hybrid system at Ilha de Tamaruteua (Tamaruteua Island): in
this coastal community, located next to the Atlantic Ocean and
therefore with better wind conditions than the interior, technicians
coming from the Federal University of Pará decided to use a hybrid
system with three different sources of energy (diesel, wind, and
solar), composed of a diesel generator of 40 kV A, a photovoltaic
system of 3.8 kWp, two wind turbines of 7.5 kW each and a battery
bank of 6 VCC/350 A h. The total power of the system is 51 kW. The
operation of the system is not automatic. The project, started in
1999, also proposed a distinctive feature: it created a pre-payment
system to market the energy using a card with a chip. This card,
sold at USD 6.80, allows the consumption of 30 kW h.
Hybrid system at São Tomé: this community is composed of a
population of 226 distributed in 40 households, spread in an area
of 25 ha. The economy is based in extractivism (ﬁsh, crabs) and
familiar agriculture. Fish industry, tourism, and ﬂour mills could be
interesting uses for electricity as they could increase the local
economy. The wind–solar–diesel system entered in operation in
2003 composed of a 10 kW wind turbine, 3.2 kWp of PV solar
panels, a 20 kV A diesel generator and 40 batteries totalizing 12
VCC/150 A h.
Hybrid system at Joanes: the population is 1338 and the local
economy is based in cattle, agriculture, ﬁsh and tourism. The wind–
solar system entered in operation in 1997 supplying electricity to 170
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factory, a ﬁsh storage facility, a water desalination plant (reverse
osmosis) and to public illumination and several households as
well. The arrival of electricity has allowed the creation of a public
internet center with 10 computers. 5 wind turbines with 7.5 kW
each, 7.53 kWp of PV solar panels, and 2 diesel generators with
29 kW (36 kV A) each. The storage system is composed of 60
batteries of 6 VCC/460 A h. The project costs were calculated by an
Economic Simulator of Energy Hybrids Systems (SESHE) based in
the Hybrid2 economical model for hybrid systems developed by
the University of Massachusetts [53] but particularized to the
Brazilian market. The results were a cost of 0.67 USD per generated
kW h and a return on investment of 15 years [54].
5.5. Inland hybrid systems (solar–diesel)

Fig. 10. Solar photovoltaic panel together with a wood shelter for the batteries at a
house in São Francisco de Aiucá community. .
Source: [22] (2014)

Table 1
Cost of rural renewable energy projects developed in the Amazon Region by the
“Light for All“ Program (2003–2013) [26].
Technology/
project

Characteristics

Biomass/Marajó
200 kW
Hydro kynetic/
1 kW
Maracá
Microhydro/ Aruã 50 kW

PV/Aiucá
Hybrid/
Tamaruteua

4.6 kWp
total: 51 kW
15 kW (wind)
3.84 kWp (solar)
45 kV A (diesel)

Capital
Operational
costs (USD) cost (USD/
kW h)

Total
cost
(USD/
kW h)

382,350
18,068

0.06
0.98

0.13
2.02

119,303
(hydro
plant)
31,713
(minigrid)
46,000
53,613

0.05

0.18

0.54
0.10

1.18
0.63

Photovoltaic-diesel system at Vila Campinas: one of the ﬁrst
attempts of solar-diesel hybrid systems was made in 1996, when
two existing diesel generators of 60 kV A (48 kW) each was
complemented with a bank of 120 batteries and a 51.2 kWp PV
solar plant. This hybrid system was able to supply power to 140
households [55].
In 2001 an interesting project was carried out in Araras, in the
State of Roraima. The area where Araras is located had several isolated
mini-grids operating, powered by small thermal power plants, and an
irradiance above 1 kW/m2. Thus, a 21 kWp of solar PV was installed to
support the local power supply operated by diesel, without any kind
of energy storage. Thin-ﬁlm solar cells were selected for being more
appropriate to work in high temperatures. The project was considered
to be very replicable in other areas of the inland Amazon Region, and
was later relocated to Buritis, another location in the State of Roraima,
where a Cellstrom Vanadium‐Redox Flow battery, capable of storage
100 kW h, was installed to support the system. This accumulator
proved to be appropriate for this system, because of its long life, low
maintenance requirements, resistance to deep discharges, and lack of
contaminants [56].
For these diesel powered, isolated mini-grids located in the
inland Amazon Region, the introduction of PV generation can
produce important savings. Fig. 9 shows the calculated savings
over the entire life-time of the PV array, depending on three
different costs for the PV cells and the ﬁnal size of the system.
5.6. Photovoltaics

households. It is composed of 4 wind turbines totalizing 40 kW and
10.2 kWp of PV panels. The storage system is composed of a bank of
200 batteries of 2 Vcc and 1000 A h. Joanes is not an isolated system:
it can both operate in an off-grid mode (if the wind and solar
conditions are good) or connected to a wider electrical grid composed of several municipalities and served by a small thermoelectric.
The operation of the system is not automatic, so the switching from
off-grid to on-grid mode must be done manually.
Hybrid system at Praia Grande: this disperse community is
composed of a population of 120 distributed in 22 households,
spread in an area of 114 ha. In addition to extractivism and familiar
agriculture, the extraction of coconut ﬁbre is another economic
activity that was beneﬁtted by the arrival of electricity. Wind
conditions are good as the village is located in the coast. The
wind–diesel system started the operation in 1998 supplying
power to a school, water pumping station, public illumination, a
community center and several households. The generation is
composed of one wind turbine with 10 kW and 2 diesel groups
of 7.5 kV A each. The storage system is composed of 20 batteries
totalizing 12 VCC/150 A h. Again, the operation of the system is not
automatic, so when the users detect a drop in the electric power
the diesel engines are started.
Hybrid system at Vila de Sucuriju: the wind-solar-diesel system
started the operation in 2008 supplying 120 kW of power to an ice

“Projeto Equinócio” (Equinox Project) at Ouro Preto River Reserve:
for 20 years this project has brought access to electricity to a small
isolated community that earns its living due to the extractivism of
forestry products (latex, copaiba oil, Pará nuts). In 1996 a ﬁrst stage of
the project was deployed, with the supply of PV panels to a
community health center and one household. In 2000 the project
was expanded and brought access to electricity to 12 households
(illumination and radio), 4 community televisions, 1 freezer and
4 schools. Each of the 12 households was equipped with a 200 Wp PV
system that supplied 13 kW h per month. No productive scheme that
could demand electrical power was considered. After the ﬁrst 9 years,
it was shown that the access to electricity had little impact in the
lives of the residents. The monthly savings for each household due to
the substitution of kerosene lamps and batteries for radios and
ﬂashlights were calculated in 4.54 USD. The project failed in mitigate
the rural exodus of the community: 4 families left the forest for the
city. Access to TV also increased the level of dissatisfaction of the
residents with their living conditions. The conclusion of this project
was that the small economic savings and the increase in comfort that
the electricity brought were not enough to reverse the rural exodus
of the community. In addition, considerations were made regarding
the convenience of develop production schemes that beneﬁt local
products within rural electriﬁcation projects [58].
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Photovoltaic system at São Francisco de Aiucá: 23 households
were supplied using individual PV systems connected within a
microgrid [59]. The monthly availability of each residential PV
system is 13 kW h. The cost charged for each household is 7.00
USD per month in concept of maintenance and battery change, in
addition of an initial 70.00 USD per home connection. The average
monthly income of each family is about 136.26 USD, so the
expense with electrical supply is a signiﬁcant 5% of the incomes.
These rural consumers would pay 1.11 USD for 13 kW h if served
by the local utility through an on grid connection, which is 6 times
less than the actual PV system fee. This low price is due to the
Government subsidies and the special pricing policy for poor rural
consumers. So the main conclusion when analyzing the Aiucá PV
project is that the ﬁnal price charged to the consumer would drop
6 times if the local utility assumed this project, which was
ﬁnanced by the Government and is currently administrated by
the local community [34]. This also explains why the local
electrical utilities are not interested in the supply of these low
income and isolated communities: the tariff that the regulation
obligates to apply to this type of consumers does not cover the
costs of their electriﬁcation. When considering the investment
costs of such projects, PV or hybrid may easily overcome the cost
of on grid connection and may be more convenient. But when
taken into account the commercial proﬁtability of the system,
either isolated or on grid, the tariff that should be applied would
result in expenses about 6 times higher than the incomes.
The situation for this community is contradictory: without a
public initiative like the “Light for All” Program they would not
have had access to electricity but later, as the community bears the
operating and maintenance cost of the system, they pay a higher
cost per kW h than the equally poor but less isolated communities
that are supplied by an electrical utility. Fig. 10 shows one of the
households beneﬁtted in this project.

high capital cost of renewables, their low operational costs make
them a more valuable option than diesel, which is then relegated to
an emergency solution.
Regarding the off grid diesel generation in the region's isolated
communities, it was veriﬁed a fuel consumption of the engines
between 350 g/kW h and 500 g/kW h. This efﬁciency means a cost
between 0.47 USD and 0.68 USD per kW h produced, using a cost
of 1.36 USD per liter of diesel. In the most isolated areas, diesel
prices can reach 2.45 USD per liter, which leads to a cost between
0.86 USD and 1.24 USD per kW h produced [34].
Table 1 shows the cost per produced kW h of ﬁve different
renewable energy technologies from within the “Light for All”
projects. It can be observed that, with the exception of the
experimental hydrokynetic technology, in many cases not only
the operational but the total costs are lower than in the just diesel
generation option.
Moreover, Table 2 shows the typical ranges of costs worldwide
for some renewable energy technologies for rural electriﬁcation.
Comparing these ranges of costs with the ones reached by the most
signiﬁcant projects, it is noted that regarding biomass and microhydro power plants the region is within the global average cost.
LCOE (Levelised Cost of Energy) is the price at which electricity
must be generated from a speciﬁc source to be proﬁtable during
the lifetime of the project. Grid parity (or socket parity) occurs
when a renewable energy source can generate electricity at a LCOE
that is less than or equal to the price of purchasing power from the
electricity grid. Considering the LCOE already achieved worldwide
by off-grid hydro and biomass technologies, as shown in Table 2,
the grid parity with these two technologies could be achieved in
the Amazon Region for new projects, as the cost charged by local
utilities is 0.088 USD per kW h purchased from the electricity grid
[61]. This cost is under its real value, as it includes the Government
CCC subsidies for low income rural consumers.

6. Range of cost achieved for renewable energy projects in the
region

7. Conclusions

The rural electriﬁcation programs deployed in the region
reached higher costs per connection with isolated microgrids (off
grid connections) than with the expansion of the existing grid (on
grid connections).
Between 1999 and 2003, each new on grid connection had an
average cost of 1121 USD per each new consumer although in the
most difﬁcult cases reached 4000 USD. Between 2003 and 2010,
the calculated cost of each new on-grid connection within the
“Light for All” Program has been around 3636 USD. The electriﬁcation of the most isolated communities using microgrids had higher
values, with capital cost of 8509 USD for each connection [34].
Thus the capital cost per user connected to an isolated microgrid
doubles that of an on grid connection. Although when considering
very isolated communities where on grid connection is out of
question, the use of local renewable sources proved to be several
times a more economic solution than burning diesel. Despite the

In the Amazon Region, rural electriﬁcation programs have
prioritized the expansion of the existing grid, even at a high cost
per each new connection. Still, despite this high average cost, offgrid connections using microgrids have shown to be far more costly.
When the costs of transmission lines are too high because of
distance, dispersion and maintenance issues, the use of distributed
generation is the only possible solution. Local generation also
avoids energy looses due to electrical power distribution, mainly
consisting in resistive losses in the conductor. For those cases
where on-grid connection is out of question, the Brazilian Government uses microgrids supplied by a small generation unit. Diesel
generation has been the only option considered until recent years,
when some projects trying to use local renewable resources have
arisen. After an average of 10 years of evaluation period, many
projects revealed to be sustainable when coupled with productive
schemes and dramatically improved the quality of living in the
communities. The costs of these projects were, however, too high,

Table 2
Status of renewable technologies for rural energy: characteristics and costs (2010-2013) [3, 60].
Technology

Typical characteristics

Capital costs (USD/kW)

Typical energy costs LCOE (USD/kW h)

Biomass gasiﬁer
Hydropower: Off-grid/rural

2,050–5,500
1,175–3,500

0.08–0.12
0.05–0.40

Solar home system
Household wind turbine

Size: 20–5000 kW
Plant capacity: 0.1–1,000 kW
Plant type: run-of-river, hydrokinetic, diurnal storage
System size: 20–100 W
Turbine size: 0,1–5 kW

0.40–0.60
0.15–0.35

Village-scale mini-grid

System size: 10–1,000 kW

10,000/kW (1 kW turbine);
5,000/kW (5 kW);
-

0.25–1.00
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especially regarding the capital cost (initial investments). The
experimental characteristics of some projects and the use of
imported equipments are pointed out at the main reasons for
these overruns. Large-scale manufacturing, subsidies for renewable generation, and the technical improving of the systems could
lower these costs to be competitive with diesel generation.
In isolated communities, the use of a mixed solar and wind
system with the occasionally support of a diesel generator, instead
of using just a generator, increases the reliability and reduces the
operational costs of the system. The solution based in 100% diesel
generation is both economically and environmentally costly. The
fuel must be transported by road or boats though long distances,
often reaching exorbitant prices. And, last but not least, contributes to the dependence of the local community in an external
supply. Globally, the use of solar and wind energy for isolated
communities, instead of on-grid connection, also contributes to
reduce the dependence that Brazil has in hydroelectricity and gas
power stations, the two sources in which the nation's grid relies.
The use of biomass and biofuels has a great potential in this
region. In several of the projects analyzed, the generation of electrical
power using biomass waste has succeeded in adding value to the
local production scheme, based in agriculture and forestry. Regarding
the use of straight vegetable oils, some technical problems related to
the use of modiﬁed diesel engines have to be solved, before their use
becomes widespread.
For rural, impoverished communities that have access to the
electrical grid, the CCC subsidy guarantees an affordable price for
electricity. This subsidy is paid by the Government and means a
huge expenditure of public money and makes thermal generation
in the region more competitive than it really is. This has been a
disadvantage for the renewable energy take off in the region,
especially in isolated communities where off-grid is the only valid
option. Although since a few years ago the electrical energy
produced from renewable sources has the same subsidies than
thermal, which has made diesel generation to start losing its
primacy. Even with the CCC subsidy, in some locations the renewable energy options (especially hydro and biomass) have already
reached grid parity, and have less total cost per kW h than the
energy purchased from the grid. However, the communities
located in these areas rarely can bare the capital cost of a small
hydro or a biomass furnace-engine unit. In many of the projects
analyzed, an external governmental organization has bared the
cost of the equipment and given technical support, leaving later
the operating and maintenance cost to the community. This
scheme has proved to be sustainable for some projects involving
hydro, biomass and, to a lesser extent, hybrid systems.
The most signiﬁcant renewable energy projects for isolated
communities deployed in the region were evaluated. These projects proved the convenience of substituting, totally or partially,
the use of diesel generation. More important, they show that
electrical generation from local renewable sources can arise as a
truly way of empowering disadvantaged communities, giving
them energy independence in parallel with the beneﬁts of the
access to electricity.
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Reliable mathematical models for the prediction of the future electric demand are essential
for energy planning, that is, the development of long-range policies for local, national or
regional energy systems. The first priority of energy planning is the continuous supply to an
increasing demand of energy that reflects the outcomes of population growth and economic
development. This research presents a novel computational model based on artificial neural
networks (ANN) that aims an accurate prediction of the electric demand for a period
ranging from the next month to the next 5 years. The prediction of the load (i.e., demand of
electricity) is performed based on three inputs: (I) the historical record of energy
consumption; (II) a variable representing the economic activity, such as the Gross Domestic
Product or the Economic Activity Index; and (III) average temperature.
This model was tested in the Northeast of Brazil. With the objective to contribute to the
energy planning of this region, an energy model based on the three variables described
above was developed. A self-learning algorithm based on ANNs was implemented,
performing predictions for the period 2017-2020. The main result is illustrated in the next
figure:

Electric demand in the Northeast region of Brazil: 2000-2016 and beyond (2017-2020).

The neural network model was capable to forecast the load with a mean average percentage
error of 1.82%. The results of this study indicate that, given the current economic
predictions, the energy demand of the region will grow at very modest rates, close to a
situation of stagnation. The energy security of the region may be stressed by factors
affecting generation (i.e. eventual droughts) but not by an increase in the energy
consumption as was during the past decade of impressive economic growth. A “calmed”
scenario for energy demand implies an opportunity to develop a more convenient long-term
energy planning, away from short-term planning based on the rush of an increasing
demand. Such scenario allows fostering wind and solar energy while at the same time
strengthening transmission lines and ancillary electrical infrastructure, essential to export
the energy generated by those renewable sources to the rest of the country.
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Wind power in the NE (Northeast) region of Brazil is currently undergoing rapid development and
installed capacity is expected to exceed 16,000 MW by 2020. This study examines the feasibility of
integrating large scale wind power into an electricity grid (the Brazilian NE subsystem) which has a high
proportion of existing hydroelectricity. By extrapolating existing wind power generation data, the
maximum achievable wind power penetration (without exports to other Brazilian regions) and corresponding surplus energy is determined for the NE subsystem. The viable maximum penetration of wind
energy generation in the NE subsystem was estimated to be 65% of the average annual electricity demand
assuming that existing hydroelectric and gas generators have 100% scheduling ﬂexibility. These results
are compared to the actual gross penetration of wind power forecast to reach 55% in the NE subsystem by
2020. The overall LCOE (levelised cost of electricity) is calculated for various scenarios where wind power
replaces all fossil fuel generators in NE subsystem. It was concluded that by 2020, wind power could
feasibly reduce the overall LCOE by approximately 46e52% and reduce CO2eq emissions by 34 million
tonnes per year compared to a power system with no new renewable generation.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The proportion of renewable energy (such as wind and solar
power) is likely to play an increasing role in energy production in
the coming decades. Wind power at good locations in Brazil is
already more competitive than coal-ﬁred power generation [1]. The
penetration of wind power will grow signiﬁcantly in the Northeast
 and Rio
region of Brazil, and particularly in the state of Bahia, Ceara
Grande do Norte during the coming decades. According to the Wind
Atlas of Bahia the state's total wind power potential at a height of
80 m above ground is estimated to be 39,000 MW [2] which would
be more than sufﬁcient to supply the total electricity demand of the
Brazilian Northeast region. However, as solar and wind power
technologies are both variable technologies (that is, the amount of
energy production cannot be regulated to match demand) the main
difﬁculty is not with the amount of wind and solar resources
available, but rather the smooth integration of these power sources
into the electricity grid. The solution to integrate the intermittent

generation from these power sources is likely to involve the
development of various techniques including smart grids, weather
forecasting, controlling hydroelectric plants on a sub-hourly basis
to enable gap ﬁlling, interstate balancing and energy storage
systems.
Wind power penetration, in terms of meeting electricity demand, is greater than 20% in a number regions and countries in the
world including South Australia, Denmark, Portugal, Nicaragua and
Spain where wind power met 40%, 39.1%, 27%, 21% and 20.4% of
electricity demand in 2014, respectively [3,4]. Therefore, wind power has the capability to provide a large proportion of supply,
however, more research needs to be conducted on the practical
challenges of large scale integration and storage for wind and solar
power. This paper examines the advantages and challengers of
integrating wind energy into electricity grids with high proportions
of hydroelectricity and uses the Northeast region of Brazil as a case
study.
1.1. Objectives

* Corresponding author. Tel.: þ55 071 3283 9800.
E-mail address: pieterj@ufba.br (P. de Jong).
http://dx.doi.org/10.1016/j.energy.2015.12.026
0360-5442/© 2015 Elsevier Ltd. All rights reserved.

The main objective of this study is to evaluate the technical,
economic and environmental advantages and disadvantages of
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integrating variable renewable energy technologies, such as wind
power, into the Brazilian Northeast electricity grid and still reliably
meet electricity demand. The theoretical maximum feasible pene, Rio Grande do
tration of wind energy in the states of Bahia, Ceara
Norte and the entire Northeast subsystem will be estimated
assuming that wind power will be combined with existing hydroelectric and gas plants and that curtailed energy should be kept to a
minimum. Additionally, the percentage of electricity spilled for
different penetrations of wind power in Brazil's Northeast subsystem will be calculated. Spilled or surplus energy is deﬁned as the
curtailed energy (such as excess wind or solar energy) that cannot
be used to balance demand.1 A small percentage of curtailed energy
is tolerable for variable renewable sources and allows for higher
penetrations. For example, when wind energy with surplus generation still proves to be cheaper than an alternative fossil fuel
energy source. However, very large proportions of spilled renewable energy effectively mean that renewable generators are operating at a lower capacity factor which has the consequence of a loss
in revenue.
The technical, economic and environmental ramiﬁcations of the
total wind energy penetration projected for each state in the Brazilian Northeast subsystem by 2020 will also be examined. Finally
the LCOE (levelised cost of electricity) for the Northeast subsystem
generation matrix is compared under various conditions, including
scenarios where wind power replaces all fossil fuel generators.
The impact that large scale solar and wind energy have on the
frequency and voltage stability and quality of a power system, for
example during fault conditions, are discussed in detail by Shaﬁullah et al. [5], Hossain et al. [6] and Vilchez et al. [7] and are
beyond the scope of this study.
1.2. Justiﬁcation
This study differs from many previous studies because it examines the integration of large scale wind power into a power
system with a high proportion of existing hydroelectric generation.
As wind power deployment in the Brazilian Northeast is predicted
to increase substantially in the coming years, the power system will
need to be adapted accordingly in order to optimally balance the
different generation technologies available. Therefore, this study is
very important in a regional context, as it will help power system
planners assess the impact of large scale wind penetration and
identify where and how the power system needs to be upgraded.
The electricity supply matrix for Brazil in terms of installed capacity consists of 62% hydroelectricity and about 5.6% imported
energy which is mostly hydroelectricity from Paraguay [8]. However hydroelectric potential near populated and industrialized
areas is almost entirely saturated in most regions of the country.
There are proposals for new large hydroelectric reservoirs in the
remote Amazon and Cerrado river basins, but such developments
will have high environmental, investment and transmission line
costs [9] and cause signiﬁcant greenhouse gas emissions from
decaying rainforest ﬂooded by the reservoirs [10].
The NE (Northeast) region of Brazil receives only a fraction of the
annual total national rainfall [11,12] and the NE's hydroelectric
reservoirs, which are located in the S~
ao Francisco basin (one of the
driest regions in the country), are already over exploited. As a result

1
In actual fact, there are always small amounts of spilled energy in a large
electricity grid. These may be due to transmission line congestion, power system
faults or load and weather forecasting uncertainty which result in differences between the actual load and hourly generator scheduling. For this reason the generation matrix has a speciﬁed spinning reserve to account for these small
imbalances. However, these amounts of spilled energy are beyond the scope of this
study.

Table 1
Electricity generation sources supplying Brazil's NE subsystem from 2011 to 2014.
“Imported” electricity consists mostly of hydro from Brazil's Southeast and North
subsystems. Source ONS [13].

Hydroeletric
Wind
Thermal
Imported

2011

2012

2013

2014

70.6%
1.8%
8.0%
19.6%

67.5%
3.0%
14.1%
15.4%

41.9%
3.6%
28.8%
25.7%

39.1%
6.4%
40.1%
14.4%

of a drought which began in 2012 in the NE of Brazil, in 2013 hydroelectricity only contributed 41.9% of the total electricity demand
in the NE subsystem (as shown in Table 1). The shortfall was supplemented by thermal power generation and imported electricity
from other Brazilian regions contributing 28.8% and 25.7%,
respectively, while wind energy contributed only 3.6% [13]. This is a
marked difference to the situation in 2011 where hydroelectric
generation contributed more than 70% of the total electricity demand in the NE [13]. Nevertheless, even in a drought year, the large
proportion of hydroelectricity in the grid allows for substantial
system balancing ﬂexibility. The operational ﬂexibility of a power
system is its technical ability to quickly modulate electricity generation supplying the grid and outﬂows on the demand-side to
effectively achieve a power balance within a speciﬁc grid area [14].
Climate change mitigation will increase the demand for emissions free electricity generation such as the use of more hydropower [15]. However another affect of climate change is that the
hydroelectric potential in the S~
ao Francisco basin will be reduced
due to more frequent and intense climate induced droughts [16,17].
Therefore energy storage provided by hydro reservoirs will be ideal
for integrating intermittent wind power resources which can
replace the lost hydroelectric energy [15]. Signiﬁcant increases in
wind power penetration would enable more water to be stored in
~o
the S~
ao Francisco basin. In November 2014 water levels in the Sa
Francisco basin fell to their lowest levels in 13 years with only 13%
of the total capacity remaining in terms of stored energy [13].
In 2014 6.4% of the Brazilian Northeast's electricity was generated from wind power, however, as a result of the continuing
drought, more than 40% of the NE's electricity was generated from
thermal power sources [13]. Furthermore, approximately 6000 MW
of new thermal power plants are planned for construction or
already under construction [8]. According to de Jong et al. [12],
there is a huge potential to substantially increase the penetration of
wind and solar power in the NE region because average wind
speeds and solar radiation levels are the highest in the country. This
would offset the need for unsustainable fossil fuel power generation and imported electricity from other regions of Brazil. Currently
only 15 MW of PV (photovoltaic) is connected to the national grid
[8], however, as a result of the national energy auctions, an additional 2180 MW of PV capacity have been contracted for construction [8,18]. A total of 5740 MW of wind power capacity was
ﬁnally contracted in the NE during the 2013 and 2014 energy
auctions [18]. Together with those wind farms already planned for
installation, if all newly contracted wind farms programmed for
installation by 2019 are commissioned by 2020,2 this will see the
total installed capacity of wind power in the NE region grow to

2
In the past, the completion of a number of wind farms (and other power
generation projects) in Brazil has been delayed, in some cases several months
behind schedule. Therefore, in this study it is assumed that the commissioning of
wind farms and their respective transmission lines could be delayed up to 12
months, Hence, it is assumed that all wind farms currently contracted to commence
operation in 2015e2019, will be generating power for the NE subsystem by 2020.
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more than 16,400 MW, which is more than 5 times the 2014
installed capacity [8,18].
2. Background
2.1. Variable renewable energy integration
Mai et al. [19] and Elliston et al. [20] show that generation
conﬁgurations where variable renewable energy (including wind
and solar PV) supply up to 50% and 70%, respectively, of electricity
demand are technically feasible. Additionally Elliston et al. [21]
argue that conventional base-load power stations are unnecessary and instead demand can be reliably supplied by a power
system with large penetrations of variable renewable sources with
large geographical diversity and a large capacity of peak-load
generators such as hydroelectric and gas plants. Likewise Mason
et al. [22,23] demonstrated that 100% of New Zealand's electricity
generation can viably be supplied by renewable energy sources,
even considering the driest year on record. The proposed generation mixes included installed capacities of up to 60% hydroelectricity, 14% geothermal and 25% wind power where wind power
was capable of replacing an equivalent amount of fossil fuel capacity. Purvins et al. [24] found that large scale integration of wind
farms in Latvia (where a large penetration of hydroelectric plants
already exists) would result in a reduced probability of power
deﬁcits in winter, but would also increase power surplus in the
spring. Scorah et al. [15], Eichman et al. [25], Pete et al. [26],
Nikolakakis & Fthenakis [27] and GE Energy [28] demonstrated that
in electricity networks which have low percentages of hydroelectricity and high percentages of inﬂexible coal power generation, it is
still possible to include 25e35% of variable renewable energy with
limited curtailment. However, in general these studies also
concluded that as the percentage of variable renewable penetration
increases, so do the costs of integrating these resources into the
grid due to the requirements of transmission system upgrades, and
operational reforms (such as the implementation of accurate
weather forecasting, sub-hourly scheduling and increased
balancing area cooperation).
However the detailed study by GE Energy [28] found that with
35% variable renewable penetration across the Western Electricity
Coordinating Council region of the USA, network operating costs
would drop by $20 billion per year from approximately $50 billion
per year, resulting in a 40% reduction due to offset fuel costs and
emissions reductions (given the fuel prices and carbon tax assumed
for the study of $2/MBTU coal, $9.50/MBTU gas and $30/ton CO2).
Additionally Eichman et al. [25] and GE Energy [28] calculated that
variable renewable penetrations of 34e35% would reduce CO2
emissions by up to 45%.
Compared to dispatchable sources of electricity generation,
wind power is less valuable to system operators because of its
uncontrollable nature [29]. System operators often treat variable
renewable electricity generation such as wind power, as negative
load and therefore the concept of net load is used by various studies
[19, 26, 27, 28 30]. The net load is deﬁned as the electricity load net
wind power, or electricity load minus variable generation. The
ﬂexible proportion of a generation matrix can be scheduled to
follow the net load rather than follow the load.
Due to operational ramp rate constraints of coal and nuclear
base-load generation, the optimal mix of generation technologies
combined with high penetrations of wind energy occurs when
base-load generation is replaced with mid and peak load generation technologies [31]. Denholm & Margolis [30] found that
surplus PV generation becomes increasingly large above PV
penetrations of 10e20% in the Texas electricity power system due
to the inﬂexible nature of base-load generation and because
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PV output is only available during a relatively narrow daily
envelope.
In comparison to the coal dominated electricity grids in the USA,
the percentage of inﬂexible coal and nuclear power base-load
generation in Brazil is very low (approximately 4%). Therefore, it
is predicted that greater penetration of wind power could be achieved in Brazil because the majority of electricity (almost 80%) is
generated from ﬂexible hydroelectricity [8,13]. Nevertheless, by the
end of the decade, hydroelectricity may only contribute 40% of the
Brazilian NE region's electricity supply, due to increased demand,
climate change and the effects of droughts. It will be shown that
55% of electricity demand could be supplied by wind power (a
variable renewable energy source) instead of relying on fossil fuels.
The remaining 5% could quite feasibly be generated from biomass.
The technical and economic feasibility of this unique generation
matrix is investigated in this study.
2.2. Variable renewable energy integration in Brazil
While there are several international studies that examine the
integration of large scale variable renewable energy, there are very
few studies that focus on the Brazilian region. Borba et al. [32]
propose utilising demand-side management to store excess wind
energy generated in the Northeast of Brazil by implementing a ﬂeet
of 1.6 million plug-in hybrid electric vehicles. However this proposal would be quite costly compared to storing excess energy in
Brazil's existing hydroelectric infrastructure which has a large
amount of daily storage and dispatch ﬂexibility and to some degree,
seasonal storage ﬂexibility as well [33].
rdos et al. [34] contend that measures including transmission
Ga
system upgrades, sub-hourly scheduling and accurate weather
forecasting are needed to minimise curtailment and the impact of
rdos et al. [34] found that
wind power variability. Additionally, Ga
the operation of sugar cane biomass generators in Brazil have a
seasonal complementarity with the hydroelectric reservoirs
because the sugar cane harvest season (AprileOctober) happens to
correspond to the dry season during which the hydroelectric water
reservoir levels decrease. A similar seasonal complementarity exists between conventional hydroelectric availability and variable
renewable resources (solar and wind power) in the Brazilian
Northeast region [12].
According to the Wind Power Atlas of Bahia, there are a number
of areas in the interior of the state with annual average wind speeds
of 8e10 m/s and additionally, the Weibull shape factor, k, exceeds 3
in vast regions of the state and in some areas even exceeds 4 [2].
These high k values for the Weibull probability distributions of
wind speeds in the interior of Bahia indicate the predominance of
very consistent wind speeds around the mean wind speed. This
means that in addition to having high average wind speeds, the
frequency of extreme low and high wind speeds, which fall outside
the operational range of typical wind turbines, is very rare.
Therefore these regions in Bahia are ideal for wind power generation with excellent annual capacity factors.
The downside of the wind regime in the interior of Bahia is that
higher average wind speeds occur late at night and therefore the
majority of wind power potential occurs between 20:00 h and
08:00 h, as can be seen in Fig. 1.
2.3. LCOE (levelised cost of electricity) in Brazil
A study Pereira Jr et al. [35] examines the average generation
cost and penetration of various renewable (and non-renewable)
energy sources in the Brazilian electricity matrix, however, more
recently the LCOE of wind energy has dropped signiﬁcantly. The
^mara de Comercializaça
~o de Energia Ele
trica)/Brazilian
CCEE (Ca
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Fig. 1. Wind Power Potential in Bahia (LHS: daytime; RHS: night-time). Source: Schubert [2].

Chamber of Electricity Trading [18] electricity auction sale prices
provide a good indication of the cost of electricity from different
sources of energy and roughly equate to the LCOE plus a proﬁt
margin. However, neither the auction prices, nor the study by
Pereira Jr et al. [35] incorporate the additional costs of extended
transmission lines and environmental externalities. The international report by the NEA (Nuclear Energy Agency) IEA (International Energy Agency) and OECD (Organisation for Economic
Cooperation and Development) [36] has LCOE data comparing
traditional generation technologies in Brazil, but the analysis does
not include the LCOE for wind power in Brazil or externalities.
Research by de Jong et al. [1] speciﬁcally focusses on the LCOE of
various generation technologies in Brazil and the majority of the
case studies used in the analysis are located in the Northeast region.
The study also estimates the aggregate LCOE with the component
costs of environmental & social externalities, as well as extended
transmission line externalities for each generation technology.
Speciﬁcally, the social (health damage) costs of particulate, SO2 and
NOx pollution and environmental damage costs of life-cycle
greenhouse gas (CO2eq) emissions from fossil fuel, hydroelectric
and other renewable power plants are calculated per MWh of
electricity produced. (The cost of greenhouse gas damage adopted
in the study was $25e30/tCO2eq) [1]. Similarly the losses and costs
of extended transmission systems (those with lengths in excess of
2000 km used to connect new hydroelectric plants to the grid) are
also calculated and included as a component of the LCOE. As can be
seen in Fig. 2, the LCOE varies signiﬁcantly depending on the type of
generation technologies. In this paper, the LCOE results shown in
Fig. 2 (both with and without social and environmental

externalities) will be used to estimate the annual cost of electricity
in the Northeast subsystem.
3. Method and materials
3.1. Wind power penetration and simulation of spilled energy
Previously published research [37] which estimated the
maximum penetration of wind power in Bahia is expanded to also
 and Rio Grande do Norte.
include the Brazilian NE states of Ceara
Fig. 3 shows the NE region and the locations of the 16 wind farms
considered in the study. In Fig. 3, it can be observed that most of the
wind farms are spread over a large geographical area with those
located in central Bahia are over 1000 km from the coastal wind
.
farms in Ceara
Hydroelectric and gas turbines are typical examples of ﬂexible
load-following plants which can rapidly ramp up (or down) supply
to balance demand [38]. Brazil's NE matrix (not including wind
power) predominantly consists of ﬂexible hydroelectric and agile
gas (and oil) turbines. However, hydroelectric dams serve multiple
functions including irrigation, ﬂood control, ﬁsh habitat and recreation that can constrain their use for purely system balancing
~o Francisco River
[26]. Similarly, due to ecological reasons, the Sa
has minimum ﬂow rates and this can limit the minimum hydroelectric generation to non-zero. Nevertheless it is assumed that the
NE power system's spinning reserve margin is larger than the
minimum hydroelectric generation necessary to maintain the
~o Francisco River. Furthermore, these
minimum ﬂow rates of the Sa
ecological constraints generally occur on different time scales to
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Fig. 2. Levelised Cost of Electricity (in US$) with extended transmission line costs and environmental externality costs for various case studies supplying electricity to the Northeast
region of Brazil. Source: de Jong et al. [1]. (Note: The LCOE from wind energy is low due to the excellent capacity factors for wind farms in the NE region. Additionally, the
transmission system costs for new hydroelectric plants are quite substantial due to the remote locations of these plants).

those required for wind hydro integration [39]. Currently there is
approximately 12,000 MW of hydroelectric capacity operating in
~o Francisco River)
the NE region (including 10,000 MW along the Sa
[8]. It is anticipated that even during drought periods, this enormous amount of hydroelectric capacity, given its inherent ﬂexibility
to modulate output, can be utilised to balance the day to day hourly
variations in net load (as a result of stochastic wind power varia,
tions). While there are 2 inﬂexible coal power stations in Ceara
they make up less than 5% of the total installed generation capacity
in the NE subsystem and in the future these could be displaced by
cheaper and cleaner wind farms. Therefore, in this study it is
assumed that the NE generation matrix has 100% ﬂexibility and can

 (CE), Rio Grande do
Fig. 3. Northeast region of Brazil, Northeast subsystem, Ceara
Norte (RN), Bahia (BA) and location of wind farms used in the study. (Note: Maranh~ao
is not included in the Brazilian Northeast subsystem).

be scheduled to follow variations in the net load curve (deﬁned as
the hourly electricity load minus wind power).
Transmission line losses and congestion issues as a result of
wind power are not considered in this study. However, transmission lines will need to be expanded and upgraded to accommodate the expected increase of wind power penetration in the NE
matrix. This issue is addressed by Porrua et al. [40], G
ardos et al.
[34] and Fleury et al., [41].
The average summer and winter 24 h diurnal (daily cycle) load
curves for the Brazilian NE subsystem were taken from Operador
trico [42] data. Fig. 4 shows the NE diurnal
Nacional do Sistema Ele
load curve for both summer and winter and it can be observed that
the average winter load is approximately 10% less than the summer
load. By combining this 24 h load curve data with average monthly
load data (see Fig. 8) [13] diurnal load curves were derived for each
month of the year. The curves were normalised to the average
summer maximum load and used to represent the hourly electricity demand of the states of Bahia, Cear
a and Rio Grande do
Norte.
Average hourly, daily and monthly wind power data from the
trico)/Brazilian National
ONS (Operador Nacional do Sistema Ele
Electricity System Operator [43,44] for grid connected wind farms
in Bahia, Cear
a and Rio Grande do Norte was examined. Additionally detailed hourly wind power generation data (MWaverage) for
each hour of 2013 for 6 wind farms in Bahia (including 3 wind farms
 and 6 wind
located in Brotas de Macaúbas), 4 wind farms in Ceara
farms Rio Grande do Norte was obtained courtesy of the ONS and
Brennand Energia. All these data values were examined for
anomalies and any outliers or missing measurements were
replaced with the mean hourly value of the month in question. The
hourly wind generation data for each of these states was aggregated and normalised to the total installed capacity of each state,
thus yielding the hourly capacity factor for each state. Then the
weighted average of the hourly wind power capacity factor from
 and Rio Grande do Norte was calculated considering
Bahia, Ceara
the proportions of each state's total average wind power production forecast for 2020 (see Table 3).
The September diurnal (average hourly) wind power capacity
factor curves for Bahia, Cear
a, Rio Grande do Norte and the curve for
their weighted average are shown in Fig. 5. The month of
September was chosen because the wind energy capacity factor in
Brazil's NE region is typically highest in the month of September
[45].
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Fig. 4. Average hourly load curve proﬁle for the NE region of Brazil for a typical summer and winter day. Source: ONS [42]. It should be noted that the average hourly load curves do
not take into account reduced peak loads on Sundays and public holidays.

It can be observed that the diurnal (average hourly) wind power
generation proﬁle in Bahia drops to its lowest level during the midafternoon hours of the day and therefore does not match well with
the NE load curve. On the other hand, the diurnal wind power
 and Rio Grande do Norte,
proﬁle of the coastal wind farms of Ceara
which peaks between 16:00 and 19:00 h, correlates very well with
the NE load curve.
By analysing the hourly diurnal and monthly wind power ca and Rio Grande do Norte during all
pacity factor data in Bahia, Ceara
of 2013, the viable maximum wind energy penetration is calculated
for each of these states. This was done by iteratively increasing the
percentage of wind energy penetration until the lowest point in the
diurnal net load curve (for the month of September) is reduced to
zero. In the same manner, the impact of increasing wind power
penetration in the NE's electricity grid can also be estimated. It can
be observed from Table 3, that by 2020, the large majority (more
than 80%) of the installed wind power capacity in the Northeast
 and Rio Grande do
subsystem will still be located in Bahia, Ceara
Norte [8,18]. Therefore, the weighted average data of these three
states' hourly wind power capacity factor was utilised to represent
wind power production in the entire NE subsystem. This enabled
the simulation of wind power penetrations of 45%, 55%, 65%, 75%,
85% and 100% in the NE subsystem. For each of these penetrations,
the net load curve (that is, hourly load minus hourly wind power)
and spilled wind energy are calculated for each hour of the day for

Table 2
LHS: 2013 monthly and annual wind power capacity factors in the Brazilian NE
subsystem. RHS: Simulation of spilled wind energy (as a percentage of monthly and
annual wind energy) for various wind energy penetrations in the NE subsystem.
Capacity factors Percentage of spilled wind energy with annual
wind energy penetrations of:

January
February
March
April
May
June
July
August
September
October
November
December
Annual

36.8%
41.7%
35.3%
24.3%
29.2%
35.4%
39.3%
50.9%
54.5%
52.6%
48.0%
33.4%
40.1%

45%

55%

65%

75%

85%

100%

0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.05%
0.21%
0.32%
0.00%
0.00%
0.06%

0.02%
0.12%
0.01%
0.00%
0.00%
0.04%
0.05%
1.35%
2.58%
2.46%
0.23%
0.03%
0.75%

0.55%
1.51%
0.48%
0.00%
0.00%
0.35%
0.92%
6.06%
8.73%
7.24%
2.36%
0.32%
2.99%

2.71%
5.71%
2.18%
0.08%
0.14%
1.92%
3.36%
12.96%
16.41%
13.96%
7.14%
1.21%
6.84%

8.57%
14.62%
7.11%
1.01%
1.82%
7.06%
9.55%
23.89%
26.92%
24.29%
17.40%
5.68%
14.26%

an entire year. The nominal wind power capacity for different wind
penetrations was calculated from the NE average annual (Av) load
and capacity factor as follows:
Nominal Wind Capacity ¼ Penetration  Av Load / Av Capacity Factor
Then the hourly net load for each hour of the year was calculated
as follows:
Hourly Net Load ¼ Hourly Load e Hourly Capacity factor  Nominal
Wind Capacity
Therefore:
Hourly Net Load ¼ Hourly Load e Hourly Capacity
factor  Penetration  Av Load / Av Capacity Factor
Energy was deﬁned as spilled or surplus if the hourly net load
was less than zero. Therefore the total spilled energy is the sum of
the net load for each hour where it was less than zero and the
average spilled energy as a percentage of the load and as a percentage of wind energy can be calculated as follows:
% Spilled Energy ¼ {Shour (Net loadhour), if Net loadhour < 0}  100 /
(no. of hours  Av Load)
Therefore:
Spilled Wind Energy as a percentage of total wind energy ¼ %
Spilled Energy / Penetration
The viable maximum wind energy penetration before signiﬁcant curtailment occurs can then be estimated for the NE subsystem. Curtailment was considered insigniﬁcant if the annual surplus
wind energy was less than 1%. Wind energy may still be viable with
larger amounts of surplus energy, however the cost increases
proportionally to the curtailed amount. Similar to the method used
by Denholm & Margolis [30], surplus wind energy for the NE
subsystem is plotted against increasing amounts of wind power
penetration.
3.2. Installed wind power by 2020 and levelised cost of electricity in
the NE of Brazil
^ncia Nacional da Energia
By using data sourced from ANEEL (Age
trica)/Brazilian National Electricity Agency [8] and CCEE [18], the
Ele
total installed wind power capacity by 2020 for each state in the NE
of Brazil is estimated. Based on these predictions the average wind
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Table 3
Operational wind power capacity in the Brazilian NE subsystem by 2020 (Sources: ANEEL [8]; ONS [42]; ONS [13] and CCEE [18]) and corresponding gross wind power
penetration.
Wind power capacity by state

Bahia
Cear
a
Rio G. d. Norte
Alagoas
Paraíba
Pernambuco
Piauí
Sergipe
NE total

Annual average wind penetration by state

Installed & operational
(MW)

Under construction
(MW)

Planned for
construction
(MW)

Total by 2020
(MW)

Assumed
capacity
factor

Ave. Wind
power
(MW)

2020 Ave.
Demand
(MW)

Ave. Wind
penetration
by 2020

959
1233
2243
0
69
107
264
35
4909

1014
241
598
0
0
272
360
0
2485

2770
1550
2822
0
90
538
1238
0
9008

4744
3024
5663
0
159
917
1862
35
16,403

45%
40%
35%

2119
1207
2005
0
47
431
950
11
6770

4236
1751
1008
831
823
2332
640
627
12,248

50.0%
68.9%
198.9%
0.0%
5.7%
18.5%
148.6%
1.7%
55.3%

30%
47%
51%
30%

Fig. 5. Average hourly wind power capacity factors in Bahia, Ceara and Rio Grande do Norte for September 2013. Source: ONS and Brennand Energia (2013).

power generated by each state is then calculated using measured
and predicted capacity factor data. The ONS and Brennand Energia
wind power data was used to calculate the capacity factors for
 and Rio Grande do Norte. For the other states in the NE
Bahia, Ceara
subsystem, where generation data was not readily available, the
capacity factors were calculated from ANEEL [8] and CCEE [18]
projections of the average wind power for each wind farm, which
is stated in the power purchase agreements. It is worth noting that
the projected capacity factor for a number of older wind farms
(particularly in Rio Grande do Norte) has been overestimated in
power purchase agreements in the past. The predicted electricity
demand for each state by 2020 was calculated from the ONS [42]
and ONS [13] data sources by extrapolating the annual growth in
demand from 2005 to 2014 of 4.1%. Finally the expected gross wind
power penetration for each state in the NE by 2020 was calculated
by dividing the average wind power generation by the respective
electricity demand. The results are summarised in Table 3.
The average LCOE in the Northeast subsystem and the overall
cost to generate electricity in 2013 is calculated for each generation
technology that contributes to the NE generation matrix considering the current generation matrix and a 100% renewable generation matrix in 2020. LCOE data including and excluding social and
environmental externalities (see Fig. 2) is taken from de Jong et al.
[1]. Social externalities are estimated health damage costs from
pollution and environmental externalities are greenhouse gas
damage costs. The LCOE (with and without externalities) of diesel/
oil power stations is assumed to be the same as that of coal ﬁre
power stations. Electricity generation data is taken from the ONS
[13]. Similar to the approach taken by Elliston et al. [20,46], the
electricity generation cost of the current system is compared to a
system where wind power replaces all thermal power (fossil fuel

and biomass) generators and imported thermal electricity from
other Brazilian regions. Based on ANEEL [8] data for the installed
capacity of thermal power generators in the NE subsystem, it is
assumed that electricity generation from thermal power is generated from 40% gas, 40% diesel/oil/coal, and 20% biomass resources.
Imported electricity is assumed to be generated by 80% hydroelectricity, 19% thermal power and 1% nuclear power and is subject to
transmission line costs and losses.
4. Results
 and Rio
4.1. Maximum wind power penetration in Bahia, Ceara
Grande do Norte
Given that during the winter months of the year the Brazilian
NE's electricity demand is less and wind production is greatest
(particularly during the month of September), it is during this
month that there would be an upper limit for wind power penetration without storage. Fig. 6 shows the normalised NE load curve
 and Rio Grande do Norte.
and the net load curve for Bahia, Ceara
In the state of Bahia the maximum annual wind energy penetration limit was estimated to be 47% for electricity generated from
wind power before signiﬁcant curtailment occurs. Considering the
average net load curve (hourly electricity load minus average
hourly wind power) for a 24 h day in September there would be
zero curtailed energy. However, given the stochastic nature of wind
intermittency, if the aggregate wind power in Bahia diverges above
its average diurnal curve between 1:00 h and 7:00 h it is likely that
some curtailment would be necessary.
 and Rio Grande do Norte higher penetraIn the states of Ceara
tion limits for wind energy are expected, because the diurnal wind
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 and Bahia in September 2013.
Fig. 6. Brazilian NE average hourly load curve and net load curves (load minus wind) for Rio Grande do Norte, Ceara

power proﬁle in the coastal regions of these states correlates very
well with the NE region load curve. It was calculated that the
maximum annual wind energy penetration was 52% and 63% for
 and Rio Grande do Norte, respectively. That is, with these
Ceara
annual wind penetrations, the lowest point in the net load curve
just drops to 0 during September (the month wind energy production is at its highest). Due to the stochastic nature of wind
intermittency, it is likely that some small curtailment of wind energy would occur, particularly in the months of September and
 and 5pm for Rio Grande do Norte.
October around 1am for Ceara
However, it should be noted that there would only be surplus wind
energy during these hours when the aggregate wind power diverges above its average generation.
When such over production of wind power eventuates, it could
be readily exported to other states given there is already substantial
transmission infrastructure between states. However, with very
large amounts of excess wind power production, the NE region's
transmission system would need to be reinforced to allow for the
increase in exported and imported energy between states.
4.2. Maximum wind power penetration in Brazil's NE region overall
Studies by Sinden [47] and Hoicka & Rowlands [48] found that
increasing the number of renewable energy sources such as wind
and solar power across various geographical locations signiﬁcantly smoothed out power generation and produced less variability. This ﬁnding is supported by ONS [43,44] data which
shows that no two wind farms operating in different municipalities in the Brazilian NE region recorded the same maximum
hour of wind generation. As wind power capacity increases across
different locations in the NE region, it is expected that the variability and extreme instances of highs and lows of wind generation will be further reduced.
 and Rio Grande do Norte will
By 2020 the states of Bahia, Ceara
have installed wind power capacities of 4744 MW, 3024 MW and
5663 MW, respectively, and together these states will comprise
more than 80% of the total wind power capacity in the Brazilian NE
subsystem [8,18]. Combining the average hourly wind power generation from these 3 states results in a complementarity and the
maximum wind penetration for the entire NE subsystem can be
roughly estimated. Therefore (based on each state's average wind
power output projected for 2020) the weighted average of the
hourly wind power capacity factor data was calculated as per the
proﬁles shown in Fig. 5. Thus, an approximation of the hourly wind
capacity factors for the entire NE subsystem was obtained and used
to estimate the net load curve for different penetrations of wind
power in the NE region.

The NE load curve, diurnal average wind capacity factor curve
and the diurnal average hourly net load curve results for the month
of September are shown in Fig. 7.
With 31% wind penetration all wind farms in the NE could
operate at any hour of the day up to their combined installed capacity (or at a capacity factor of 100%) and no electricity would be
curtailed. Assuming, that the dispatchable generators (which
include hydroelectric and gas power plants) in the NE power system are 100% ﬂexible, then the viable maximum wind energy
penetration for the NE region is estimated to be 65%. This would
result in less than 1% of curtailed energy. If the ﬂexibility of the
dispatchable generators is constrained to less than 100% due to
operational ramp rate limits, then wind power penetration without
curtailment would be reduced proportionally. For example, if the
overall ﬂexibility of the NE power system's hydroelectric and gas
plants is reduced to 85%, then wind power penetration would be
limited to 55%.
These high percentages of wind penetration without storage or
signiﬁcant amounts of curtailed energy are a unique result when
compared to previous studies which investigate the wind and/or PV
penetration of other regions. The reason for this is that the diurnal
(average hourly) wind power capacity factor curve for the Brazilian
NE region closely correlates with the NE hourly load curve (see
Fig. 7). In fact, it is estimated that the viable maximum wind energy
penetration speciﬁcally for the month of September is 87% which
further emphasises this strong correlation. Therefore, the main
reason that wind energy penetration is limited to only 65% annually
is because the average monthly wind energy output in the NE region for a typical calendar year does not have a very strong correlation to the annual load curve.
This can be observed in Fig. 8, which shows the 2014 monthly
wind energy capacity factors for the NE subsystem compared to
~o Francisco
the average stored hydroelectricity available in the Sa
basin and NE subsystem average monthly load. Nevertheless,
Fig. 8 also demonstrates that there is a strong seasonal complementarity between hydroelectric availability and wind power
production. That is, average wind power generation is high during
the months when stored hydroelectric energy declines to its
lowest level. Therefore large scale wind power will help to save
~o Francisco basin, particularly during periods of
water in the Sa
water scarcity at the end of the dry season, and improve energy
and water security.
There is also a seasonal complementarity between NE wind
power and hydroelectric storage in the neighbouring North and
Southeast regions of Brazil, however, wind farms in the South region do not have a seasonal complementarity with hydroelectric
storage in the South region.
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Fig. 7. Brazil's NE load, diurnal average wind capacity factor curve and net load curves (load minus diurnal average wind power with annual wind penetrations of 55% and 65%) for
September 2013. (Note: As the net load curves are greater than 10% from 10:00e16:00 h, even with wind energy penetrations of 55e65% a small percentage of solar PV could also be
integrated in the NE subsystem without causing signiﬁcant curtailment).

Fig. 8. Brazilian NE average monthly load curve [13], average monthly hydroelectric storage [13] and monthly wind energy capacity factors [45]. (Note: Monthly capacity factor data
considers all wind farms connected to the NE subsystem grid in 2014 and that were operated in conjunction with the ONS).

4.3. Spilled wind energy for high penetrations of wind power in the
NE region of Brazil
By using the detailed wind generation data provided by Brennand Energia and the ONS, the capacity factors and spilled wind
energy were simulated for each hour of the day for an entire year.
The percentage of spilled wind energy was calculated for wind
energy penetrations of 45e100% and the monthly and annual results are shown in Table 2.
It is estimated that with a wind energy penetration of 45% of the
Northeast subsystem annual load, there would be zero spilled energy. With a wind penetration of 55%, spilled energy would still be
negligible (0.06% annually as a percentage of the total generated
wind energy).
Considering the theoretical viable maximum wind energy
penetration limit of 65% estimated for the Northeast subsystem in
Section 4.2, there would be 0.75% of spilled wind energy annually
and 2.58% and 2.46% of spilled wind energy speciﬁcally during the
months of September and October, respectively. As expected the
spilled wind energy during the other months of the year was even
less.
Above a wind energy penetration of 65%, increasing amounts of
energy would need to be curtailed unless this surplus energy can be
exported to other Brazilian subsystems. With gross wind energy

penetrations of 75% and 85% in the Northeast subsystem, it is
estimated there would be 2.99% and 6.84%, respectively, of spilled
wind energy annually and 8.73% and 16.41%, respectively, of spilled
wind energy speciﬁcally during the month of September.
If the excess wind energy cannot be exported or stored, then the
net penetration of wind energy contributing to the grid (for high
wind penetrations) is reduced by the curtailed or spilled amount.
That is, the net wind energy penetration is the gross penetration
less the spilled energy (as a percentage of the total load). This can
be visualized in Fig. 9. For example, if the gross wind energy
penetration reaches 65%, there would be 0.75% of surplus wind
energy which equates to only 0.5% of surplus energy as a percentage of the total load. Therefore, the net wind penetration would
be 64.5%. Likewise, if wind energy generates electricity equivalent
to 100% of the NE load, 14.3% would be rejected and therefore while
the gross wind penetration is 100%, the net wind penetration would
only be 85.7%.
The net LCOE of wind energy increases inversely to the amount
of generated wind energy less the curtailed amount. Considering
the LCOE data shown in Fig. 2, if 33% of wind energy is curtailed
from the Brotas de Macaúbas wind farms, then the net LCOE from
these wind farms would increase by approximately 50% to $62/
MWh (excluding externalities). This cost is comparable to the LCOE
from the Parnaíba gas power plant (excluding externalities).
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Therefore, wind energy only becomes more expensive than gas
power if less than 67% of generated wind energy is ﬁnally utilised.
There are a number of ways that signiﬁcant amounts of surplus
wind energy could be utilised avoiding curtailment and loss of
revenue. To a degree, excess wind energy from the NE subsystem
could be exported to other Brazilian subsystems, because all 4
subsystems in the national power systems are interlinked.
Currently the transmission limits for electricity exports from the NE
subsystem to the Southeast and North regions are 4000 MW and
4400 MW, respectively [49] and transmission lines interconnecting
the NE subsystem with these other Brazilian subsystems are being
upgraded to allow for increases in exported energy. Nevertheless, if
large amounts of excess wind energy need to be exported to the far
ends of other Brazilian regions then signiﬁcant transmission line
losses would be incurred.
Surplus energy from wind farms could also be stored in pumped
hydro reservoirs. However, to date, none of the hydroelectric plants
installed in the NE region have been adapted to operate as pumped
hydro plants. Hydrogen storage is another technology which could
beneﬁt the integration of variable renewables, however, it is
expensive and the round-trip efﬁciency is currently less than 50%
[38]. Alternatively, demand-side management could utilise surplus
wind energy during low demand periods, as well as reduce demand
during peak demand periods. For example, Batas Bjelic et al. [50]
found that load ﬂexibility via demand side response, using
controllable electric sanitary hot water systems, could lower excess
electricity production. (Given that the majority of residential hot
water in Brazil is produced from electricity, this type of scheme
could prove very effective, particularly where solar hot water installations are not possible). The economic viability of each of these
methods is dependent on many factors including the amount of
surplus wind energy involved. The lifetime cost of utilising this
surplus energy via these 3 methods needs to be compared to the
cost of curtailing the wind energy and will be the subject of future
research.
The monthly and annual wind power capacity factors are also
shown in Table 2. The annual wind power capacity factor used in
the simulation of Brazil's NE subsystem of 40.1% was calculated
from the 2013 Brennand Energia and the ONS actual generation
data. Furthermore, it was calculated that the overall hourly capacity
factor only drops below 10% for less than 3% of the time (considering all the 8760 h in the entire year) and drops below 20% for
approximately 11% of the time. Nevertheless, even during these

hours of low wind power output, it is expected that the variations
in the net load can be balanced by the large amount of hydroelectric
capacity operating in the NE region.
Additionally from this generation data, the annual wind power
 and Rio
capacity factors in 2013 for the states of Bahia, Ceara
Grande do Norte were calculated to be 44.7%, 39.9% and 35.4%,
respectively. The ﬁgure for Rio Grande do Norte is less than the ONS
[43,44] provisional capacity factor ﬁgure of 38%. This discrepancy is
expected because, for some of the older wind farms in Rio Grande
do Norte from which generation data was obtained, the provisional
capacity factors in the power purchase agreements were overestimated. Nevertheless, in 2014, the 6 case study wind farms in
Bahia (which were built more recently) operated with an average
capacity factor of 49% and the average capacity factor for all the NE
subsystem wind farms was 41% [45]. In comparison, the average
capacity factor of wind farms in Brazil's southernmost state of Rio
Grande do Sul was only 32.8% for the same 12 month period [45].
Furthermore, the projected capacity factors for newly contracted
wind farms in the NE region are approximately 46e47% and for
wind farms contracted in Piauí the ﬁgure is above 50% [18]. This
indicates a trend that wind farm capacity factors are gradually
increasing due to advances in wind turbine and blade technologies
and because wind turbines are being installed at ever increasing
altitudes [4]. The annual capacity factors of onshore wind farms in
the Brazilian NE region are comparable to those in New Zealand
[22] and are typically higher than in other regions of the world,
even when compared to offshore wind farms in the Netherlands
which, in 2012e2013, had an average capacity factor of 39% [51].
However, as the best locations for onshore wind farms in the Brazilian NE become saturated, capacity factors of newly proposed
onshore wind farms in the region will in due course reach an upper
limit.
The large majority of installed wind power capacity in Latin
America is located in the Brazilian NE region and Brazil now ranks
in the top 10 countries in terms of total installed capacity [3].
Remarkably, in 2013 wind power was even omitted from one of
Brazil's national energy auctions because it was cheaper than
almost all other generation sources [52]. Due to the excellent wind
energy capacity factors present in various locations in the NE region, Brazil has some of the cheapest wind power in the world. At
the Brazilian energy auctions held in November 2014 and August
2015 wind power in Bahia, Cear
a, Piauí and Rio Grande do Norte
was contracted for less than $53/MWh for a period of 20 years [18].
4.4. Gross wind power penetration forecast for the Brazilian NE
subsystem

Fig. 9. Gross and net wind power penetrations for increasing amounts of spilled wind
energy in Brazil's NE.

Putting the above results in terms of real numbers, it is estimated that the annual average electricity load in Bahia will grow to
approximately 4236 MW by 2020. If all the planned wind farms in
Bahia are commissioned on schedule by 2020, then the total
installed capacity of wind power in the state will have grown to
4744 MW. Therefore, using the capacity factor (already calculated in
Section 4.3) of 44.7%, it is expected that wind power will generate
approximately 50% of the state's annual average electricity demand.
The total wind power capacity planned for installation by 2020
in Cear
a and Rio Grande do Norte signiﬁcantly exceeds the
maximum penetration limits considering each state's individual
average electricity demand. Surplus wind energy from Rio Grande
do Norte is already supplying other states because the maximum
wind power penetration limit of 63% calculated for that state has
already been exceeded. The average electricity demand in Rio
Grande do Norte is projected to grow to 1008 MW [13,42], whereas
average wind power in the state is expected to reach 2005 MW by
2020 (from a planned 5663 MW of wind power capacity). This
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Fig. 10. Wind energy penetration in the NE subsystem and installed wind power capacity for 5 different states in the NE region.

corresponds to a growth in gross wind power penetration (which is
currently 100%) to almost 200% and therefore, by 2020, at least 50%
of the state's wind power will be exported to other states in order to
avoid curtailment.
Table 3 shows the wind power capacity currently installed,
under construction, planned for construction and the total capacity
expected to be operational by 2020 for each state in the Brazilian
NE subsystem (that is, for each state in the NE region (excluding
Maranh~
ao)).3 Additionally, considering the 2020 scenario for each
state, the average electricity demand, the annual average wind
energy generated and the wind power gross penetration have been
estimated.
It is estimated that the average electricity demand for the entire
NE subsystem will reach 12,250 MW by 2020 [13]. Considering all
the wind farms in the entire NE subsystem already contracted for
operation by 2020, installed wind power capacity will grow to at
least 16,400 MW and it is estimated that annual average wind
power generation will grow to more than 6700 MW. Therefore
wind power could generate approximately 55% of the NE subsystem's annual electricity demand by 2020, provided that all wind
energy generated is actually utilised to supply the NE's electricity
load and not curtailed.
In Fig. 10 the expected growth in wind power capacity from
2020 is projected until 2030 for 5 states within the NE region. Given
that before 2010 there was a negligible amount of installed wind
power capacity in the NE, it is assumed that the installed wind
power in the NE subsystem by 2030, will roughly double the 2020
capacity. Additionally, in Fig. 10, the gross wind energy penetration
in the NE subsystem is projected until 2030. Growth in demand was
assumed to be 4% from 2020 to 2030. It should be noted that increases in electricity demand during the next decade are difﬁcult to
accurately forecast because they are susceptible to economic
growth, population growth, energy efﬁciency gains and electricity
prices.
Therefore, beyond 2020 there is a large amount of uncertainty in
the expected annual growth in demand, as well as the growth in
wind farm deployment. Nevertheless, a total installed capacity of
32 GW of wind power in the NE is quite feasible by 2030. This
would see the gross wind energy penetration in the NE subsystem
grow to approximately 67% by 2025 and 70e75% by 2030.
Extrapolating the wind power capacity expected to be installed in

3
Maranh~
ao is excluded from the analysis because the ONS does not include this
state in the Brazilian Northeast subsystem.

each state by 2020, it was assumed that in 2025 and 2030 the states
 and Rio Grande do Norte would still account for
of Bahia, Ceara
more than 80% of the NE subsystem's total wind power capacity.
4.5. LCOE (levelised cost of electricity) in the Brazilian NE subsystem
The LCOE in the Brazilian Northeast subsystem was ﬁrst calculated considering the 2014 electricity demand. The year 2014 was
speciﬁcally chosen as a baseline because the proportion of hydroelectricity generation was substantially below average due to
drought, however in future years this baseline is increasingly likely
to become the norm. The LCOE was then calculated for four other
scenarios considering the NE subsystem's electricity demand predicted for 2020 (which will reach an average of 12250 MW). For all
scenarios the LCOE is calculated including and excluding social and
environmental externalities. “Imports” denotes electricity imported
from other Brazilian regions such as the Southeast/Central-west
and North subsystems. The cost due to extensive transmission
line and their respective losses is only considered for electricity
imported from other Brazilian regions.
In the baseline scenario shown in Table 4, the LCOE was calculated according to the actual demand and generation proportions
for 2014. It can be observed that approximately 43% of the Brazilian
NE's electricity demand was generated from thermal power sources
(including 40% generated locally within the NE and approximately
3% imported thermal power generation from other Brazilian
regions).
In the ﬁrst 2020 scenario shown in Table 5, the LCOE was
calculated considering no new wind power (or other renewable
energy) development and the same severe drought conditions as in
2014. That is, wind power, hydroelectricity and imported generation
were the same amounts as in 2014 and the shortfall was made up
by extra thermal power generation. This scenario sees a signiﬁcant
increase in the proportion of thermal power compared to the 2014
baseline, because the extra load in 2020 is entirely satisﬁed by
thermal power sources. Speciﬁcally, as much as 55% of NE's electricity demand would be supplied by thermal power (including 53%
generated locally and approximately 2% imported thermal power
generation).
In the second 2020 scenario shown in Table 6 the LCOE was
calculated for a generation matrix in which wind power replaces all
fossil fuel generators supplying the same 2020 NE subsystem load.
Speciﬁcally, wind power generation was limited to 55% as per the
penetration expected in 2020. However, hydroelectricity and
imported hydro generation were limited to the same amounts that
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Table 4
LCOE (in US$) for the Northeast subsystem in 2014 by electricity generation source.
Current generation matrix in the Northeast (2014 baseline)

Wind
Thermal (20% biomass, 40% gas & 40% oil/coal)
Hydroelectricity
Imports (80% hydro, 20% thermal)
Total

2014 generation by source

LCOE without externalities

LCOE with externalities

Annual emissions

GWh/yr

%

$/MWh

$/MWh

Million tCO2eq

5379
33,825
32,913
12,140
84,257

6.4%
40.1%
39.1%
14.4%
100.0%

35.07
63.05
27.31
45.38
44.76

36.24
95.68
28.33
52.46
59.35

0.06
20.14
1.09
1.70
22.99

3770.94

5000.54

Current cost of electricity in the Northeast ($ millions/year)

Table 5
LCOE for the Northeast subsystem in 2020 with no new wind power and under drought conditions.
Current generation matrix in the Northeast
(2020 with no new wind power)

2020 generation by source

LCOE without externalities

LCOE with externalities

GWh/yr

%

$/MWh

$/MWh

Million tCO2eq

Wind
Thermal (20% biomass, 40% gas & 40% oil/coal)
Hydroelectricity
Imports (80% hydro, 20% thermal)
Total

5379
56,862
32,913
12,140
107,295

5.0%
53.0%
30.7%
11.3%
100.0%

35.07
63.05
27.31
45.38
48.68

36.24
95.68
28.33
52.46
67.15

0.06
33.86
1.09
1.70
36.70

5223.36

7204.72

Cost of electricity in the Northeast ($ millions/year)

these sources generated in 2014 and the remaining demand was
satisﬁed by biomass generation.
In the third 2020 scenario shown in Table 7, the LCOE was
calculated for a generation matrix in which the maximum viable
net penetration of 64.5% of wind power supplies the same 2020 NE
subsystem load. In this scenario there is enough wind power to
replace all thermal power sources (including all fossil fuel and
biomass plants). The balance would be supplied entirely by hydroelectricity, however under the 2014 drought conditions about
4.8% of demand would need to be supplied by imported hydro.
In the fourth 2020 scenario shown in Table 8, the LCOE was
calculated for a generation matrix supplying the same 2020 NE
subsystem load assuming that hydroelectricity generation is
equivalent to the average hydroelectric production during nondrought years. The average hydroelectric production during nondrought years was calculated from the hydroelectricity generated
in the NE subsystem from 2005 to 2012 [13]. It can be observed that
approximately 48% of the 2020 load could be supplied by local
hydroelectric generation under non-drought conditions. Wind
power generation was limited to less than 55%, as per the expected
penetration for 2020, but this would be more than sufﬁcient to
avoid the need for imported electricity from other Brazilian regions.
In each of the four scenarios the total annual cost of electricity in
the NE subsystem is also calculated including and excluding social
and environmental externality costs. In the second scenario, where
all fossil fuel generators are replaced by wind power, the annual

Annual emissions

cost of generating electricity (including externalities) in the NE
subsystem is reduced from $7.2 billion (in the ﬁrst scenario) to $3.9
billion. This scenario would require an overall wind power penetration in the NE subsystem of 55% which is equivalent to the gross
wind penetration projected for 2020.
In the third scenario where all thermal electricity generation
(both local and imported) is replaced by wind power, the annual
cost of generating electricity (including externalities) in the NE
subsystem could be reduced from $7.2 billion (in the ﬁrst scenario)
to $3.6 billion or by approximately 49%. However to achieve this, a
net wind energy penetration of 64.5% would be required and such
a high wind penetration would likely incur additional transmission and operational costs to enable interstate balancing area
cooperation which would be required to minimise curtailed
energy.
In the fourth scenario where all thermal power generation is
replaced by wind power and local hydroelectricity under nondrought conditions, the annual cost of generating electricity
(including externalities) in the NE subsystem is reduced from $7.2
billion (in the ﬁrst scenario) to $3.5 billion or by approximately 52%.
This scenario has the lowest annual cost of generating electricity of
all the scenarios analysed. It should be noted that under this scenario, the entire 2020 NE subsystem load would be supplied by only
wind power and local hydroelectricity (under non-drought conditions). But for this to become a reality, approximately 95% of all
wind farms (and their respective transmission lines) currently

Table 6
LCOE for the Northeast subsystem in 2020 with wind power, regional and imported hydroelectricity (under drought conditions) and local biomass generation.
Generation matrix where wind power replaces
fossil fuel sources

2020 generation by source
GWh/yr

%

Wind
Hydroelectricity
Thermal (100% biomass)
Imports (100% hydro)
Total

59,304
32,913
5364
9712
107,295

55.3%
30.7%
5.0%
9.1%
100.0%

3687.09

3881.03

Cost of electricity in the Northeast ($ millions/year)

LCOE without externalities

LCOE with externalities

Annual emissions

$/MWh

$/MWh

Million tCO2eq

35.07
27.31
61.71
38.87
34.36

36.24
28.33
76.82
39.89
36.17

0.71
1.09
0.20
0.32
2.32
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Table 7
LCOE for the Northeast subsystem in 2020 with maximum wind power and hydroelectricity (under drought conditions).
Generation matrix where wind power replaces
all thermal sources

2020 generation by source

LCOE without externalities

LCOE with externalities

Annual emissions

GWh/yr

%

$/MWh

$/MWh

Million tCO2eq

Wind
Hydroelectricity
Imports (hydro only)
Total

69,216
32,913
5166
107,295

64.5%
30.7%
4.8%
100.0%

35.07
27.31
38.87
32.87

36.24
28.33
39.89
33.99

0.83
1.09
0.17
2.09

3526.89

3646.70

Cost of electricity in the Northeast ($ millions/year)

Table 8
LCOE for the Northeast subsystem in 2020 with wind power and hydroelectric generation under non-drought conditions.
Generation matrix where wind power
replaces thermal and imports

2020 generation by source

LCOE without externalities

LCOE with externalities

GWh/yr

%

$/MWh

$/MWh

Million tCO2eq

Wind
Hydroelectricity
Total

56,120
51,175
107,295

52.3%
47.7%
100.0%

35.07
27.31
31.37

36.24
28.33
32.47

0.67
1.69
2.36

3365.52

3483.41

Cost of electricity in the Northeast ($ millions/year)

contracted for installation in the NE subsystem by 2019, would
need to be completed and operational by 2020.
4.6. Environmental concerns and barriers to wind power
It can be observed from Table 4, that CO2eq emissions as a result
of electricity generation in the Brazilian NE subsystem totalled
approximately 23 million tonnes in 2014. In the ﬁrst 2020 scenario
with no new wind power and hydroelectricity under drought
conditions, the total CO2eq emissions would increase to approximately 37 million tonnes annually based on the NE subsystem's
expected 2020 electricity demand. Moreover, the generation mix in
this scenario would have an overall emissions factor of 342 kg of
CO2eq per MWh. Considering the second, third and fourth 2020
scenarios, shown in Tables 6e8 in which wind power replaces all
fossil fuel electricity generation, CO2eq emissions would be reduced
to less than 2.4 million tonnes per year based on the NE subsystem's
expected 2020 electricity demand. Furthermore, the overall emissions factor in the second, third and fourth scenarios would only be
approximately 19e22 kg of CO2eq per MWh. Despite these potential
environmental gains, there are environmental concerns about large
scale wind power development.
One of the greatest barriers to the development of renewable
energy technologies such as wind power is their elevated initial
cost compared to conventional sources. Additionally, traditional
forms of cost evaluation don't consider the environmental costs of
conventional energy sources [36] and often don't consider the
lifetime costs of fuel, operations and maintenance of equipment
and transmission systems of traditional generation technologies
[1]. There is also prejudice against wind power development, from
conservative lobby groups, government and the media [53]. Proposed wind farm projects in Australia, the UK and the USA are often
not approved by local municipalities because of fears from local
residents of the aesthetic impact of wind turbines on the local
landscape [54]. Residents and landowners lobby to stop construction of wind farms because of their visual impact and claim that
noise from wind farms causes health problems despite the fact that
there is no scientiﬁc evidence for this [55,56].
5. Conclusion
It is estimated that the average electricity demand for the entire
Brazilian NE subsystem will grow to 12250 MW by 2020 [13]. Until

Annual emissions

2012 hydroelectric generation typically contributed more than 70%
of the total electricity demand, however, given the limited water
resources in the region, there is no possibility to build new large
scale hydroelectric plants. On the other hand, the total average
wind power generated from wind farms in the NE subsystem is
projected to grow to more than 6700 MW by 2020. Considering all
the wind farms in the NE subsystem expected to be operational by
2020, it is estimated that wind power will generate approximately
55% of the NE's annual electricity demand by 2020. This could
reduce the need for electricity generation from fossil fuel sources in
the NE subsystem to zero, even under severe drought conditions.
It was argued that the NE subsystem could be 100% ﬂexible to
follow the net load curve given the enormous hydroelectric capacity already existing in the NE region. Thus, allowing for up to 1%
of wind energy to be curtailed or exported to other Brazilian subsystems, the viable maximum wind energy penetration in the NE
subsystem was estimated to be 65%. This high wind energy penetration is feasible in the Brazilian NE due to the excellent capacity
factors of wind farms in the region and because the average diurnal
wind power output closely correlates with the NE hourly load.
Considering the NE's expected load for 2020, the remaining 35% of
electricity generation could be satisﬁed entirely from hydroelectricity, and even under drought conditions, only 5% imported hydro
would be required from neighbouring subsystems.
In 2014 approximately 43% of the Brazilian NE's electricity demand was generated from thermal power sources. Considering the
ﬁrst 2020 scenario of drought conditions with no new wind power
where as much as 55% of NE's electricity demand is supplied by
thermal power sources, then in this worst case scenario, the NE's
total electricity generation cost (including externalities) would
reach approximately $7.2 billion by 2020. However, it is estimated
that by 2020, wind power will generate approximately 55% of the
NE subsystem's annual electricity demand. In this 2020 scenario
hydroelectricity (regional and imported) under drought conditions
would still supply 40% of demand and biomass sources could
supply the remaining 5%. Therefore, the NE subsystem demand
could be supplied by a 100% renewable generation matrix. This
could reduce the overall cost of electricity generation in the NE
subsystem by $3.3 billion (46%) and reduce CO2eq emissions by
approximately 34 million tonnes per year compared to the worst
case scenario.
Assuming that the majority of contracted wind farms are
commissioned on schedule, wind power penetration will exceed
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50% in Brazil's NE subsystem by the end of the decade. Nevertheless, for this to be realized, the region's transmission infrastructure
will need to be sufﬁciently upgraded to allow for interstate
balancing in order to avoid curtailment of excess wind energy.
Future work will include a more detailed evaluation of the overall
levelised cost of integrating a 100% renewable generation matrix in
the NE region including the cost of additional transmission
infrastructure.
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Load prediction models for the energy management of institutional buildings:
review and case study
Abstract
Institutional buildings need smart techniques to predict the energy consumption in a
smart grids’ framework. In this work the importance of dynamic load forecasting as a
decision support system for a smart grid is discussed. In addition, it is reviewed the
energy consumption patterns of institutional buildings and the state-of-the-art of load
forecast modeling using artificial neural networks. To support this discussion, historical
data from energy consumption in a university building is used to develop a reliable
mathematical model for the prediction of the electric load in a campus using a neural
network. This model was capable to forecast the load with a maximum error of 6.54%.
A load forecast model can also be used as a decision tool to assess the convenience of
supplying this load with a set of renewable energy sources. Statistical data that measure
the availability of the local renewable sources can be compared with a load model in
order to assess how well these energy sources match the variation of the energy needs of
buildings. This novel application of load models was applied to the campus where a
good correlation (Pearson coefficient of 0.803) was found between energy demand and
the availability of the solar resource in the campus.
Key words: institutional buildings; load forecasting; load prediction; energy demand;
BEMS; smart grid.
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Load prediction models for the energy management of institutional buildings:
review and case study

1. Introduction
Institutional buildings present similar patterns in their occupancy level and therefore in
their energy consumption. Examples of this type of buildings are museums, hospitals,
libraries, schools (secondary and University), non-profit foundations, governmental
administrative offices and prisons. Sometimes, as in the case of administrative and
hospital complexes or University campuses, a set of buildings are grouped within a vast
area reaching the energy consumption level of a small city. They all offer opportunities
for energy improvement [1] which reflect in the saving of public money. Moreover, due
to their similar characteristics, these buildings can share a similar energy-efficiency
approach [2,3].
There is a growing interest in technologies to perform effective management of these
buildings, leading them to the transition into energy efficient smart buildings. Among
the research trends, two are assessed in this paper. The first one refers to smart
techniques to predict the energy consumption in a smart grids’ framework. In particular,
it will be discussed the importance of dynamic load forecasting as a decision support
system for a smart grid. The smart grid concept can be defined as an electrical grid that
utilizes advanced control and telecommunication in order to optimize the energy
generation, distribution and consumption. This concept will be discussed and applied to
the small electric network of a University Campus. After a review of load forecast
models using artificial neural networks, a case-study using real data from a University
building is presented. The main objectives of this work are:
- Offer an insight about the importance of load forecasting in smart grids
- Apply the smart grid concept to a complex of institutional buildings
- Review the state-of-the-art of load forecast modeling using artificial neural networks
- To detail and develop an accurate model for the prediction of the load demand in a
University campus.
In addition, a second research trend will be assessed in this paper. Future institutional
buildings and smart campuses will also have an increasing level of self-supply through
renewable energy sources. Therefore it is presented a new approach that, to our
knowledge, hasn’t been done previously:
- To use the load forecast model for studying the correlation between the energy
demand and the availability of renewable energy sources in the campus (solar and wind
power).
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We hope readers will appreciate this novelty. Overall, this work aims to contribute to
the interesting topic that is the development of smart grids in institutional buildings.
2. The smart grid concept and the importance of load forecasting
The graphical representation of the demand of energy in a power system is called a load
curve or load profile. Therefore, a load curve is a graph that illustrates the variation in
demand/electrical load over a specific time, typically cycles of 24h (daily load curve), 7
days and 12 months (yearly load curve).
Load curves are determined based on the historical records of energy consumption of
the system. Available data can be obtained from direct metering or other means:
transformers’ readings, utility meter load profilers and smart-grid automatic meters, or
even customer billing [4]. Other influential parameters can be added to these energy
consumption data in order to develop an energy demand model capable to forecast the
variation of the electric load. These models consider the weight of each type of
consumer (residential, commercial, industrial) in the system, their behavior and
variables such as temperature variation or seasonal holydays.
Reliable and dynamic energy demand models are crucial elements of any smart grid [57]. They allow a better management of an electric system, so power supply can match
demand in a more efficient way. The energy demand of a region is constituted by the
sum of the effect of residential, commercial and industrial loads, and can vary greatly
within a short period of time (hours). Power generation must fit this demand in an
effective way or otherwise imports/exports of energy should be needed, if available.
Nuclear or coal thermal plants lack of the flexibility of varying their output and thus
constitute the baseline of power generation. Based on load forecasts, the power output
of the most flexible generation units (such as gas thermal plants) can be scheduled
according to daily and seasonal cycles. Typically, gas power plants function at their
maximum to supply daily peaks of load and have their output reduced during low
demand hours. Hydroelectric power plants have also some capacity of power regulation
and, in the case of pumped-storage hydroelectricity, can absorb the excess of power
generated during nigh-time and return it during peak times. Renewable energy, in
particular wind power, arises as a destabilizing source of the system due to its
intermittent and unpredictable characteristics. Its effective integration in the electric
system is one of the main technical challenges for smart grids. Also, in demand-side
management (demand response), daily load curves are used to set up electric tariffs in
order to influence demand. Better prices of energy during low-demand hours encourage
some consumers to move their activity to those hours and thus reduce the intensity of
load peaks.
When talking about a much smaller system, such as a University campus or a small
village, the situation is quite different, but knowing the local load profile can also lead
to optimum operation as well as important energy savings.
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In such a small system, the generation capacity would be represented by local
distributed generation systems, such as roof-top solar systems or small wind turbines.
Biomass boilers could also make use of neighboring agricultural residues, woods or
pruning waste. The latter resource should not be neglected as several institutional
buildings such as University campuses, administrative and hospital complexes or
prisons count with vast green areas in their surroundings. Diesel-fueled generators are
present in many on-grid electric systems. In the case of commercial buildings,
depending on the energy tariffs, it could be economic to switch off the building from the
grid during peak hours and supply its own power demand burning diesel or other fuel.
In the case of some institutional buildings such as hospitals and prisons, or some
administrative buildings with data-centers, emergency generators are generally
mandatory. Besides the use of diesel generators to supply power during peak times,
some big commercial buildings resort to co-generation. In those buildings where HVAC
systems are responsible for most of the power demand, it may be profitable the use of
gas engines for the combined generation of electric power and heat. The latter can be
transformed into refrigeration trough thermal-chemical or other absorption system.
In addition, diesel generators can be coupled with energy systems that make use of local
renewable resources conforming hybrid systems (mixture of PV solar, wind turbines
and biomass). Hybrid systems are a convenient option to gain reliability and diminish
the intermittency problem of renewable sources, especially when coupled with batteries,
and are widely used in small isolated off-grid systems [8]. For small-scale systems,
batteries are practically the only available form of energy storage. They can be big
battery packs made from sodium-sulfur, vanadium‐redox flow batteries or other
materials, grouped in “battery farms”, or the smaller lithium-ion batteries from electric
cars plugged to the system. Gónzalez et al. (2014) assessed the infrastructure needed for
enabling the transition to a smart grid in a University campus, and in particular peak
shaving of load with battery storage, concluding that for such case it is only
economically feasible with limited battery sizes, and only when there are renewable
energy sources available on-site [9]. Besides batteries for electricity storage, a building
complex could also have thermal storage for its HVAC needs. In such case thermal
storage would influence the load profile and should be included in the load forecasting
models [10].Whatever the case, energy storage is one of the main components to be
considered in a smart grid, as shown in Figure 1:
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Figure 1 – Concept of a smart energy grid for a set of institutional buildings
As can be observed in the previous figure distributed or embedded generation (either
from intermittent renewable sources or from diesel/gas generators) play an important
role in the design and operation of smart grids. The generation capacity could temporary
excess the local demand and then it would be necessary to either sell the excess power
to the main grid or shut down the system if this option is not feasible (if local wind
turbines are the ones to be turned off then it is called wind curtailment). When talking
about the smart grid concept, a third option must be considered: to store that temporary
surplus of energy. This can be done through the use of battery banks, as abovementioned, or by increasing the energy consumption of a few selected utilities. Some
examples: the HVAC system (cooling chillers, electric heaters, heat pumps) could ramp
its refrigeration/heat production and store the excess in a tank insulation system.
Similarly, the local water/wastewater system could increase the consumption of pumps
(switching them on or increasing their rotation through variable-frequency drives) to
absorb a part of the excess of energy. The concept is similar to that of a load balancer in
smart telecommunication grids, which distributes workloads across multiple computing
resources [11,12]. Another option usually considered in smart grids is the use of electric
vehicles. In the case of institutional buildings with charging/discharging infrastructure
for electric vehicles, those are more prone to act as a load to supply than as a source that
can return the stored energy if needed. The reason is that in this type of buildings, the
majority of the vehicles remain parked within the facilities only during workday while
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the charging time for electric vehicles currently requires periods of some hours.
Therefore, the use of the vehicle’s batteries by the local grid could leave them
inoperative during some hours that could be coincident with the time that those vehicles
are required.
There must be a system controller (an automated controller supervised by humans) that
decides what to do, in each moment, to overcome a temporary surplus or deficit of
energy forecasted for a close period of time. This controller has to deal with a number
of input variables such as the state of the batteries (available storage capacity) or the
number of electric vehicles plugged, as well as with short-term forecasts: predictions of
weather (including solar and wind power), water and HVAC demand, and of course the
forecasted electric load [13]. Therefore, the operation of a smart grid consists in an
iterative process that considers the dynamic modeling of the load using a series of
variables, with the aim to anticipate to a situation through short-term predictions. Then
it uses this load forecast for the control process of the smart grid system and obtains
feed-back through smart meters in the buildings facilities. Finally it recalculates the load
model and elaborates a new load prediction starting the control process again. Figure 2
shows a diagram that schematizes the control process of a smart grid.

Figure 2 – Use of the dynamic load modeling for the control of a smart grid
As shown in Figure 2, the advanced dynamic load model uses a historical database that
is constantly refreshed with real-time measurements of energy demands [6]. Smart
energy meters, deployed over the set of buildings and facilities, are thus a central part of
the system. Those smart meters and sensors must transmit data to the control system
though radio frequencies, Ethernet, Bluetooth, Wi-Fi, 6LoWPAN, Z-Wave or other
technologies [14]. ZigBee wireless technology is the option chosen for the smart grid in
the Illinois Institute of Technology main campus, which aims to reduce 20% of energy
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and 10% of gas consumption each year during a five years’ period of time [15]. Other
examples of smart grid design and concept applied in University campuses can be found
in [9] and [16].
Besides the smart grid concept, the use of data-driven analytical insights is widely used
for a better energy management in buildings and in the power systems that supply them.
Overall, the forecasting of energy demand in a building can lead to the following
benefits:
1 – To choose the most suitable tariff (contract power purchases)
2 – Utilities and power system operators can respond quickly and confidently to
forecasts and can improve performance for planning horizons that range from very
short-term to very long-term. Forecasting peaks of energy demand is crucial to avoid
black-outs, outages and system failures.
3 –Provides solid background to optimize the calculation of the power system
components of the building. The most useful information is the maximum daily peak.
Knowing the maximum expected current under normal conditions is crucial to calculate
the transformers capacity and the size of conductors, as well as the power system
protections. The hourly forecast of load is used in the calculation of either thermal or
energy storage capacity.
4 –Allows to define normal values of daily consumption and to compare different
buildings of the same type that should present similar load profile. This is of particular
interest for energy conservation programs in public, institutional buildings.
5 – As highlighted by Dong et al. (2005) [17], the prediction of building energy
consumption is increasingly important for building energy baseline model development
and for performance Measurement and Verification Protocol (MVP). Having a
computational model that models the energy consumption of a building along time is
useful to verify savings after implementing energy conservation measures. Through
calibrated simulation, any energy demand model can be tested and refined until it
matches the actual energy performance measured in the facility with a high accuracy.
Such a model may be valid for similar buildings of the same type and reliable in
determining the savings of an energy efficiency project or calculating the energy
consumption during the building life-time.
6 – Energy consumption prediction for Building Energy Management systems (BEMS)
allows building owners to optimize energy usage. In a similar way as the one described
for smart grids, a smart building can vary its operation issues to respond to the demand
signals from its sensors. Some authors agree that BEMS can be considered as one of the
key factors in the success of energy saving measures in modern building operation [18].
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Several computational models are used to forecast the demand of energy of different
electric systems, ranging from small buildings and households [19] to big markets
composed of several interconnected regions [20]. Multiple regression models are used,
in which combinations of variables are tested sequentially for model improvement.
Examples of these models are genetic algorithms [21], particle swarm optimization
[22,23], ant colony optimization [24], Fourier series [25], Support Vector Regression
(SVR) [26-30], Support Vector Machine (SVM) [31], Autoregressive Integrated
Moving Average (ARIMA) [27,28,32-36], multiple linear regression [26,32,37,38],
Fuzzy logic [32,39,40], case-based reasoning [41], decision trees [42] and other datadriven forecasting algorithms [43-50], with special highlights to artificial neural
networks [51]. For short-term load forecasting (daily demand profiles), exponential
smoothing [52], least-square regression [53] and other methods may be more suitable
while for a very short-term prediction, such as the prediction period of one hour, some
authors have proposed a simple adaptive time-series model that considers the
measurement history together with weather data [54]. Some complete reviews of
buildings energy prediction techniques may be viewed at [55,56].
This chapter would focus on load demand forecasting using artificial neural networks
(ANN). Many readers will already be familiar with these machine learning models that
mimic a human neural system.
An artificial neural network is a structure of information processing that approximates
functions that can depend on a large number of unknown inputs. Their ability to be used
as an arbitrary function approximation mechanism that 'learns' from observed data is an
important advantage. In other words, they can be used to infer a function from
observations. ANN models are trained using past history data that represents the
behavior of a system. Between the input and the output, there may be one or more
hidden layers, each consisting of a number of processing units called neurons, as shown
in Figure 3.
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Figure 3 – Example of the architecture of an ANN that forecasts load in a building using
three inputs.
Artificial Neural Networks (ANN) can be used for forecasting water [58], gas [59-61],
steam [62] and electricity demand in a set of buildings. They have also been proposed
as a tool for evaluating energy performance of buildings and grant the correspondent
energy performance certificates [63]. ANNs can model parameters that greatly influence
the energy consumption of buildings such as HVAC performance [64,65] or solar
radiation [66,67] and can also be used to accurately control and predict the performance
of wind and solar energy systems [68-71].
Generally, the number of input variables would determine the complexity of the model.
The three ones shown in Figure 3 are the most common among the models found in the
available literature. The “calendar” group of variables considers working days, holydays
and working hours. This type of variables have a great impact in office, administrative
or University buildings as determines the occupation level of the building, which is
linked to its energy demand. The number of light hours per day, which affect the
lighting needs of the building, can be modeled for each day of the year and therefore
can be considered as a “calendar” variable. Sometimes there may be strikes or
unexpected events, but their effect in the load prediction can be minimized with the use
of the second group of variables: the load from the previous hours. The “weather
conditions” type of variables directly influences the consumption of the HVAC systems.
Some authors propose to develop an indicator of whether a building is likely to be
weather sensitive (which measures the degree to which building loads are driven
directly by local weather), for instance by using a Spearman Rank Order Correlation
function [72]. Examples of this type of variables are dry bulb outdoor/indoor
temperature and humidity. Ideally, these variables are measured in real time by wireless
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sensors and their variation trend is taking as an input for the model. If real-time
measurement is not available, the input can be approximated with annual profiles from
local historical data. Let’s remember that, in addition to energy demand, “weather
conditions” would have a great impact in solar and wind power production (the first one
more predictable than the latter) so the monitoring of variables such as solar irradiation
or wind speed/intensity would also be valuable for the forecast of the renewable energy
generation of the building that aims to supply a part of the load.
The end-use approach aims to forecast separately the load demand of each of the main
sub-systems that conform the building. In that approach, there is an ANN model for the
HVAC system, another one for the water pumps, another one for the lighting needs, and
so on. The final forecasted load will be the sum of the outputs of the set of models.
Other models may consider as inputs the state of the batteries or thermal tanks
(available energy storage capacity) or the number of electric vehicles plugged.
These input neurons send data to the following layers of neurons, but during this
process some parameters are stored. Those stored parameters are called the "weights" of
the interconnections and manipulate the data in the calculations. The “activation”
function converts a neuron's weighted input to its output activation. The output is then
compared and the weights are adjusted (updated) through a learning process, using a
“cost” function. This function is a measure of how far away a particular solution is from
an optimal solution. Therefore, in the validation (comparison) period an error index
must be adopted for measuring the success of the forecasting.
The accuracy of the load prediction of a neural network or any other mathematical
model is usually defined using two terms: the Mean Absolute Percentage Error (MAPE)
and the coefficient of variation (CV).
The MAPE, also known as mean absolute percentage deviation, is usually expressed as
a percentage and is widely used for measuring the accuracy of a forecasting method or
trend estimate. It is very intuitive, coming close to the innate concept of the error as the
difference between the real and the forecasted values (Error = Consumption Prediction). It is defined by the formula:
(1)
where Ct is the actual value (the measured consumption in the instant t) and Ft is the
forecast value for that instant. The difference between Ct and Ft is divided by the actual
value Ct again and the absolute value of the resulting division is summed for every
forecasted point and divided by the number of fitted points n.
Meanwhile, the coefficient of variation (CV), also known as relative standard deviation
(RSD), is a standardized measure of dispersion of a probability (frequency) distribution.
As in the case of MAPE, it is often expressed as a percentage. It is defined as the ratio
of the standard deviation to the mean or to the absolute value of the mean:
9
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(2)
where σ is the standard deviation and μ is the mean.
A comprehensive review of Applications of ANNs in the predictions of building’s
energy demand can be found in [73]. Following, on Table 1, a selected literature review
is offered with the aim to offer a wide insight of the strategies and architectures used for
load prediction using ANNs.
Table 1 – Literature review of load prediction using ANNs
Type of
system
Main electric
network
Main electric
network
Main electric
network
Main electric
network

Main electric
network
Main electric
network
Low-voltage
smart
electricity
microgrid
Households
(residential)

Type of ANN (artificial
neural network)
Cascaded neural network
(CANN); short-term load
forecasting
The annual growth rate is
extracted from the data used
for the ANN model
Non linear Autroregressive
with eXogenous (NARX)
Inputs: tempearature and
weather. Generalized
regression neural network
with decreasing step fruit fly
optimization algorithm
Boosted neural network

Accuracy
(MAPE)
2.7%

Non linear Autroregressive
with eXogenous (NARX)
Feed forward neural
networks

Ref.
[74]

2.0%

-

2007

[75]

1.67%

3.60%

2015

[76]

0.024%
(RMSE)

-

2017

[77]

1.42%

-

2017

[78]

1.0%

-

2017

[79]

4.0%

-

2016

[80]

0.36%

2008

[81]

1.06%

2014

[82]

-

2014

[83]

Elman ANN trained with the
3.1%
“back-propagation with
momentum” algorithm.
Multi-layer perception
(MLP) with two inputs:
weather data and electricity
demand;
short-term load forecasting
Households
Feed-forward ANN and the
10.0% to
(residential)
Levenberg-Marquardt
23.5%
algorithm
Households
Empirical Mode
0.47% (wind)
(residential)
Decomposition, Cascade19.2% (solar)
powered with
Forward Neural Network
wind and solar (for solar and wind forecast)
10

Accuracy Year
(CV)
1997

sources
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Residential
and
Commercial
buildings with
different wall
types and
insulation
thickness
Residential
and
Commercial
Residential
and
Commercial
Commercial
building

Commercial
building
Commercial
building

Commercial
building
Commercial
building

Generic
commercial
building:
ASHRAE
contest
Commercial
and Industrial
buildings
University
campus

and a fuzzy logic-based
controller (for load demand)
Backpropagation Neural
Network

Gated ensemble method
(Ordinary Least Squares and
k-Nearest Neighbors)
Non linear Autroregressive
with eXogenous (NARX)
adaptive ANN models:
accumulative training (AT)
and sliding window training
(SW)
Adaptive ANN:
accumulative training and
sliding window training
Feed forward neural
networks with hypothesis
testing, information criteria
and cross validation; 24 h
forecast
ANN model with Bayesian
regularization algorithm;
short-term load forecasting
three-layered perceptron
with the logistic activation
function and BFGS
algorithm

Input: relationship between
load/temperature. Feedback
ANN trained by hybrid
algorithm
Seasonal ANN. Multi-layer
perception (MLP) with two
inputs: weather data and
electricity demand
Input: temperature. ANN
prediction method based on
building end-uses
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1.5%

3.43%

2009

[84]

55.8%
(Residential)
and 7.5%
(Commercial)
11.7%

-

2015

[85]

55.89%

2017

[86]

2005

[6]

2005

[87]

1.5%

2.53%
(AT) and
0.26%
(SW)
2.50%
and
0.36%
2.39%

2006

[88]

5.0%

10.00%

2015

[89]

1.3%
(cooling
energy
consumption)
and 2.4%
(heating)
0.0033%

-

2017

[90]

1.40%

2005

[91]

2.0% to 9.0%

-

2014

[92]

6.5%

-

2011

[93]

13.3% (AT)
and 12.9%
(SW)
-
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University
campus
(Library
building)
University
campus

University
campus
Institutional
solar-powered
building
Institutional
building
Institutional
building

Feed forward neural
network with a single
hidden layer of tansig
neurons
Input: time temperature
6.3%
curve (TTC) forecast model.
ANN prediction method
based on building end-uses
Feed-forward with
2.06%
‘Bayesian regularization’
training algorithm
17 inputs: weather data
11.5%
(indoor/outdoor sensors) and
electricity demand;
short-term load forecasting
Feed forward neural
7.3% to 8.5%
network; short-term load
forecasting
Hybrid PSO (Particle
0.02%
Swarm Optimization) and
GA (Genetic Algorithm)
ANN models; short-term
load forecasting
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0.03% to
0.10%

2011

[41]

-

2013

[94]

-

2016

[95]

1.00% to
1.50%

2014

[96]

-

2015

[42]

0.03%

2015

[97]

4. Energy profile and characteristics of the studied campus
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This chapter presents an analysis of the characteristics that influence the load profile of
the studied institutional building. The behavior of this building can be taken as
representative for the set of buildings that compose the whole University campus in
which it is inserted. Not surprisingly, all the buildings present the same occupation
profile concentrated during working hours and workdays. In addition, almost all the
buildings are of the same age and materials. The campus is located in the coast of
Northeast Brazil, within a humid tropical region at 12° 58' 16'' Latitude. In these
conditions, the thermal comfort zone can be achieved through natural ventilation and
several buildings were designed in that way, but as the University expanded the
buildings ended up closing their indoor spaces in detriment of natural ventilation.
Nowadays they are characterized by bad thermal insulation and by the massive use of
small-size air-conditioning units instead of more efficient centralized units composed by
chillers and cooling towers. This peculiarity, common in the majority of the Brazilian
campuses and institutional buildings, is reflected in high energy consumption for
cooling needs as well as a high dependence of the load curve with temperature. In other
words, the building’s load presents high weather sensitivity. Typically, the maximum
load demand of the year occurs during the central hours of hot summer days.
The region is characterized by abundant renewable energy resources [98] but with water
and energy supply problems [99]. Energy and water conservation are of crucial
importance for both the region and the University institution. A great part of the budget
of the campus is dedicated to water and energy. In this context, campus managers and
researchers are considering options such as rainwater harvesting [100], water and
energy conservation programs [101] and the transition into a smart grid [102,103].
This campus has 15 university units within an area of almost 50 ha, providing services
for approximately 15 thousand students. Among these units, the Polytechnic School is
composed of a main building and ancillary laboratories. Daily, almost 6 thousand
students as well as the correspondent University staff work and study at this particular
facility.
The Polytechnic School presents mixed occupancies, which means that it may have
multiple occupancies mainly educational, administrative, laboratory and storage uses, as
well as areas intended for food and drink consumption. The average energy
consumption on a high-occupancy day is 462 kWh. The main end uses for energy are
air conditioning (46.1%), lighting (30.9%) and electronic equipment (18.2%) as shown
in Figure 4:
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14,59 kWh

7,05 kWh

143,36 kWh

84,00 kWh
Pumping (1.5%)
Lighting (30.9%)
Air Conditioning (46.1%)
213,03 kWh

Electronic equipment (18.2%)
Others (3.3%)

Figure 4 – Final uses of electric energy in the building (kWh/day)
The rest of uses speak for almost 5% of the energy consumption of the building.
Elevator and escalators typically represent from 3% to 8% of the energy used in most
buildings [104]. However, during the period studied (years 2013 and 2014) the four
elevators of the building were removed due to a reform. Besides the removal of the
elevators, the reform did not have any other significant impact in the energy
consumption.
The two following graphs illustrate very well the two main afore-mentioned variables
that drive the load of the building. Figure 5 shows the typical behavior of a daily load
(period of 24 consecutive hours) for a working and a non-working day.
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Figure 5 – Average daily load profiles of the building in both a working and a nonworking day
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As can be observed in Figure 5, the daily profile of the load is directly dependent on the
occupancy level of the building. Between 23h and 5h the energy demand remains at its
minimum as the only load is outdoor lighting. On a working day (blue line) the load
curve starts to ramp abruptly at 6h and reaches a maximum at 9h30. There is a slight
decrease in the load at lunch time, between 12h and 13h, and then the load continues at
its highest level until 18h when it starts to decrease. Differently, on a non-working day
(red line), the building remains unoccupied and the consumption continues at its lowest
level, even with a slight decrease during the day as the outdoor lighting is automatically
switched off.
Figure 6 shows that the average daily consumption of energy in the building can vary
±30% because of the combined effects of temperature and calendar. The local
temperature ranges from a minimum of 21.2°C in August to a maximum of 37.1°C in
December.

Figure 6 – Average curve of energy consumption in the building during years
2013/2014
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As historical data, it was used a database [105] containing energy consumption records
from the building during more than 300 consecutive days. These data will serve as the
foundation for a model that has to reflect as accurately as possible the effect of
occupancy and temperature patterns in the load of any building in the campus,
disregarding other effects in which the energy demand doesn’t depend on.
When considering historical series of electric energy demand, especially in big electric
networks, we must take into account that there is a rising tendency due to the influence
of economic and population growth. This tendency must be extracted and modeled
separately, typically as a constant rate related to the annual economic growth rate. It can
also be modeled using ANN and regression models [106]. What remains is the
fluctuation caused by the difference in demand from month to month, which depends
among other factors on the seasonal variation of temperature. This fluctuation generates
the annual load curve and must be modeled separately. After doing so, both effects can
be summed up to obtain the series forecasting for upcoming months or years. The result
is a more accurate model, achieving in some cases (with neural networks) values of the
Mean Absolute Percentage Error (MAPE) of around 2% [75].
University buildings and campuses are within a much smaller scale. The only possible
ways they can present the aforementioned growing trend in their energy consumption is
due to:
-

the use of new technologies and equipment, the implementation of new activities
or the increase of existing ones, all of the above having a significant (and
constant) impact on the energy consumption.

-

an increase in the number of building occupants (alumni and workers).

Conversely, the energy consumption can present a constant decreasing trend, due to a
decrease in the number of building occupants and –more frequently- due to the effects
of energy conservation measures. In both cases, it is important to quantify and separate
these rising/decreasing trends from the consumption pattern that it is intended to model.
However, this is not the case of the studied campus. During the one-year period of
historical data the energy consumption per capita has been constant. No major
breakthroughs have occurred during that year, as was the case in some previous years
thanks to, for example, the replacing of incandescent light bulbs with energy-efficient
light bulbs, which produced a significant decrease in the load demand for the same
occupation pattern. Moreover, the number of occupants in the building during that
period (students and workers) also remained constant.
In addition, as pointed out by [93], the load in institutional buildings is also subjected to
unpredictable factors: there are factors that may affect the consumption such as a failure
of the HVAC system, strikes, etc. These events should be detected and data must be
filtered from the historical records in order to build a more reliable model. Those
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outliers were identified and removed prior to the development of the ANN model that is
detailed from this point on.
The daily consumption is directly related to the period of the year and the day of the
week. For this reason, the model structure may be a simple feed-forward as the one that
was shown on Figure 3. However, the demand at any day may present some correlation
with the one from the previous day. In order to take into consideration possible
correlations between the daily demands it is proposed a more evolved structure: a nonlinear autoregressive exogenous model (NARX). Such structure consists basically in the
feedback of the ANN using outputs from previous moments as feed-forward inputs.
This approach is commonly used as a way to represent dynamic systems [107–110].
Thereby, the model uses values from past variables to make future predictions, as in a
dynamic system model like the one presented in the following equation:

(3)

The final structure of the ANN can thus be represented as shown in Figure 7:

Figure 7 – Chosen structure for the neural network model: non-linear autoregressive
exogenous model
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Once having defined the model’s structure the next step is to define the final
architecture: type of the activation function of each neuron, the number of hidden layers
and the number of their neurons and finally the selection of the best model. It was
already demonstrated that one single layer is enough for a neural model to be able to
approximate nay function with an arbitrary precision [111]. The activation functions
must be chosen according to the system that is under study such, for example, in the
case of pattern recognition in which step functions are commonly used. Regarding the
training stage, the most common method used is backpropagation [112–115]. This
method consists in the continuous adjustment of the network parameters until its
prediction is as close as possible to the experimental data. After the selection of the
activation functions and the training methods, we arrive to the crucial point of the
model, which is choosing the number of neurons in the hidden layer. This number will
determine the quantity of parameters to be estimated during the training stage. Too
many neurons may lead to overadjustment, that is, the unwanted modeling of noise or
spurious data. Meanwhile, a less-than-necessary number can have a detrimental effect
on the quality of the model’s prediction. In 1996, Schenker and Agarwal [116] proposed
the use of dynamic cross-validation for the selection of the optimal number of neurons
of the hidden layer, demonstrating the efficiency of this methodology when applied to
cases with little available data. In the present work, the number of neurons was used
through dynamic cross-validation. The method consists in separating the data in three
groups, namely A, B and C. Groups A and B will be used for training two different
networks for each neuron number. After the training, the network developed using data
group A is validated with data group B. That is, the network has to predict the values of
data group B and the resulting error is calculated. The process is repeated, increasing
each time the number of neurons until reaching a maximum of 40 neurons. The number
of neurons that shows the lowest validation error will be taken as the optimum. This
error, calculated as the minimum mean square error, is represented versus the number of
neurons in Figure 8. It can be observed from the figure that the lowest validation error
corresponds to a hidden layer of 5 neurons.
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Figure 8 – Dynamic cross-validation for the selection of the optimal number of neurons
of the hidden layer: validation errors for different number of neurons
After the selection of the number of neurons of the hidden layer, it remains the training
and validation of the final structure. The training consists in estimating the parameters
of the neural network: weights and bias. Those parameters are estimated through a
problem of optimization. To solve that problem, it was used the Levenberg-Marquardt
backpropagation algorithm. In order to avoid the overadjustment of the data by the
model, the early stopping technique was used. The overadjustment problem arises when
the network is overloaded with information about the training group and has its capacity
degraded [116–118]. The early stopping technique consists in stopping the training after
a successive number of iterations, when it is noticed that the validation error increases.
The training of the final network was done with data groups A and B, while the
validation was done with data group C. The general definitions of the final model are
shown in Table 2.
Table 2 – Characteristics of the proposed ANN model
ANN model parameters
Database containing the energy
consumption records of previous
days

Input

Daily energy consumption

Output
Total number of neurons evaluated

40

Total number of trainees done

40

Optimal number of neurons

5

Total iteration in training step

300

Minimum gradient

10-6

Early stopping criteria

30
Hyperbolic tangent sigmoid

Transfer function in the first layer
Transfer function in the output layer

Linear function
6.54%

Final model MAPE
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6.1 Load demand model
In order to assess the generalization quality of the model, Figure 9 shows the predicted
data together with the validation data (real data).

Figure 9 – Validation of the model with the demand data of the building from 275
consecutive days
As can be observed in the figure above, there are sudden variations in the daily
consumption of energy, which repeat periodically in cycles of about 7 days. This refers
to the load variation between workweek and weekends, with Saturdays presenting an
intermediate value between a typical working day and the minimum consumption of
Sundays. Overall, this type of curve can be taken as representative for an institutional
building. Its variation depends directly on the occupation pattern of the University
campus and, to a lesser extent, in the effect of temperature. The model developed using
neural networks follows these consumption trends that were identified on Figure 5
(working day versus non working day) and Figure 6 (seasonal variation of occupation
and temperature).
The quality of the prediction was evaluated according to the MAPE, which was 6.54%
for the final model. This means that through the proposed model the campus managers
can predict the electric consumption of any given day with an error less or equal to
6.54%. The maximum error is surprisingly similar to the ones achieved by different
models for other university buildings (see the literature review on Table 1).
The error distribution, shown in Figure 10, revealed a slight trend of the model to
underestimate the daily energy consumption.
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Figure 10 – Distribution of the errors made by the model
The resulting set of errors showed a distribution with a high standard deviation. The
standard deviation indicates how close the data points tend to be to the mean of the set
of errors. For the set of errors produced by this model, the standard deviation (sigma) is
20.75%. However, the model made some gross errors of up to -145% and +85% at some
points.
The CV depends on the standard deviation and on the mean of the forecast model data,
as was shown on Equation 2. Thus the values calculated by the model showed a CV of
317%. This significant value of CV is due to the great variation between the load in
working and in non-working days, typically between weekend and workweek. Together
with the histogram of errors, Figure 10 depicts the normal (or Gaussian) distribution of
errors. This function is symmetric around the point -6.54 (mean value of the error).
Within a normal distribution, the 3-sigma rule establishes that 68% of values are within
one standard deviation away from the mean; about 95% of the values lie within two
standard deviations; and about 99.7% are within three standard deviations. Therefore it
can be stated that by using the proposed ANN model, 68% of the forecasted values have
an error of between -27.29% and +14.21% (MAPE ≤ 20.75%); 95% of the forecasted
values have an error of between -48.04% and +34.96% (MAPE ≤ 41.50%); and about
99.7% of the forecasted values have an error of between -68.77% and +55.71% (MAPE
≤ 62.25%).
6.2 Correlation between the seasonal variation of load demand, solar and wind
energy availability.
The proposed mathematical model can be taken as representative for the load profile of
the Campus where the building is inserted with an accuracy of 6.54%. This allows us to
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compare the load demand with the renewable energy availability in the Campus. More
precisely, allows the comparison of the seasonal variation of energy consumption versus
the seasonal variation of the following meteorological parameters: wind speed and solar
irradiation. There is a weather station in the campus that measures and records, among
other parameters, global solar irradiation on a horizontal surface (MJ/m2) and wind
speed at 10m height (m/s). The uncertainties of the measurements are ±5% for the solar
pyranometer and ±1.5% for the wind anemometer [98]. Through this database, average
values of wind speed and solar irradiation can be calculated for each day of the year, in
order to build average curves that represent the seasonal variation of these two
renewable sources. Then, these values can be compared with the load demand model,
which yields the average value for energy consumption in the Campus. To make this
comparison, the Pearson product-moment correlation coefficient (hereafter Pearson
correlation coefficient) will be used. This coefficient compares two sets of data and
varies between -1 and 1. A value of 1 implies that a linear equation describes the
relationship between the two compared variables perfectly, with all data points lying on
a line for which one increases as the other one increases. A value of -1 implies that all
data points lie on a line for which one variable decreases as the other increases. A value
of 0 for the coefficient implies that there is no linear correlation between the variables.
The Pearson coefficient has proven to be useful in previous research in identifying
which environmental variables (temperature and other weather conditions) correlate
best (that is, have the greatest influence) in the energy consumption of buildings [119].
In our case, we are using the Pearson coefficient to assess the convenience of using
some renewable energy sources by comparing its availability with the compare the load
of the Campus. Three variables are to be compared, namely ‘Solar’, ‘Wind’ and ‘Load
demand’. The Pearson correlation coefficient will indicate the strength of a linear
relationship between them. As said, ‘Load demand’ depends on the calendar but also
on temperature, and thus may have some relationship with ‘Solar’. ‘Solar’ varies from a
maximum in December to a minimum in August. ‘Wind’ is the most intermittent and
unpredictable, however tends to vary from a maximum in August to a minimum in
March [98]. The Pearson correlation coefficient was calculated using the Statistical
software Minitab® 16.2.1 and their resulting values are shown in Table 3.
Table 3 – Correlation (Pearson coefficient) between the seasonal variation of renewable
energy resources, energy prices and energy demand in the Campus
Solar

Wind

Load
demand

Solar

1

-0.008

0.803

Wind

-0.008

1

-0.505

Load demand

0.803

-0.505

1
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Table 3 shows interesting results. ‘Solar’ and ‘Wind’ values show almost no
relationship among them. When compared with the Load demand of the Campus, it was
found that in the months were the load demand is higher the availability of wind
resources tends to be lower and vice versa. The solar resource, meanwhile, showed a
good correlation with the ‘Load demand’. This is not surprising as the ‘Load demand’
variable depends on temperature, which is related to solar irradiance. This correlation
level means that in the months of high energy consumption, there is a higher availability
of solar resource and vice versa. In other words, the variation of the solar resource
matches very well the variation of the energy needs of the Campus. When considering
the daily variation of the load (as shown in Figure 5) the solar energy option gets
reinforced, as most of the period with high load coincides with the peak of solar
irradiation that occurs during the central hours of the day. Solar power is, therefore, the
most convenient renewable energy source for this campus as is the one that best
matches with the seasonal and daily variation of load demand.

7. Conclusion and future work
A reliable mathematical model was developed for the prediction of the electric load in a
University campus. The neural network model was capable to forecast the load with a
maximum error of 6.54%. The high standard deviation of the errors is the main
weakness of this particular model. Load forecast models such as the one that is detailed
in this article play an interesting role in the energy management of institutional
buildings. First, as a powerful tool for the control of a smart grid that supplies either a
single building or several of them grouped in a campus or a complex. Secondly, as a
decision tool to assess the convenience of a set of renewable energy sources that tend to
vary seasonally. As was demonstrated in this study, statistical data that measure the
availability of the local renewable sources can be compared with a load model in order
to assess how well these energy sources match the variation of the energy needs of
buildings. As future work the authors propose:
(I) applying calibration techniques to further reduce the error committed by the model;
(II) overcoming the high deviation of the errors by allowing the model to quickly
recognize if a day is working-day or holiday;
(III) installing smart energy meters in the building with the aim to develop on-line
building energy prediction using adaptive ANNs.
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This research presents a mathematical model that uses artiﬁcial neural networks for the assessment of
the wave energy potential of sites, based on data recorded by wave monitoring instrumentation. The
model was implemented and validated in two different sites. The ﬁrst one had a dataset from an upwardlooking acoustic Doppler current proﬁler that recorded a hindcast during 2½ years. The second consisted
in data from a buoy using motion sensors that recorded continuously during 23 years. For this second
site, the performance of the neural network model was compared to that of the Nearshore Wave Prediction System (NWPS), which combines SWAN, Wavewatch III and other numerical models. For the 2½
years' hindcast, the error of the neural network was signiﬁcant which suggests a better use for ﬁlling
missing gaps within datasets than for resource assessment. Meanwhile the performance of the neural
network trained with the 23 years' hindcast was satisfactory; better than the NWPS in terms of relative
bias but worse in terms of scatter index. Therefore it is concluded that neural networks can make an
optimal use of the data produced by wave monitoring instrumentation and are useful to characterize the
wave energy resource of a coastal site.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Justiﬁcation and objectives
Waves are a promising energy resource, although intermittent
and unpredictable. The use of this renewable source has two front
lines. The ﬁrst one is the development of more efﬁcient and
economical electromechanical conversion devices. The other one is
the development of methods to assess precisely the energy potential of sites in which wave power plants could be located. At
present, wave energy is only economically viable if subsidized, due
to its higher levelised costs when compared to other energy sources
[1]. In parallel with development of wave converter prototypes,
deployment strategies that aim to reduce costs include the installation of wave energy devices in existing marine structures, such as
breakwaters, and the combination of offshore wind and wave energy arrays.

* Corresponding author.
E-mail address: sanchezbahia@gmail.com (A.S. S
anchez).
http://dx.doi.org/10.1016/j.renene.2017.09.032
0960-1481/© 2017 Elsevier Ltd. All rights reserved.

Certainly, waves are a renewable energy source that raises an
increasing interest. Year after year new researches are published
regarding local wave potential assessments around the world;
some recent examples can be found in Refs. [2-6]. Most of this
research is based on the application of third-generation wind-wave
models, sometimes improved with different mathematical models
that consider complementary aspects such as, for instance, the
directional spectra transformation from open ocean to the nearshore. Third-generation wind-wave models provide wave spectra
and wave ﬁeld information over large selected sea areas. The
models are particularized to a geographical area by considering its
bathymetry and local currents. Then the wave forecasting model
makes predictions with some days in advance based on wind speed
at sea. If a record of average wind speed data is used as input, the
model can generate a hindcast from which the local wave energy
potential can be inferred. These available computational models are
primarily intended for climate monitoring and navigation, but have
interesting applications for the assessment of wave energy
potential.
Some wind-wave models are able to accurately reproduce the
wave climate and, therefore, the energy available, in very shallow
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waters. The model can be further tuned by using data assimilation,
a process in which real wave measurements are incorporated into
the model state of the numerical model. This results in very accurate models that go beyond preliminary evaluations of energy
resource. Through the use of these numerical models, large areas
can be assessed and the sites with the greatest potential can be
revealed.
A different approach is considered in this work, as our proposal
refers to the use of wave data measured in a particular site, followed by further statistical processing of those data. The aim is to
perform a detailed evaluation of the energy that a site would produce and therefore an analysis of the proﬁtability of a wave energy
plant located in that site.
Our proposal intends a methodology that is simpler than conventional numerical models and shows two advantages over them:
(I) requires much less computing power; and (II) is capable of using
incomplete hindcasts, estimating the values of the gaps between
measurements with an acceptable error. Regarding this second
issue, it must be mentioned that simulations using numerical
modeled data have been used for energy predictions, however they
cannot substitute numerical modeling techniques, particularly if
there is not enough buoy or recording data [7-10]. International
protocols and resource assessment methods require at least 10
years of dataset, in order to ensure that the seasonal, intra-annual
and decadal variations are resolved [11-13]. The proposed method
could be very useful especially for sites with less than 10 years of
continuous dataset. That's why a 2½ years hincast is used for
developing and testing this proposal, using real data for validation
and estimating the error. Further on, the model will also be tested
using a much comprehensive hindcast (23 years) in order to
compare it with a state-of-the-art nearshore numerical model.
The starting point of this method is in-situ data acquisition using ﬁeld instrumentation, such as ondographs or wave proﬁlers,
generating a record of direct measures.
The recorded data is then used as input for a computational
algorithm based on an artiﬁcial neural network (ANN) that develops a wave energy model for the site. Independently from the
length of the hindcast of the site, the model can generate wave data
for extended periods of time, enough to characterize the wave
energy potential of the site with a reasonable error. It is this feature
where the strength of the model lies: a small, incomplete set of
wave data is enough to generate an approximation of the wave
resource behavior in the site. Certainly, the accuracy of this
approximation would depend on the length of the wave database,
and so one of the objectives of this work would be to validate the
model using real wave data and assess the resulting error.
It is noticeable that artiﬁcial neural networks (ANNs) have been
used during past years to develop wave forecasting models or to
improve incomplete wave parameters hindcasts, as shown in
Table 1:
The type of ANN most commonly found in the reviewed literature coincides with the one proposed in this work: a three-layer
feed-forward networks with a non-linear differentiable
logesigmoid transfer function in the hidden layer and a linear
transfer function in the output layer.
Two main categories are found among the reviewed scientiﬁc
literature. The ﬁrst category represents temporally univariate
models, in which current and previous wave data are used to
forecast future wave data from a few hours to a few days in
advance. The ANN model proposed in this work lies within this one.
The second category represents cause-effect models in which the
cause (wind data) has been used to forecast wave date.
The originality of this research with regards to previous literature consists in the application of ANN models to the assessment of
the wave energy of a site and also, in the use of wave measurements

obtained through ﬁeld instrumentation as input for the model.
Particularly, it was used an upward-looking acoustic Doppler current proﬁler. The use of direct wave measures instead of wind or
other related data is emphasized in this method, and so a review of
ﬁeld instrumentation for wave measurement is presented on the
next chapter. In addition, for the ﬁrst time in South America, a
hindcast of real wave data is used to assess the potential of this
renewable energy source in a site. The developed model could be
used for further assess the wave energy potential in all the network
of wave measurement stations recently deployed in Brazil (see
chapter 1.3) as well as in similar wave monitoring sites worldwide.
Moreover, we hope that this work highlights the contribution of
artiﬁcial intelligence, in the form of self-learning algorithms, to the
assessment of the waves' energy potential.
1.2. State-of-the-art of wave measurement
The measurement of the wave climate plays a vital role in the
identiﬁcation and monitoring of potential sites for commercial
developments of marine renewable energy (MRE). Wave measurement is also needed in the development of MRE converters,
during testing phases at model scale in a controlled environment
up to testing phases at full scale out at sea [34]. Nowadays, a broad
set of technologies are available for the measurement of ocean
wave ﬁelds under different conditions, either controlled wave tanks
or open sea conditions. They are also valid for a wide range of scales,
from the detailed assessment of the wave energy potential of a
particular site to the monitoring of extent ocean areas.
Remote sensed satellite measurement, or the use of altimeter
radars placed in satellites, is widely used for the measurement of
ocean's bathymetry and topography as well as for wave measurements. Altimeter radars measure the height of the satellite above
the sea surface. When applied to wave measurement, the radar
emits radio pulses that reﬂect ﬁrst from the wave crests and later
from the wave troughs. The time delay of the reﬂection pulse is
used to calculate the wave height. Although the resolution and
accuracy are poorer than in-situ measurement, they have the
advantage of covering wide areas and therefore are used primarily
for the validation of global ocean models. In addition, a ﬂeet of
commercial ships (Voluntary Observing Ships) equipped with
different types of on-board instrumentation provide ground validation of remote sensed satellite measurement.
Satellites launched during the last decades such as Topex/
Poseidon (1992e2001), Jason1 (2001) and Jason2 (2008) were
specially designed to make extremely accurate measurements of
sea-surface height: accuracy is ±0.05 m [34]. Therefore, radar
altimeter data have allowed the real-time monitoring of waveheights, initiating a new era of wave climate measurement.
Nowadays these data are used worldwide for navigational, scientiﬁc and even recreational uses (surf). When applied to the characterization of wave energy resource, radar altimeter data allow the
study of the variability of wave energy density in time and space.
Beyond height measurement, the emphasis is put nowadays on
measuring the directional spectra of ocean waves [34]. Information
about the directional behavior of wave ﬁelds complements the
energy resource assessment of a site. Together with height and
period, direction is the most important parameter to be studied in
order to characterize the energy potential of a site. Arrays of
remote-sensing instruments, such as laser altimeters or ultrasonic
transducers, return point-measurements and can be used to measure the directional properties of ocean waves propagating over
smaller areas. Stereo-photogrammetry is another technique that
can provide information about the directional characteristics of the
wave ﬁeld in a small area. Currently, space-borne synthetic aperture radar (SAR) is the only instrument providing directional ocean
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Table 1
Literature review of wave models using artiﬁcial neural networks.
Type of ANN (artiﬁcial neural network) model

Location of the study

Year

Ref.

Three-layered feed-forward, trained through L-M optimization; hyperbolic
tangent sigmoid and linear transfer functions
MIKE21 SW (Spectral Waves) model coupled with an ANN of 3 layers; L-M
optimization; sigmoid and linear transfer functions
Three-layered feed-forward, trained using a multilevel neuro-wavelet
transform
Three-layered feed-forward ANN combined with wavelet fuzzy logic, fuzzy logic
and autoregressive moving average
Three-layered feed-forward, with conjugate gradient, L-M optimization,
resilient back propagation and quick propagation
Three-layered feed-forward, trained with standard backpropagation (Rprop
algorithm)
Three-layered feed-forward optimized with a CFC conjugate gradient algorithm
Different ANNs simulating wave parameters and working in parallel

NE Brazil

2017

This research

India

2016

[14]

Gulf of Mexico (USA)

2015

[15]

Paciﬁc Coast (USA)

2010

[16]

India

2007

[17]

India

2006

[18]

Gulfs of Alaska, Mexico and Maine (USA)
Portugal

Three-layered feed-forward, trained with supervised back propagation

Tasmania (AUS)

2006
2006
2005
2007
2005
2006
2005
2001
1998
1997
2004
2001
2004

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

2002
2000

[32]
[33]

NW Paciﬁc Ocean
India

Static feed-forward multilayer neural networks coupled with the stochastic auto
regressive and exogenous input auto regressive models
Three-layered feed-forward, trained with back propagation, conjugate gradient
and cascade correlation

wave information on a global scale. New space-borne missions
using interferometric SAR technology for the measurement of
ocean waves and currents have already been planning for the next
years [35].
Remote measurement is essential for the monitoring of the
weather and climatic conditions of wide areas as well as for the
validation of numerical models. It can also provide primary data for
the selection of sites with signiﬁcant wave energy potential. Once
focused in a particular area, in-situ measurement provides a
detailed characterization of the local wave conditions. The uncertainty of the in-situ measurement can be minimized with a correct
selection of the measuring technique and the instrument positioning, as well as with the initial veriﬁcation of instrument accuracy followed by periodical calibration and maintenance.
Capacity sensors, pressure-velocity sensors and buoys are the
most basic instrumentation available for in-situ measurement of
ocean gravity waves. Those mature techniques have been used for
decades. Pitch-and-roll buoys are widely used but they are
expensive, prone to damage and vandalism, and have mooring issues in shallow coastal waters [34]. Other option is the installation
of arrays of capacitance wire gauges or bottom-mounted sensors.
Among the latter, pressure-velocity (PUV) sensors are less expensive but are limited in effective working depths to less than
10e15 m due to the high degree of attenuation in the high frequency portion of the wave signal of pressure and velocity [34].
The above-related methods have been complemented with a set
of new technologies, subsequently reducing the uncertainty of the
wave measures. The ﬁrst type of new technologies that have come
to complement the traditional ones are radars, particularly marine
X-band radars, coastal High Frequency (HF) radars and real or
synthetic aperture radars. Nautical radars allow scanning the sea
surface with high temporal and spatial resolution. They can be
mounted on ships, buoys or coastal stations and allow taking sitewide sea state measurements from the backscatter of microwaves
from the rough sea surface. Other new types of instruments are
Acoustic Doppler Current Proﬁlers (ADCPs), lidars (laser-based

Ireland
Taiwan
Turkey
India

instruments), displacement and GPS buoys and, more recently,
stereo vision methods that have allowed the measurement of
three-dimensional wave ﬁelds.
The spatial and temporal scales required for the study of water
wave dynamics are different out at sea from those needed at model
scale (in a wave tank laboratory). For instance, resistance-type
gauges are commonly used for wave measurement in hydrodynamics laboratories. They are reliable and robust, but if deployed at
sea large measurement errors can occur due to water currents
moving the gauge device. Other instrumentation generally used in
laboratories are capacitance wave gauges (less intrusive than
resistance-type gauges), mechanical proﬁle followers or pressure
sensors combined with velocity sensors.
Non-intrusive instrumentation is preferable against in-situ instruments, as the ﬁrst one does not interfere with the wave ﬁeld to
be measured which is an advantage in laboratory experiments as it
reduces disturbances. The wave ﬁeld can be disturbed due to
radiated waves generated at the intrusive instrumentation (probe),
which becomes more important as the scale of the waves considered decreases.
In addition, when deployed at sea, non-intrusive instrumentation suffers less exposure to sea water corrosion, bio-fouling, wave
load and damages from human activities, and therefore requires
less maintenance.
Fig. 1 summarizes these non-intrusive techniques available for
wave measurement.
This research is based on data acquired with an Acoustic
Doppler Current Proﬁlers (ADCP) deployed on the seabed near the
shore. ADCPs are non-intrusive and have been successfully adapted
to the measurement of directional wave spectra. They measure the
water velocities over a depth range using the Doppler effect of
sound waves that are scattered back to the acoustic beams of the
instrument. ADCPs use generally at least three acoustic beams so
they are able to estimate the directional properties of the wave
ﬁeld. The particular ADCP used in this research, namely Teledyne
RDI Workhorse wave array, allowed measuring the multi-
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Fig. 1. Scheme of non-intrusive techniques for wave measurement.

directional wave spectra, current velocity proﬁles, and water level
at the same time. This was possible by using up to a total of 12 radial
velocity measurements to quantify the near-surface orbital ﬂuctuations at up to three different depth levels as inputs for the directional spectra measurement [36].
ADCPS can be installed under the sea level or at the surface.
Some researches have compared a surface tracking ADCP (AWAC
from Nortek) and a submarine ADCP (RDI workhorse wave array),
concluding that the surface tracking is more precise but is also
susceptible to false returns from bubble clouds generated by
extreme wind-wave conditions or by boat wakes and wash [37,38].
Seim and Edwards (2006) also did a comparative study between a
buoy-mounted ADCP and a bottom-mounted, upward-looking
ADCP detecting some noise and interference problems inherent to
the buoy-mounted ADCP, which are avoided when using submarine
ADCP [39].
1.3. Brazil's wave monitoring programs
The lack of enough experimental data is a conditioning factor for
the modeling of the wave's behavior in the Brazilian coast. That
turns necessary the use of mathematical simulation models that
take as inputs other secondary climatic data, for instance the wind
speed at the sea level. The CPTEC - Brazilian Center for Weather
Forecasting and Climatic Research uses the third-generation model
for oceanic waves WAVEWATCH 2.22, which is suitable for waters
with more than 40 m' depth. This model is directed for marine
navigation, not for assessing the energy potential of waves on the
shoreline. Nevertheless, the WAVEWATCH III (WW3) model has
already been used to assess the wave potential in parts of the
Brazilian seashore [40]. Among the few researches using experimental data are Beserra et al. (2007) [41] who used a 5-year pitchroll buoy data series to assess the energy resource in the North
coast of the country and Assis (2010) [42] who investigated the
Southern coast of Brazil using a 2.5-year pitch-roll buoy data series.
One of the most remarkable initiatives for establishing a wave
monitoring network around the country's shore is the PNBOIA Brazilian National Buoy Program. It consists in a network of drifting
buoys and ﬁxed buoys anchored in the shoreline that are tracked by

satellite, with the aim to provide real-time weather and oceanographic data. This program has propitiated both the gathering of
scientiﬁc knowledge and a contribution to weather and oceanographic forecasts.
The most recent Brazilian wave monitoring network, starting in
2013, is called “Rede Ondas”. This network counts with ondographs
and wave proﬁlers located on the seabed under shallow waters in
eight sites of the country's shoreline (see Fig. 2). This network is
coordinated by the Brazilian Navy and supervised by GOOS - The
Global Ocean Observing System, an international cooperation
platform from which Brazil is member. This network is expected to
complement the PNBOIA buoy system and to provide more detailed
information about coastal erosion and the impacts of climatic
change. For the ﬁrst time data from the “Rede Ondas” system are
also used to estimate electricity generation potential. In this
research, data recorded at intervals of 3 h during 30 consecutive
months in one of the “Rede Ondas” stations were used to develop a
mathematical model of the energy potential in the site where the
station is located.
2. Methodology
2.1. Data gathering
Wave data were recorded with an Acoustic Doppler Current
Proﬁlers (ADCP) Work Horse Sentinel that operates at a frequency
of 600 kHz and is equipped with a directional wave meter - Waves
Array from Teledyne RD Instruments. This device operates in Praia
de Forte (State of Bahia) at latitude 12 360 13.800 South and longitude 37 580 31.800 West. It is deployed on the seabed under the
32 m' isobath, ﬁxed to an anti-drag concrete structure. Fig. 3 shows
the operation of this metering device.
This instrument measures the signiﬁcative wave height, the
wave peak period and the direction of the waves. In other words, it
measures the complete frequency/direction wave spectrum. Measures are taken at intervals of 3 h within a “burst sampling” mode at
a frequency of 2 Hz. Although this device allows transmitting the
measures to shore via a cable link or acoustic modem as real-time
data, in the “Rede Ondas” network data are stored internally for
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Fig. 2. The “Rede Ondas” Brazilian wave monitoring network, based on anchored ondographs and seabed-deployed wave proﬁlers.

Fig. 3. Scheme of the Acoustic Doppler Current Proﬁler used for data acquisition [43].

short or long-term deployments. Divers recover the stored data
every month.
The uncertainty of the ADCP's primary sensors under the ﬁeld
conditions in which it operates is excellent [43]. Regarding tilt, both
accuracy and precision are ±0.5 with a resolution of 0.01.
Regarding the ﬂuxgate-type compass, it includes a built-in ﬁeld
calibration feature that allows an accuracy of ±2 5 and a precision
of ±0.5 5 with a resolution of 0.01. The proﬁle parameters are
velocity (accuracy ±0.3 cm s1, precision ±0.1 cm s1) and echo
intensity proﬁle. The latter has a precision of ±1.5 dB which gives a
velocity resolution of 0.1 cm s1. Using those primary measures, the
ADCP internal software calculates height, period and direction.
Then, after the burst sampling, the mean values of height and
period are calculated and stored in the internal memory as the
representative values of that 3 h' period.
It is worth noting that the ADCP records the wave peak period,
which corresponds to the wave period with the highest energy. In
order to estimate the power of wavefronts in the site, the wave peak
period must be converted to wave energy period, which is the
mean wave period with respect to the spectral distribution of energy. The conversion to wave energy period was done considering
the waves characteristics as within the JONSWAP spectrum [44],
from which the Bretschneider (one-sided) ocean wave spectrum is
the limiting form [45]. In that case, some authors suggest a wave
energy period/peak period ratio of 0.85 [46]. This study adopted a
value of 0.9 which is equivalent to assuming a standard JONSWAP
spectrum with a peak enhancement factor of 3.3 [45].
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2.2. Power estimation of wavefronts
In Physics, a wave is deﬁned as an energy transport phenomenon that transports energy along a medium without transporting
matter. The amount of energy carried by a wave is directly proportional to the square of the amplitude of the wave. An ocean
wavefront can be deﬁned as an advancing surface of wave propagation, and follows that behavior. The amplitude corresponds to the
height of the wavefront, a parameter that is measured by the wave
proﬁler. The height would determine the maximum of kinetic energy that is carried within each wave. In addition, by considering
the period between consecutive wavefronts, it can be calculated the
potential power (energy per unit time) that could be generated
given a speciﬁc sea conditions (wave's period and height). A wave
energy device located under those conditions would harvest only a
percentage of that maximum theoretical potential. The water
density (r) also inﬂuences the power that can be extracted from a
wave: denser, saltier waters carry more kinetic energy than softer
waters at similar conditions.
Calisal (1983) calculated the energy density of a developed twodimensional wave, giving the total energy expressions for deep and
ﬁnite depth water waves [47]. In deep water waves the potential
energy density propagates with the phase velocity, while the kinetic energy density is stationary. For surface waves propagating at
a ﬁnite depth the kinetic energy density has a stationary and a
propagating component, and the portion of energy travelling with
the phase speed is the potential energy. The power resource from a
wavefront is determined by the water density (r), gravitational
acceleration (g) and the wave's amplitude (A) [47]:

1
P ¼ $r$g$A2
2

(1)

This expression can be simpliﬁed to obtain another one that
only depends on the wave's height (H) and the period between two
consecutive wavefronts, that is, the wave energy period (T) [48]:

P¼

r$g 2
1
$H $Tz $H2 $T
64$p
2

(2)

The above expression, Eq. 2, calculates the power per meter of
wavefront (kW m1) for the height H in meters and the wave energy period T in seconds. Eq (2) is only valid for deep waters where
the waves do not interact with the bottom and wave characteristics
are thus independent of the water depth. To fall within this category, data must complain with the criteria d/L > 0.5 (d ¼ depth,
L ¼ wave length). That is the case of this study as the ADCP was
deployed under the 32 m isobath. For wave power potential at
shallow waters, Eq. 3 is more appropriate:

P¼

r$g 2
$H $T
32$p

(3)

An alternative method of power calculation is described by Pitt
(2005) [49]. That method also calculates the power were the wave
system is unidirectional, regardless the wave spectral direction.
However, the signiﬁcant wave heights are calculated from the
spectral wave characteristics. The wave spectra is measured over
different frequency ranges with different frequency subdivisions.
The power per meter of wavefront is calculated using Eq. 4:

acceleration due to gravity (9.8184 m s-2).
Eq. 4 is less intuitive, although may be adequate for some wave
measurement techniques, such as radar/Waverider buoys [34]. As
the database used in this research consists of records of height and
period, it was considered Eq. 2 as the most suitable expression for
the wave power estimation.
2.3. Development of the neural network model
Artiﬁcial neural networks (ANN) can be described as machine
learning models that mimic a human neural system. An artiﬁcial
neural network is a structure of information processing that approximates functions that can depend on a large number of unknown inputs. Their ability to be used as an arbitrary function
approximation mechanism that 'learns' from observed data is an
important advantage. That is, they can be used to infer a function
from observations.
ANN models are trained using historical data record that represents the behavior of a system. Once trained and optimized, such
model takes as inputs the data from the previous instants (the
previous values of one or more variables). The model processes the
inputs and gives, as output, the forecasted values for a selected set
of variables according to the historical behavior of the system. Between the input and the output, there may be one or more hidden
layers, each consisting of a number of processing units called
neurons that together form a self-learning algorithm.
Generally, the number of input variables would determine the
complexity of the model. These input neurons send data to
following layers of neurons, but during this process some parameters are stored. Those stored parameters are called the “weights”
of the interconnections and manipulate the data in the calculations.
The “activation function” converts a neuron's weighted input into
its output. The output is then compared and the weights are
adjusted (updated) through a learning process, using a “cost function”. This function is a measure of how far away a particular solution is from an optimal solution. Therefore, in the validation
(comparison) period an error index must be adopted for measuring
the success of the forecasting.
The model structure may be a simple feed-forward. However,
the power output generated at any hour may present some correlation with the one from the previous hour. This would be the case
of weather events, such as storms or anticyclones, lasting even
several days. During those events the waves' height and period
would be particularly high or low. The accuracy of the forecasting
model can be improved by using a more evolved structure that
considers possible correlations between the previous outputs (the
wave power from previous hours) and thus detects those eventual
climatic events, adjusting the prediction. For that reason it was
chosen a non-linear autoregressive exogenous model (NARX). Such
structure consists basically in the feedback of the ANN using outputs from previous moments as feed-forward inputs. This approach
is commonly used as a way to represent dynamic systems [50e53].
Thereby, the model uses values from past variables to make future
predictions, as in a dynamic system model like the one presented in
Eq. 5:





yðtÞ ¼ f yðt  1Þ; yðt  2Þ; …; y t  nty ; uðt  1Þ; uðt  2Þ; uð  ntu Þ
(5)

P ¼ r$g$

i¼64
X

Si $Vg ðfi Þ$Dfi

(4)

i¼1

where Vg ðfi Þ is the velocity at the ith frequency, Si is the corresponding spectral density estimate, Dfi is the ith frequency subdivision, r is the density of seawater (1025 kg m-3) and g is the

The ﬁnal structure of the ANN is represented in Fig. 4:
Having deﬁned the model's structure the next step is to deﬁne
the ﬁnal architecture. That is, the type of the activation function of
each neuron, the number of hidden layers and the number of their
neurons and ﬁnally the selection of the best model. It was already
demonstrated that one single layer is enough for a neural model to
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Fig. 4. Structure of the chosen neural network model: non-linear autoregressive
exogenous model.

be able to approximate any function with an arbitrary precision
[54]. The activation functions must be chosen according to the
system that is under study such, for example, in the case of pattern
recognition in which step functions are commonly used. Regarding
the training stage, the most common method used is backpropagation [55e58]. This method consists in the continuous
adjustment of the network parameters until its prediction is as
close as possible to the experimental data. After the selection of the
activation functions and the training methods, we arrive to the
crucial point of the model, which is choosing the number of neurons in the hidden layer. This number will determine the quantity
of parameters to be estimated during the training stage. Too many
neurons may lead to overadjustment, that is, the unwanted
modeling of noise or spurious data. Meanwhile, a less-thannecessary number can have a detrimental effect on the quality of
the model's prediction. In 1996, Schenker and Agarwal [59] proposed the use of dynamic cross-validation for the selection of the
optimal number of neurons of the hidden layer, demonstrating the
efﬁciency of this methodology when applied to cases with little
available data. In the present work, the number of neurons was
used through dynamic cross-validation. The method consists in
separating the data in three groups, namely A, B and C. Groups A
and B will be used for training two different networks for each
neuron number. After the training, the network developed using
data group A is validated with data group B. The model predicts the
values of data group B and the resulting error is calculated. The
process is repeated, increasing each time the number of neurons
until reaching a maximum of 40 neurons. The number of neurons
that shows the lowest validation error will be taken as the
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optimum. This error, calculated as the minimum mean square error,
is represented versus the number of neurons in Fig. 5. It can be
observed from the ﬁgure that the lowest validation error corresponds to a hidden layer of 2 neurons.
After the selection of the number of neurons of the hidden layer,
the ﬁnal step is the training and validation of the ﬁnal structure.
The training consists in estimating the parameters of the neural
network: weights and bias. Those parameters are estimated
through a problem of optimization. To solve that problem, it was
used the Levenberg-Marquardt backpropagation algorithm. In order to avoid the overadjustment of the data by the model, the early
stopping technique was used. The overadjustment problem arises
when the network is overloaded with information about the
training group and has its capacity degraded [59e61]. The early
stopping technique consists in stopping the training after a successive number of iterations, when it is noticed that the validation
error increases. The training of the ﬁnal network was done with
data groups A and B, while the validation was done with data group
C. Approximately 10% of the data were used to predict the
remaining 90%. The general deﬁnitions of the ﬁnal model are
shown in Table 2.

2.4. Measuring the model prediction error
The accuracy of the load prediction of a neural network or any
other mathematical model is usually deﬁned using two terms: the
Mean Absolute Percentage Error (MAPE) and the coefﬁcient of
variation (CV).
The MAPE, also known as mean absolute percentage deviation,
is usually expressed as a percentage and is widely used for
measuring the accuracy of a forecasting method or trend estimate.
It is very intuitive as refers to the innate concept of the error as the
difference between the real and the forecasted values. It is deﬁned
by the formula:


n 

1 X
Pt  Ft $100 ð%Þ
MAPE ¼ $
n t¼1  Pt 

(6)

where Pt is the actual value (the measured power in the instant t)
and Ft is the forecast value for that instant. The difference between
Pt and Ft is divided by the actual value Pt again and the absolute
value of the resulting division is summed for every forecasted point
and divided by the number of ﬁtted points n.
In this research the ANN model is used to forecast the potential
power that could be harvested from the waves during 10 consecutive months (at a rate of one prediction each 3 h). In order to
assess the precision of the model, the error of each predicted value
is calculated by particularizing the MAPE expression for each one of
the forecasted points:

Table 2
Characteristics of the proposed ANN model.
ANN model parameters

Fig. 5. Dynamic cross-validation for the selection of the optimal number of neurons of
the hidden layer: validation errors for different number of neurons.

Total number of neurons evaluated
Total number of trainees done
Optimal number of neurons
Total iteration in training step
Performance (mse)
Minimum gradient
Early stopping criteria
Transfer function in the ﬁrst layer
Transfer function in the output layer

40
15
2
1000
7.02
107
30
Hyperbolic tangent sigmoid
Linear function
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Pt  Ft 
$100ð%Þ
Error ¼ 
P 

(7)

t

Both the predicted and the measured values during the 10
months' timeframe are displayed together in the following chapter,
as a “validation” of the model. This error corresponds to the accuracy of the model, or the proximity of predicted results to the true
value.
The errors of all the forecasted points are also classiﬁed within a
histogram in order to assess their frequency distribution. We chose
to do this as gives an insight of how distributed the errors are,
complementing very well the information provided by the MAPE.
This option is more graphic and didactic than the calculation of the
coefﬁcient of variation (CV). That coefﬁcient, also known as relative
standard deviation, is a standardized measure of dispersion of a
probability (frequency) distribution, deﬁned as the ratio of the
standard deviation to the mean or to the absolute value of the
mean:

s
m

CV ¼ $100ð%Þ

(8)

where s is the standard deviation and m is the mean. While the
MAPE is related to the accuracy of the model, an assessment of the
error distribution either graphically or through the use of the CV, is
related to the concept of the precision of the model expressed as
the closeness of agreement among its set of results.
3. Results and discussion
3.1. Model output, performance and error distribution
It was used a database consisting of 6312 measures of height and
period, which originated the corresponding power values. The
experimental data correspond to a recorded power between 1 and
65 kW m-1. The total incoming energy during the 30 months was
179 MWh per meter of wavefront.
A fraction of the data set was applied in the developing of the
model. Speciﬁcally, 3156 values were used to train the neural
network. Later, the model was used to predict the power in all the
points (validation of the model). The result of that validation is
shown in Fig. 6:
The error distribution, shown in Fig. 7, revealed a slight trend of
the model to overestimate the power. The mean value of all the
errors was þ7.2%.
The resulting set of errors showed a distribution with a small
standard deviation. The standard deviation indicates how close the
data points tend to be to the mean of the set of errors. For the set of
errors produced by this model, the standard deviation (sigma) is

Fig. 6. Validation of the model: experimental data (green points) VS ANN model (blue
line). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Fig. 7. Distribution of the errors made by the model.

29.60%. However, the model made some gross errors of up to 70%
and þ260% at some points.
Together with the histogram of errors, Fig. 7 depicts the normal
(or Gaussian) distribution of errors. This function is symmetric
around the point þ7.2 (mean value of the error). Within a normal
distribution, the 3-sigma rule establishes that 68% of values are
within one standard deviation away from the mean; about 95% of
the values lie within two standard deviations; and about 99.7% are
within three standard deviations.
Therefore it can be stated that by using the proposed ANN
model, 68% of the forecasted values have an error of
between 22.4% and þ36.8% (MAPE  29.8%); 95% of the forecasted
values have an error of between 52.0% and þ66.4%
(MAPE  59.2%); and about 99.7% of the forecasted values have an
error of between 81.6% and þ96.0% (MAPE  88.8%).
The validation of the proposed ANN model using a 2½ years'
dataset showed an average error in the estimate of 7.2%, which is
above the error of properly set up models that use extent hindcasts
[62-65]. That error together with the high deviation suggests that,
in the cases of incomplete or short hindcasts, the model may be
more suitable to ﬁll the gaps of missing intervals than to perform a
resource assessment.
Following, the ANN model will be tested using a much
comprehensive hindcast (23 years). Wave height from the site of
that hindcast will be modeled using the proposed ANN model and a
state-of-the-art nearshore model. Both models will be validated in
that site with the aim to compare their performances.
3.2. Comparison of performances of the developed ANN model vs
the Nearshore Wave Prediction System
Statistical comparisons between ocean wave models have been
carried out frequently, for example SWAN vs. Wavewatch III [66]. In
this section it is presented a direct comparison of results using the
ANN model and the Nearshore Wave Prediction System (NWPS),
which is a combination of several models: (SWAN, Wavewatch III
and other simulators). The parameter that is compared is the signiﬁcant wave height. That parameter is measured and registered
every hour in a buoy station located in the West Coast of USA. There
is a 23 years' signiﬁcant wave height dataset from that buoy. The
ANN model can be applied to that site by using that dataset as inputs, and then validated. In addition, the NWPS model is applied
and validated in that site by the National Oceanic and Atmospheric
Administration (NOAA), which turns possible a direct comparison
between the performances of both models.
3.2.1. Origin of the data used for the comparison
NOAA is recognized worldwide for producing highly reliable
ocean data and for making that data available online for the scientiﬁc community. It has several buoys deployed on the coasts of
the USA that gather and transmit data. Among them, a buoy
identiﬁed as Station 41004 was chosen for three main reasons. First,
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it has a very similar water depth (38.4 m) than the other station
located in the Brazilian coast. Secondly, it has an extent hindcast of
wave height and period data with a frequency of 1 measurement
per hour during 1994e2017. That allows developing and training an
ANN model using a 23 years hindcast, which in thesis should
produce a more accurate model than the one previously applied to
the Brazilian coast (which only used data from the last 2½ years).
Thirdly, the output of the NWPS model is validated using data from
each buoy of the system, and the results of the validation for buoy
41004 were available for June 2017. This allows the comparison, for
that site, of the NWPS model's performance against the ANN model.
Fig. 8 shows buoy 41004 and its location in the West Coast of the
USA.
Station 41004 is located 41 NM Southeast of Charleston, SC at
32 300 2” N 79 50 58” W. This 3-m foam buoy is owned and maintained by the National Data Buoy Center (NDBC). Besides counting
with an extensive hindcast, this station also highlights for its sophisticated technology. It uses the state-of-the-art of NDBC's ocean
observing system for buoys, named the Self-Contained Ocean
Observing Payload (SCOOP) [67]. Wave observation is performed
through the Digital Directional Wave Module (DDWM). This module consists of a nine axis motion sensor and processor. The nine
axis motion sensor consists in a combination of a 3-axis gyroscope,
a 3-axis accelerometer and a 3-axis magnetometer. Resolution of
the sensors are 0.1 m (for wave height) and 1.0s (for wave period),
which gives a system accuracy of ±0.2 m (for wave height) and
±1.0s (for wave period) [68]. The error for the estimate of the signiﬁcant wave height is RMS<0.10 m with a Mean Diff<0.01 m. The
error for the average period is RMS<0.14s [67].
3.2.2. The ANN model particularized for this comparison
A neural network model similar as the one explained in the
Methodology chapter (non-linear autoregressive exogenous model
trained using backpropagation) was particularized for the hindcast
of the buoy 41004. The ANN model parameters were recalculated.
For this particular hindcast, the optimal number of neurons is 10.
Performance (mse) is 0.0456 and MAPE is 5.27%; Regarding the
error distribution, the mean value of the error is 0.86 and the
standard deviation (sigma) is 7.87.
3.2.3. The NWPS model
NWPS is driven by forecaster-developed wind grids produced in
AWIPS e Advanced Weather Interactive Processing System, which
integrates meteorological, hydrological, satellite and radar data. It is
also driven by wave boundary conditions from the operational
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Wavewatch III model. The nearshore wave model used is SWAN, a
third-generation wave model developed at Delft University of
Technology that uses as inputs wind, bottom and current conditions. Wave-current interaction is included using surface currents
from the Real-Time Ocean Forecast System (RTOFS-Global). Tides
and storm surge are accounted for using the Extratropical Surge
and Tide Operational Forecast System (ESTOFS, extratropical conditions), or the probabilistic model P-SURGE (tropical conditions).
NWPS uses computational grids that have a nearshore resolution of
1.8 kme500 m and produces ﬁelds of integral wave parameters,
wave spectra, and individually tracked wave systems (GerlingHanson plots). Experimental rip current and total water level
guidance is produced at 5 pilot WFOs [69-74].
3.2.4. Validation of both models using data from NDBC's station
41004
For each day of June 2017, both models generated a predicted
wave height at the site for the following 24, 48, 72 and 96 h. Then
the predicted values were validated with the observed (measured)
values in the buoy's sensors. Results of the validation, for each one
of the four forecasts (24 h, 48 h, 72 h and 96 h) are presented in a
scatter plot with two axis: the height output of the model (Hs,mod)
and the one observed in the buoy (Hs,obs). Each plot has 30 validation points, representing the days of June 2017. Scatter plots that
compare observed VS modeled wave heights are widely used. For
instance, such plots are available for the global Wavewatch III
model for deep waters, which is validated using the observations
from the Jason 2 satellite [75]. NOAA also uses scatter plots to
validate the NWPS model and kindly provided the necessary data
for this validation [76]. Figs. 9 and 10 show the validation of both
models' forecasts at Station 41004.
The validation of the NPWS is expressed using two statistical
parameters: the relative bias and the scatter index (SI) [76]. The bias
refers to the mean error, or the difference between the estimated
value (the output of the model) and the value observed in the
buoy's sensors. The relative bias is the bias divided by the value
observed in the buoy. The scatter index refers to the RMSE (rootmean square error) normalized by the mean value of the measurements. Therefore both parameters were calculated for each
validation, and compared in Table 3.
As can be seen on Table 3, the ANN model presented a smaller
relative bias in the estimates of all the four forecasts. The ANN
model performed better in terms of relative bias. Meanwhile, predictions using NWPS showed less deviation. The ANN model had a
signiﬁcantly higher scatter index, particularly in long-range

Fig. 8. Buoy 41004 and NOAA's system of data buoys.
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Fig. 9. Validation of ANN and NWPS models with data from Buoy 41004: Modeled VS Observed wave height, for 24 h and 48 h forecasts.

Fig. 10. Validation of ANN and NWPS models with data from Buoy 41004: Modeled VS Observed wave height, for 72 h and 96 h forecasts.

Table 3
Comparison between the performance of ANN and NWPS models for Buoy 41004 hindcast.
Relative bias and scatter index for each forecast
24 h
48 h
72 h
96 h

Rel.
S.I.
Rel.
S.I.
Rel.
S.I.
Rel.
S.I.

bias
bias
bias
bias

forecasts of 72 and 96 h in advance.
Moreover, the ANN model performed much better when using a
much comprehensive hindcast. The error of the model, measured
by the MAPE and the standard deviation, reduces when considering
a more extent hindcast. The error of the model was too high for a
2½ years' dataset, which suggests a better use for ﬁlling the missing
gaps than for resource assessment. Where there is enough data

ANN model

NWPS

0.0067
0.4254
0.0130
0.5154
0.0158
0.6200
0.0204
0.7400

0.1560
0.3320
0.0970
0.4050
0.1700
0.2670
0.1690
0.2460

available (long-term datasets as recommended by international
protocols) the ANN model could also have a use for resource
assessment. By using a 23 years' hindcast, the ANN model was able
to estimate the waves' height at Station 41004 with a MAPE of
5.27%. Table 4 shows a comparison between the performances of
the proposed ANN model for the two hindcasts that were
considered.
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Table 4
Performance of the proposed ANN model with regards of the hindcast's extension.
Bahia, Brazilian Coast
Extension of the hindcast
Instrumentation used for wave data acquisition
Type of forecasting model
MAPE
MSE
Mean value of the error distribution (m)
Standard deviation of the error distribution (s)
Coefﬁcient of Variation (CV)

SC, West Coast of USA

Nov 2014 - May 2017
Jan 1994 - June 2017
(2½ years)
(23½ years)
acoustic doppler current proﬁler
nine axis motion sensor
ANN (non-linear autoregressive exogenous model trained using backpropagation)
7.20%
5.27%
7.0200
0.0456
7.20
0.86
29.60
7.87
411%
915%

4. Conclusions
Wave monitoring systems have greatly evolved in recent years.
Nautical radars, ADCPs, lidars, displacement and GPS buoys and
stereo vision instrumentation are now available to produce high
resolution data. Those data, in particular measures of wave height
and period, are of interest for the assessment of the wave energy
potential of coastal sites.
This research proposes a mathematical model, based on artiﬁcial neural networks, that uses direct wave measures to characterize that potential. The model selects some data from a hindcast
and uses those values to train a neural network that estimates wave
height and period, and therefore the wave power available in that
particular coastal site. The model was implemented and validated
in two different sites. The ﬁrst one had a dataset from an acoustic
Doppler wave proﬁler deployed at 32 m depth, measuring during
2½ years at intervals of 3 h. The second consisted in data from a
buoy that deployed a 9-axis motion sensor and other instruments,
and measured continuously during 23 years at intervals of 1 h.
In the ﬁrst case (2½ years' hindcast) it was able to estimate the
energy potential of the site with a mean error of 7.2%. By using a 23
years' hindcast, the mean error of the model decreased to 5.27%
with much less deviation. The performance (precision and accuracy) of the ANN that is proposed in this research increases with the
use of hindcasts covering longer periods. Moreover, when
compared with the nearshore numerical model NPWS, the neural
network trained with the 23 years' dataset performed quite well
(better in terms of relative bias and worse in terms of scatter index).
For datasets covering short periods of time, as in the ﬁrst case, the
error of the model is too high which suggests a better use for ﬁlling
the missing gaps than for resource assessment. That is, given an
incomplete set of measures from a coastal site, the remaining
behavior of the waves in the missing gaps can be easily inferred
with the use of this proposed model at an acceptable error. In sum,
ANNs and other artiﬁcial intelligence algorithms are powerful
computational tools that can make an optimal use of the data
produced by wave monitoring instrumentation.
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RESUMO

Apresenta-se um modelo matemático em redes neurais para a avaliação do potencial de geração de energia elétrica mediante ondas. O objetivo é desenvolver um modelo confiável, capaz de avaliar de maneira
precisa este recurso nos locais mais promissores da costa brasileira.
Para validar o modelo, foi usada uma série de medições diretas, registradas durante 10 meses consecutivos por um perfilador acústico de
ondas. O modelo conseguiu caracterizar o comportamento desta fonte
renovável no local com um erro médio de 9,25%.
Palavras-chave: Potencial das ondas, Energia renovável, Energia ondomotriz, Modelagem matemática.
ABSTRACT
It is presented a mathematical model using neural networks for the assessment of the wave energy potential. The objective is to assess accurately this resource in the most promising sites of the Brazilian coast.
To validate the model, it was used a data series registered during 10
consecutive months by an acoustic wave profiler. The model was able
to characterize the behavior of this renewable source in the site with an
average error of 9.25%.
Keywords: Wave potential, Renewable energy, Wave energy, Mathematical modelling.
1. INTRODUÇÃO
1.1 Estado da Técnica
Existem iniciativas no mundo que visam avaliar o potencial de
geração energética provenientes do mar. A Associação Europeia de
Energia Oceânica desenvolveu, em 2010, um roteiro para esse tipo de
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energia, que tem potencial de atingir 3,6 GW instalados em 2020 e 188
GW em 2050, o que representaria 0,3% e 15% da demanda projetada
para esses respectivos anos (OEE, 2015). Por se tratar de uma energia renovável e de imenso potencial, várias linhas de estudos estão
sendo desenvolvidas para que se torne justificável e viável a construção e testes de protótipos, tanto na costa (shoreline), próximos à costa
(nearshore) e em alto mar (offshore).
Existem cinco formas de energias oceânicas (Soerensen e
Weinstein, 2008): energia de ondas (extraída diretamente das ondas);
energia de maré (extraída da sua componente cinética e do seu potencial, por meio de barragens); energia de correntes (extraída da energia
cinética das correntes marinhas); energia do gradiente de temperatura
(diferencial de temperatura entre as águas quentes superficiais e as
geladas águas profundas, por meio de diferentes processos de Conversão de Energia Térmica Oceânica - OTEC); e energia do gradiente
de salinidade (aproveita-se a energia osmótica da diferença de salinidade entre a água doce dos rios e a água salgada dos oceanos). A
energia proveniente das ondas será abordada nesta introdução.
A conversão da energia das ondas depende da altura da onda,
do período de tempo entre os frentes de onda consecutivos, e principalmente do dispositivo que realiza a conversão em energia útil. Os
dispositivos costeiros de conversão (shoreline) têm vantagem de serem facilmente instalados e ter fácil acesso para manutenção, contudo
estão localizados onde as ondas já sofreram perda de energia pelo
atrito com o assoalho marinho. Para os dispositivos costeiros, o mecanismo mais utilizado para a conversão de energia das ondas para
energia elétrica é o OWC - Oscillating Water Column ou Coluna de
Água Oscilante. Neste dispositivo o ar fica aprisionado em uma câmara com uma abertura, para sua entrada e saída, e em contato com a
superfície do mar. Com a oscilação da superfície do mar é gerada uma
pressão que força o ar a se deslocar pela abertura, onde se encontra
uma turbina que se movimenta com a entrada e a saída do ar. A Figura
1 (adaptada de Trujillo e Thurman, 2011) ilustra o funcionamento deste
dispositivo.

Figura 1 – Esquemática de um dispositivo de geração costeiro do tipo OWC
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A primeira instalação a utilizar essa tecnologia em escala comercial está em Islay, na Escócia. A oscilação da coluna d’água alimenta duas turbinas ligadas a um gerador de 250 kW cada uma. Além desta instalação, que está em operação há mais de 11 anos, há projetos
similares em várias localidades do mundo (Falcão e Henriques, 2016).
Outro dispositivo de conversão que pode ser usado na costa
é o de galgamento. Estes dispositivos contém reservatórios que são
preenchidos pelas ondas e fazem subir o nível acima da média do oceano. A água é então libertada e a gravidade faz com que esta caia em
direção ao oceano. A energia originada pela queda da água é usada
para fazer rodar uma turbina hidroelétrica. Geralmente estes dispositivos são estruturas de grandes dimensões para viabilizar um reservatório com capacidade suficiente de armazenamento. Eles podem
ser flutuantes ou fixos à costa com o reservatório em terra. A Figura
2 (adaptada de Bevilacqua e Zanuttigh, 2011) ilustra o dispositivo de
galgamento.

Figura 2 – Dispositivos de galgamento: offshore (esquerda) e na línea de
costa (direita)

O exemplo mais comum de dispositivo de conversão da energia é o Pelamis (Dalton et al, Palha et al, 2010). “Trata-se de um dispositivo offshore para locais com profundidades maiores do que 50
m. O Pelamis é um dispositivo do tipo progressivo, desenvolvido pela
OceanPower Delivery Ltd (Escócia). Carvalho (2010) define os dispositivos progressivos como “sistemas alongados com uma dimensão
longitudinal da ordem de grandeza do comprimento de onda e estão
dispostos no sentido de propagação da onda, de modo a gerarem um
efeito de bombeamento progressivo, associado à passagem da onda”.
O Pelamis consiste em uma estrutura articulada semi-submersa composta por diferentes módulos cilíndricos unidos por juntas flexíveis. O
primeiro local a utilizar essa tecnologia foi o parque de Aguçadoura
em Portugal, com 2,25 MW instalados. Esta instalação foi inaugurada
em setembro de 2008 com três dispositivos Pelamis, mas cessou posteriormente sua operação por problemas operacionais e dificuldades
financeiras (Smith et al, 2012). A Figura 3 mostra o esquema de funcio-

Vol. 23 | Nº 2 | 2º Trim. 2017

63

namento desta tecnologia.

Figura 3 – Vista aerea e lateral do dispositivo

Estruturas costeiras projetadas para a contenção das ondas
marinhas, como espigões e quebra-mares podem ser aproveitadas
para produzir energia elétrica. No Brasil foi instalada a primeira usina
da América Latina movida pela força das ondas do mar, instalada no
Porto de Pecém, no litoral cearense, a cerca de 60 km da capital Fortaleza. Foi desenvolvida pelo Instituto Alberto Luiz Coimbra de Pós-Graduação e Pesquisa de Engenharia (Coppe) da Universidade Federal do
Rio de Janeiro (UFRJ). O equipamento consiste em braços mecânicos
com um flutuador no extremo. Estes braços mecânicos estão apoiados
num quebra-mar. Com o movimento das ondas, os flutuadores fazem
com que os braços se movimentem, funcionando como pistões para
pressurizar água doce. A água pressurizada é armazenada num acumulador conectado a uma câmara hiperbárica, e posteriormente forma
um jato que movimenta uma turbina (Costa, 2004). A Figura 4 mostra
esta usina (COPPE, 2012).

Figura 4 – Usina de ondas no porto de Pecém

A usina piloto de Pecém está, na atualidade, desativada. Existe um novo projeto de usina no Brasil, dessa vez em terras cariocas. A
parceria entre FURNAS e a empresa Seahorse Wave Energy propõe
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uma usina offshore a 14 km da costa com capacidade de 100 kW – o
dobro da usina cearense. A geração de energia da usina se dará a partir da movimentação vertical de um flutuador de onze metros de altura
e 4,5 metros de diâmetro, impulsionado pelas ondas do mar.
1.2 Avaliação do potencial nacional: o Programa Nacional
de Boias
A ausência de dados experimentais suficientes é um condicionante para a modelagem do comportamento das ondas no litoral brasileiro. Isto faz com que seja necessário recorrer a modelos de simulação matemática, que tomam como entradas outros dados climáticos
secundários, por exemplo a velocidade do vento na superfície do mar.
O CPTEC - Centro de Previsão de Tempo e Estudos Climáticos usa o
modelo de ondas oceânicas de terceira geração WAVEWATCH 2.22,
apropriado para águas acima de 40 metros de profundidade. Este modelo está orientado para o auxílio na navegação, mas não para avaliar
o potencial energético das ondas na linha da costa. Contudo, o modelo
WAVEWATCH III (WW3) já foi usado para avaliar o potencial das ondas
no litoral do Brasil (Carvalho, 2010). Dentre os poucos trabalhos com
dados experimentais, destaca Assis (2010) que analisou o potencial
energético no litoral do Rio Grande do Sul a partir dos dados de um
ondógrafo tipo boia fundeado durante 35 meses consecutivos.
O Programa Nacional de Boias (PNBOIA) consiste em uma
rede de boias de deriva e boias fixas fundeadas na região costeira, rastreadas por satélite, que visa o fornecimento de dados meteorológicos
e oceanográficos em tempo real. O PNBOIA tem propiciado a produção de conhecimento científico e contribuído para o fornecimento de
previsões oceanográficas e meteorológicas. Pela primeira vez, estes
dados são usados para estimar o potencial de produção de energia
elétrica. Os dados coletados numa estação do PNBOIA durante 10 meses consecutivos, em períodos de uma hora, foram usados como base
para elaborar um modelo matemático do potencial energético nesse
local.
2. MÉTODOS
2.1 Obtenção dos dados
Os dados de ondas do litoral norte da Bahia são medidos por
um perfilador acústico de efeito Doppler - ADCP Work Horse Sentinel
de 600 kHz com medidor de onda direcional - Waves Array acoplado,
da marca Teledyne RD Instruments. O equipamento está instalado na
Praia do Forte, latitude de 12 ̊36’ 13.8” S e longitude de 37 ̊58’ 31.8” W,
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com fundeio na plataforma sob a isóbata de 32m. O equipamento foi
fixado ao fundo embutido em uma estrutura anti-arrasto de concreto. A
Figura 5 (Teledyne, 2013) esquematiza o funcionamento deste sistema
de medição.

Figura 5 – Esquema do perfilador acústico de efeito Doppler

Este instrumento mede a altura e o período das ondas na superfície. As medições são feitas em intervalos de 3 horas em modo de
“burst sampling” com frequência de 2Hz. Os dados são armazenados
na memória do dispositivo e recuperados mensalmente por mergulhadores.
2.2 Fórmula da potência
A potência que pode ser obtida de um frente de ondas está
determinada pela densidade da água (ρ), o período entre as frentes de
onda consecutivos (T), e a altura das ondas (H). A fórmula da potência
pode ser simplificada para obter uma expressão que só depende da
altura e do período (Al-Habaibeh, 2010):
(1)
A equação (1) calcula a potência por metro de frente de onda
(kW/m) para a altura H em metros e o período T em segundos.
2.3 Desenvolvimento do modelo de redes neurais
As Redes Neurais Artificias (RNAs) são uma técnica de
modelagem empírica desenvolvida por McCulloch e Pitts (1943) com o
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objetivo de simular o funcionamento do sistema nervoso humano. A
modelagem por RNA é um ramo da inteligência artificial que nas últimas duas décadas se disseminou na engenharia devido à sua capacidade de descrever o comportamento não linear de um sistema,
característica bastante comum na engenharia.
O objetivo desta seção é desenvolver um modelo matemático confiável, baseado em RNAs, para a caracterização do potencial
energético das ondas num local, do qual se tem uma série de dados
experimentais (altura e período). Este modelo deve possuir três entradas (mês, dia e hora) e uma única saída: a potência nesse instante,
expressada em kW/m e calculada segundo (1). Este modelo oferece,
portanto, uma estimativa da potencial produção de energia em cada
hora e em cada dia do ano.
É proposta uma estrutura “nonlinear autoregressive exogenous model” (NARX). Tal estrutura consiste na retroalimentação das
entradas passadas na rede em forma de entradas na retroalimentação.
Desta forma, o modo utiliza o valor das variáveis passadas para realizar as predições futuras, assim como o modelo de um sistema dinâmico conforme representado em (2):
(2)
A estrutura final da rede neuronal pode ser então representada
conforma a Figura 6. Observa-se que um determinado número de passadas respostas é retroalimentado na camada de entradas do modelo
de modo a realizar a predição seguinte.

Figura 6 – Estrutura escolhida para o modelo de redes neurais: modelo NARX
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Uma vez tendo a estrutura do modelo definida é preciso definir
a arquitetura final. A arquitetura contempla o número de camadas intermediárias do modelo, o tipo das funções de ativação de cada neurônio, o número de camadas intermediárias, o número de neurônios nas
camadas intermediárias e, por fim, a seleção do melhor modelo. O
número de neurônios da camada intermediária de uma rede neural
é o ponto crucial da estruturação do modelo, uma vez que ele irá determinar a quantidade de parâmetros a serem estimados na etapa de
treinamento. Um número excessivo de neurônios poderá levar a um
sobre-ajuste, ou seja, à modelagem indesejada de ruídos ou dados
espúrios, como mencionado anteriormente. Já um número menor do
que o necessário pode prejudicar a qualidade da predição do modelo. No presente trabalho a validação cruzada dinâmica foi utilizada
de modo a selecionar o número ótimo de neurônios na camada intermediária do modelo, resultando 5 neurônios. Uma vez selecionado
o número de neurônios da camada intermediária, resta o treinamento e validação da estrutura final. O treinamento consiste na estimação dos parâmetros da rede: pesos e bias, calculados por meio de
um problema de otimização. Foi usado o algoritmo “backpropagation”
de Levenberg-Marquardt. A técnica de “early stopping” foi implementada para evitar o problema de sobreajuste dos dados por parte do
modelo. A técnica consiste em parar o treinamento após um número
sucessivo de iterações em que o erro de validação aumenta. As definições gerais do modelo final encontram-se apresentadas na Tabela 1:
Tabela 1 – Características do modelo em RNA proposto
Parâmetros do Modelo
Número total de neurônios avaliado

15

Número total de treinamentos

15

Número ótimo de neurônios
Performance (mse)

5
8,83

Função de transferência na primeira camada

Sigmoide - tangente hiperbólica

Função de transferência na camada de saída

Função linear

2.4 Cálculo do erro do modelo
Para medir a precisão do modelo é calculado o erro em cada
ponto, considerado como a diferença entre os valores reais e os preditos (erro = potência real – predita) conforme representado em (3):
(3)
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onde Pt é o valor real (a potência medida no instante t) e Ft é o valor
previsto para esse instante. Posteriormente, todos os erros dos pontos
são classificados num histograma, de modo a visualizar sua distribuição de frequência.
3. RESULTADOS
Foi usada uma base de dados compreendendo 1919 medidas
de altura e período, que originaram os correspondentes valores de potência. Os dados experimentais obtidos diretamente no local registraram uma potência entre 3 e 65 kW/m. Energia total incidente durante
os 10 meses de 52,2 MWh por metro de frente de onda. Uma pequena
parte dos dados foi aplicada no desenvolvimento do modelo (treinamento da rede neural). Posteriormente, o modelo foi usado para predizer a potência em todos os pontos (validação do modelo). O resultado
da validação é apresentado na Figura 7:

Figura 7 – Validação do modelo: dados experimentais VS modelo em RNA

Figura 8 – Distribuição dos erros cometidos pelo modelo
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O modelo matemático usa os dados disponíveis, medidos por
um ondógrafo no próprio local, para treinar uma rede neural e estimar
a potência em cada hora do dia durante 10 meses. Após 15 treinamentos, conseguiu estimar o potencial energético do local com um erro
médio de ±9,25%. A precisão deste modelo é significativa e permite realizar um estudo confiável de viabilidade da implantação de uma usina
de ondas, em um local em que se tenham alguns registros temporais
de altura e período das ondas. Com esses dados, o modelo treinará
uma rede neural e calculará o valor médio da energia gerada ao longo
da vida útil do empreendimento.
4. CONCLUSÕES
As ondas são uma fonte de energia promissora, embora intermitente e pouco previsível. O aproveitamento desta fonte renovável tem duas frentes de trabalho: de um lado, o desenvolvimento de
dispositivos de conversão eletromecânica cada vez mais econômicos
e eficazes. De outro, desenvolver métodos para avaliar com precisão
o potencial energético de possíveis localizações de usinas. Os modelos de previsão de ondas disponíveis realizam previsões com alguns dias de antecedência baseadas na velocidade do vento e outros
parâmetros. Estes modelos computacionais possuem interessantes
aplicações no monitoramento climático e na navegação. Para avaliar
o potencial energético dos locais mais promissores, uma abordagem
mais conveniente é o registro de medições mediante ondógrafos e o
posterior tratamento estatístico desses dados. O modelo matemático
proposto, baseado em RNAs, conseguiu caracterizar o comportamento
desta fonte renovável no local com um erro médio de 9,25%.
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The cassava starch industrial process generates very pollutant eﬄuents that need to be treated before discharge.
A series of successful experiences concerning the transformation of treatment ponds into covered lagoons have
been conducted in the last years in Brazil, proving that the use of anaerobic digesters could make the worldwide
cassava industry more proﬁtable. The circular economy approach is used to add the balance of greenhouse
gases, water and land use to the assessment of a set of waste-to-resource alternatives for this particular
industrial process. The results point out to the convenience of upgrading the covered lagoon solution to a more
complete waste bio-reﬁnery that not only focus in electric power generation but also recovers process heat and
biofertilizers as byproducts. Co-generation is very attractive for the resource recovery of this agricultural
residue. It was also found that the higher eﬃciency that characterizes co-generation leads to the lowest level of
greenhouse gases emissions.

1. Introduction
Cassava, tapioca or mandioca (Manihot esculenta) is a native plant
from South America that has a huge nutritional importance in the
tropics, where its root is one of the main sources of carbohydrates.
Besides the fact that only sugarcane and sugar beet have higher yield of
carbohydrates per hectare, cassava has the advantage of requiring a low
agrochemical input [1–3]. It is also one of the most drought-tolerant
crops and can be successfully grown on marginal soils. It constitutes a
valuable agricultural resource that can be either processed and
exported or consumed locally as a staple crop. In addition, it is a
common practice for local farmers to use Cassava hay and tubers for
animal feed, as it is done worldwide in the Tropics. But it is in times of
drought where the importance of this plant arises as it becomes a
survival crop for cattle and goats. Cassava can also be a source of
biofuel [4–6]. Its root stores starch which can be transformed into
glucose and then undergo alcoholic fermentation. One ton of cassava
roots can produce 188 l of ethanol [7–9] and the stillage that is
generated during the distillation process can undergo anaerobic
fermentation and produce biogas [10–12]. However, given the importance of this crop as a food source for humans and animals, its
direct use for bioenergy doesn’t seem as a convenient option.

⁎

The ﬁrst cassava biomass residue is available on the ﬁelds after the
harvest. The roots are collected, carried and transported. Some stems
are used for the further propagation of the crop while the greatest part
of the green mass is left on the soil. There, it decomposes and some
nutrients return to the soil. A cassava plantation produces 200 kg of
usable dry mass for each ton of cassava roots that is harvested [13].
Cassava stalk can also undergo fast pyrolysis producing bio-oil [14], in
yields of around 63 wt% in a ﬂuidised-bed reactor [15] or around 70 wt
% in a free-fall reactor [16]. But this ﬁrst form of cassava residues
appears scattered among the cultivation ﬁelds, where there is no other
energy demand besides the harvest machinery. It could be preprocessed and transported to facilities located in the villages for direct
burning or pyrolysation at the expense of the energy required in its
transportation. A second form of cassava residues appears in a more
concentrated form and where there is indeed an energy demand.
Cassava roots are transported to facilities and undergo two diﬀerent
industrial processes with the aim to obtain two products: starch and
ﬂour. Both processes generate solid and liquid wastes that have
bioenergy potential, especially as sources of biogas. In addition, both
processes are energy-intense, in particular the processing of starch that
requires about 2208 MJ/ton of cassava roots in electricity and heat [7].
The production of ﬂour is generally performed by small facilities using
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the sieves, a more starch-concentrated pulp continues the process
while the obtained ﬁbers are pumped to a tank that stores them
together with cassava husk and peels. This residual biomass is valuable
as can be used as animal fodder. Meanwhile, the starch-rich pulp
undergoes a further concentration stage. In this stage, the pulp is fed
from the top of the equipment and the centrifugal force separates a
solid concentrate, mostly starch, of a liquid eﬄuent, mostly water. The
resulting water is reused in the previous washing of the roots, which
greatly decreases the water consumption of the whole industrial
process. The remaining water within the solid starch must be removed.
To do so, a ﬁrst mechanical treatment is performed using hydrocyclone
or centrifugal dewatering equipment. The second treatment consists in
drying. A ﬂash dryer is generally used. It consists in an air ﬁlter, a heat
exchanger, an exhaust fan and a pipe. In its ﬁnal stage, it has a dust
washing system, which decreases the quantity of starch that is lost
within the air. The resulting product is a starch with moisture content
from 12% to 14%, ready to be packed and commercialized.

traditional techniques, especially in Africa and Northeast Brazil, and
the production of starch is much more mechanized and concentrated in
bigger facilities. Two types of biomass are produced in both cassava-toﬂour and cassava-to-starch processes: solid residuals and a liquid
eﬄuent. While the conﬂuence of energy needs and biomass in the same
place invites to think in any sort of bioenergy exploitation, other
options must also be considered for the residual biomass, aiming
byproducts with the highest added value [17–23].
The main solid residuals produced are peel, husk and, in the case of
ﬂour processing, a small portion of the ﬂour that is wasted and dragged
during the cleaning of the facility. Cassava peel has interest as animal
feed [24] or can be mixed with dung to produce biogas. Cassava husk
can be used as an adsorbent for the removal of metal ions from natural
river water [25] or combusted in the form of pellets, either directly
(3694 kcal/kg) or after pyrolysation (5198 kcal/kg) [26]. In the starch
processing, it is produced a ﬁbrous material called bagasse that
contains about 30–50% starch on dry weight basis and can serve as a
substrate for microbial processes for the production of value added
products (organic acids, cellulose composites, compounds, mushrooms) [23]. Regarding energy uses of cassava bagasse, it can be
hydrolysated in order to produce bio-butanol using fed-batch fermentation with gas stripping [27] or used as feedstock for microbial fuel
cells [28]. Bagasse from starch processing can also produce ethanol
through a ﬁrst enzymatic hydrolysis that converts cellulosic materials
and starch to fermentable sugar and further ethanol fermentation [29–
33]. The liquid eﬄuent is constituted of water, starch, ﬁbers, minerals
and cyanogenic compounds. This waste stream, despite being diluted in
water, presents a signiﬁcant concentration of organic matter and
requires to be treated before being discharged into the nearby watercourses. Some research has been conducted in the direction of
producing valuable products from this eﬄuent [17–23]. The presence
of cyanogenics diﬀerentiates cassava solid and liquid process waste
from other agricultural residues. In Brazil, the extraction of cyanogenic
compounds from cassava waste has already been tested for larvicides
against the Aedes aegypti mosquito [34] and aiming the utilization of
cyanine acetone against tumor cells [35].

3. The problem with cassava pulp eﬄuent
The obtaining of starch from cassava is very water intensive and
generates a polluting wastewater stream. Studies assessing the cassava
starch processing in Southern Asia have reported a consumption of
20 m3 of freshwater and a generation of 12 m3 of eﬄuent stream
(wastewater) for each ton of cassava processed [40] although other
studies for that region decrease that value to 11 m3 of freshwater
consumption for each ton of cassava processed [41]. Modern cassavato-starch factories in Southern Asia have reported water consumption
values per ton of 4.3 m3 [39]. Freshwater intake can be signiﬁcantly
reduced with the reuse of water within the process stages. State-of-theart values of 6 m3 of freshwater and 6.1 m3 of eﬄuent stream are
currently reached by the cassava starch industry in Brazil, as researched by the authors. The processing of cassava in small-scale
traditional facilities makes a less intensive use of water. In such
facilities, peeling and washing of the raw material are generally not
an automated and continuous process and most of the eﬄuent is
produced during the pressing of the peeled roots, due to their own
water content. This yields a smaller amount of eﬄuent, however more
concentrated. Average values of 0.3 m3 of eﬄuent for each ton of
processed raw material have been reported for this type of facilities
[42]. In Sub-Saharan Africa, the small-scale processing involves root
preparation (peeling and slicing), size reduction of the root through
grating, and then fermentation followed by drying. Water is squeezed
out of the fermented material to reduce moisture, generating a
polluting eﬄuent [43]. In semi-arid regions such as, for example,
Northeast Brazil (where the fermentation stage is not used), most of the
cassava processing occurs in small facilities that discharge this eﬄuent
without any treatment to the surroundings, thus polluting groundwater
and rivers. The particular hydrologic conditions of this region, with
intermittent rivers, aggravate this problem.
The ﬁrst eﬀect in a water course after the discharge of the eﬄuent
would be a dramatic drop in the levels of oxygen, due to its high content
of organic compounds. The analysis of cassava eﬄuent available in
literature conﬁrm high values of both biochemical and chemical oxygen
demand (BOD and COD), as shown on Table 1.
Besides the organic pollutants, cassava wastewater presents other
hazards that make this eﬄuent unique. Cassava toxicity arises from a
glycoside called linamarin present in every part of the plant which by
hydrolysis yields glucose, acetone and hydrocyanic acid [48]. The toxic
and polluting potential is aggravated by the fact that linamarin is very
soluble in water. Therefore, the discharge of the untreated eﬄuent from
cassava processing can pose a serious threat to the fauna from the
surrounding water courses. Linamarin and its methylated relative
lotaustralin can decompose to the toxic chemical hydrogen cyanide
through the enzymes and gut ﬂora present in the intestines of ﬁshes or
other animals. The concentrations of organic matter and linamarin in

2. An insight to the industrial process of cassava starch
Cassava starch (either raw or in its modiﬁed form) has several
industrial applications [36–38] which creates a huge global business.
The raw material is cassava roots. The starch content in the roots varies
by region, climate, soil and cultivation, ranging from 20% to 32%, while
the water content in the roots is around 60% [39].
The industry of cassava starch is composed by a set of process
equipment that aims to conduct the selection and grinding of cassava
roots, extracting the starch from the plant ﬁbers and then performing
the drying and subsequent storage of the product. Following, Fig. 1
depicts a complete process diagram of the industrial processing of
cassava, from the arrival of the loaded trucks with the raw product to
the packaging and storing of the processed starch.
The process begins with the reception, weighing and unloading of
the roots. In a starch industrial plant, platforms weigh the loaded
trucks and then tilt to unload them with the use of a front hydraulic lift.
After the unload process, a vibrating screen removes the excess of earth
and impurities that comes with the roots. The product is then
transported to the hopper, where is stored and fed to the washingpeeling system. Most of the water used in the washing-peeling process
is produced during a later industrial stage: the starch separation
process. The resulting eﬄuent is directed to the treatment lagoons
(aerated lagoons and settling ponds) while the peeled roots are
transported through a belt conveyor to the crushing stage. The crushing
is performed by a rotating cylinder that works at high speed, causing
the cells to break and subsequently release the starch. The result is a
ﬂow of crushed pulp that must undergo another process that separates
the starch from the cassava ﬁbers using rotating conical sieves. After
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Fig. 1. Process diagram of the industrial processing of cassava to obtain starch.

the resulting eﬄuent are higher in the production of cassava ﬂour than
in the cassava-to-starch process, as the latter uses more water and the
pollutants are thus more diluted. Average values for Northeast Brazil
indicate 25 g/L of COD and 80 ppm for cassava-to-ﬂour eﬄuent and
50 g/L of COD and 140 ppm for cassava-to-ﬂour eﬄuent [42]. In
addition to the afore-mentioned contaminants, cassava pulp waste also
presents a relative high content of organic acids. Mean concentrations
of 1.4 g/L of Lactic acid and 0.35 mg/L of Acetic acid have been
reported in facilities that use around 11 m3 of water for each ton of
cassava processed [41].
Cassava factories that treat their eﬄuents use decant ponds to
remove settleable matter and turbidity and to give a sort of biological
treatment. The ponds can be upgraded to aerated lagoons for an
improved removal of the biochemical oxygen demand. However, decant
ponds and lagoons produce bad smell and require a considerable area
around the factories. Some factories as well as governmental agencies
are starting to consider the adoption of anaerobic treatment as the
most convenient option for this liquid stream. Anaerobic treatment is
eﬀective in minimizing the cyanide toxicity of this wastewater [49,50].
Meanwhile, the current solution for the eﬄuent before its ﬁnal
discharge is the use of a series of open ponds. The retention time of
the wastewater in such a system is around 30 days [51]. The ﬁrst
lagoon serves as a decantation pond as the microbiological activity is
limited by the high level of cyanides and only around 30% of the DBO is
removed. In the subsequent ponds (anaerobic lagoon and facultative
pond), a substantial decrease in the DBO and DQO occurs. Overall,
such a system of lagoons can achieve eﬃciencies of 95% in the removal
of DBO and DQO from the waste eﬄuent of cassava processing [51].

4. Bio-digesters as a zero discharge, advanced biological
treatment solution for cassava pulp eﬄuent
The production of biogas from agricultural waste is based on two
well-deﬁned technological routes: anaerobic bio-digestion and gasiﬁcation, the latter consisting in the thermochemical conversion of biomass
(which has carbon in its composition) to a gaseous fuel product
[52,53]. Gasiﬁcation technology is generally considered for solid
biomass waste with low humidity and high caloriﬁc value (for example
lignocellulosic materials). Bio-digestion is a more appropriate solution
for the energetic transformation of an aqueous organic eﬄuent such as
cassava pulp waste [54].
A waste bio-reﬁnery based on the bio-digestion of the process
wastewater aims to achieve a double objective. First, the mitigation of
an environmental problem as the anaerobic digestion neutralizes the
polluting potential of the eﬄuent. Secondly, signiﬁcant resources can
be recovered. Among them, the methane produced through the
anaerobic decomposition is especially valuable as can be used locally
for process heat and electricity [55]. Other researches address the
production of bio-hydrogen from cassava wastewater using dark
fermentation by hydrogen-producing bacteria [11,46,56–59] although
this option requires more advanced and robust equipment to deal with
hydrogen. Therefore, this work will focus on the decomposition of the
organic eﬄuent into a biogas with a methane content ranging from
40% to 70%. The required technology to do so is mature and reliable
[60–63]. It is based on a two-step anaerobic bio-digester. In an
anaerobic digestion where both acidogenic and methanogenic bacteria
are in the same chamber, the process has to deal with instabilities due

Table 1
Analytical values of the effluent from the cassava starch process.

pH
total Biochemical Oxygen Demand (g/L)
total Chemical Oxygen Demand (g/L)
total solids (g/L)
volatile solids (g/L)
Nitrogen (mg/L)
Cyanide (mg/L)

(Paixão et al.) [44]

(Colin et al.) [41]

(Zhang et al.) [45]

(Wang et al.) [46]

(Sun et al.) [47]

5.4
6.82
10.36
5.29
4.3
92
–

5.3 ± 0.7
1.68 ± 0.75
4.8 ± 0.81
3.8 ± 1.305
1.2 ± 0.56
105 ± 16
3.5 ± 0.5

4.23 ± 0.02
–
24.58 ± 0.29
19.39 ± 0.03
14.12 ± 0.11
288.96 ± 12.34
–

4.04 ± 0.01
–
70.42
45.9 ± 0.6
39.5 ± 0.5
304.15
–

4.71
6.3
10.50
–
–
524.5
2.3
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Regarding the volumetric composition of the biogas, previous
studies oﬀer values in the range of 69–81% of CH4 for a hydraulic
retention time (HRT) of 9.5 h [41] using horizontal ﬂow ﬁlter reactors.
Other studies report values as low as 43% of CH4 and 41% CO2 [65]
which indicates insuﬃcient HRT in the bio-digester as probably more
hydrogen and carbon dioxide could have been reacted and produced
more methane (see the reaction in Fig. 2). The anaerobic reactor used
in this latter study was a semi-continuously fed stirred tank. One of the
highest methane contents reported for cassava pulp eﬄuent was 80%
[44], using also a semi-continuously fed stirred tank. More speciﬁcally,
it used completely stirred tank reactor, at acidogenic phase, and a
hybrid reactor (up-ﬂow anaerobic sludge blanket with ﬁxed bed) at
methanogenic phase.
Regarding the biogas yields for each m3 of cassava pulp eﬄuent that
is fed, experimental values range from 3.7 m3 biogas (9.5 h of HRT,
horizontal ﬂow ﬁlter reactor [41]) to 0.7 m3 (for semi-continuously fed
stirred tank reactor [65] and up-ﬂow multistage reactor with 6 h of
HRT [47]). Batch experiments with pre-treatment of the cassava
eﬄuent have yielded around 1 m3 biogas/m3 eﬄuent for both biological pretreatment with high cellulose degradation [45] and pre-treatment using thermal-dilute sulfuric acid hydrolysis [66]. These experimental biogas yields found in the literature contrast with the values
that are currently been obtained in cassava-to-starch factories in Brazil
(Paraná State). The technique used in these factories is called “covered
lagoon”. By covering the ﬁrst treatment pond with a polyethylene bag, a
huge bio-digester with a single chamber is created. The HRT is as high
as 10 days. Using this system, it has been reported values of 6.6 m3
biogas/m3 eﬄuent with a volumetric composition of 55% CH4 and 35%
CO2 [64]. Apart from methane, the anaerobic decomposition of the
starch processing eﬄuent produces bio-fertilizer as a valuable byproduct. The anaerobic digestion eliminates the cyanide problem and
lowers the oxygen demand of the wastewater to acceptable levels,
suﬃcient to be discharged directly to any watercourse in the surroundings. Considerable amounts of macronutrients are dissolved within the
wastewater, which at this ﬁnal part of the process can be considered as
a liquid bio-fertilizer. Using this resource in the local agriculture seems
as the best choice to recover the nutrients.

Fig. 2. Main microbial processes involved in the anaerobic digestion of cassava wastewater.

to high levels of acidity. To mitigate this problem, it is used two
reactors in series, physically separated, so each one processes one
single biochemical phase: the ﬁrst one promotes the proliferation of
acid-forming bacteria while the second one promotes the thriving of
methanobacteria. Some authors refer to the two phases as hydrolytic/
acidogenic phase (ﬁrst stage) and acetogenic/methanogenic phase
(second stage) [1]. In order to achieve the separation of the two
phases, several technical solutions can be applied such as membrane
separation or pH and kinetic control. In addition, according to the
temperature, the process can be mesophilic (25–45 °C) or thermophilic
(45–57 °C) with the latter producing faster gas yields with shorter
retention times (10–14 days). For tropical climates in which cassava is
cultivated, thermophilic conditions can be achieved without adding
external heat sources. Cassava wastewater bio-digesters operating in
such conditions in Brazil have reported retention times of 10 days [64].
Following, Fig. 2 shows the main microbial processes involved in the
anaerobic digestion of cassava wastewater.
As show in Fig. 2, the pre-treatment is used prior to the anaerobic
digestion in order to accelerate the formation of neutral compounds
that can easily digested by acidogenic bacteria. The acidogenic phase
itself can achieve a 90% reduction in the free cyanide concentration of
the eﬄuent. The overall reduction of chemical oxygen demand and free
cyanide can be as high as 96% and 98%, respectively [44]. If there is
diﬀerent organic waste available at the local, for example manure,
mixing it with the cassava pulp wastewater could improve the
performance of the anaerobic digestion, as this would balance the
nutrients and the pH and thus improve the methane yield [46,65] and
the quality of the resulting bio-fertilizer [1]. The pretreatment of the
eﬄuent before its input in the bio-digester is another interesting
option. This can be done with the use of batch bioreactors inoculated
with a microbial consortium that pre-digest cellulose or lignin, which
are components that aren’t attractive to the acidogenic and methanogenic bacteria in the bio-digester. Diﬀerent strategies consider chemical, mechanical, thermal, ultrasonic and wet explosion pretreatment
[1,56]. The increase in the methane yield has been reported to be as
high as 97% using biological pretreatment [45] or 57% in the case of
chemical pretreatment [66].

5. Waste bio-reﬁneries solution for the cassava pulp eﬄuent:
two alternatives
A waste bio-reﬁnery facility aims to process residual biomass into a
spectrum of bio-based products (food, feed, chemicals, materials) and
bioenergy (biofuels, power and/or heat) [67–73]. For the industrial
process that is being considered, a basic waste bio-reﬁnery may consist
in a bio-digester that would beneﬁt cassava waste pulp. No pretreatment of the biomass input is considered. There are two waste bioreﬁnery alternatives that can produce signiﬁcant amounts of energy
and fertilizer. Fig. 3 shows the ﬁrst one, based on two separated
anaerobic chambers for acidogenic and methanogenic bacteria followed
by a facility where the biogas is puriﬁed and burned for the production
of heat and electric power.
Biogas ﬂows out of the last digestion chamber as well as the
aqueous eﬄuent (liquid bio-fertilizer). The produced biogas is a
mixture of gases, with strong predominance of methane and carbon
dioxide, but also with hydrogen sulﬁde (H2S) and steam. Besides being
a highly toxic gas, H2S is oxidized during combustion leading to the
formation of sulfur dioxide (SO2), which is corrosive and causes rapid
over-acidiﬁcation of the engine oils during combustion. Hydrogen
sulﬁde can also inactivate the oxidation catalysts used to reduce
formaldehyde emissions. Therefore, a biogas puriﬁcation system is
required. Such a system can be as simple as two scrubbers that remove
H2S and water from biogas, which is the proposed case, or more
advanced solutions that can upgrade the biogas to bio-methane
containing more than 90% of methane [74–81]. In the last stage of
our basic bio-reﬁnery, a biogas engine (a gas engine projected to burn
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Fig. 3. Alternative 1: CHP (combined heat and power) bio-reﬁnery for the treatment and resource recovery of cassava wastewater.

biogas with a content of around 50% of methane) transforms the
methane into carbon dioxide and carbon oxide in its combustion
chamber. The engine is coupled to an alternator that generates electric
power, which can be used locally to supply the industrial process. More
interestingly, as the temperature of the exhaust gas outlet is around
180 °C, a heat exchanger placed after the engine can make use of the
hot exhaust gases and thus supply heat to the ﬂash dryer. This solution
is known as CHP (Combined Heat and Power) or co-generation [82–
85]. In colder climates part of this heat is diverted to the bio-digester in
order to increase the microbial activity, which is not necessary in the
tropical climates where most of cassava industrial plants are located.
However, there is a simpler waste-to-resource option for this
industrial process. The “covered lagoon system” consists in the
transformation of the ﬁrst (or ﬁrsts) treatment pond into a single
chamber bio-digester, through waterprooﬁng of the pond and covering
the surface with a high-density polyethylene blanket. The rest of the
treatment ponds can be deactivated. This technique is safe and reliable,
and is widely used in biogas facilities around the world [60–63]. The
biogas that is produced is sent through a buried pipe to an ancillary
facility. There, the biogas can undergo cleanup (removal of H2S) prior
to be burned in the furnace that supplies heat for the ﬂash dryer. In
Brazil (State of Paraná) the wastewater is applied using irrigation
splinkers in the pasture that surrounds the factory. The eﬄuent of a
medium-size factory (200 t of starch/day) is enough to irrigate
annually 250 ha and add, for each ha and year, 350 kg of Nitrogen,
50 kg of Phosphate and 400 kg of Potassium. These values appear to be
common for Brazilian cassava factories that use covered lagoons [64].
Fertigation have allowed local pastures to increase the average head of
cattle per hectare from 2 to 10. As animal fodder (cassava pulp with
ﬁbers, husk and peels) is another valuable byproduct of the process,
some Brazilian cassava factories have partnered with cattle exploitations and represent interesting examples of resource recovery from
agricultural waste. Fig. 4 illustrates a covered lagoon bio-reﬁnery.
The ﬁrst diﬀerence between the two considered alternatives is the
bio-digester type. The two types of bio-digesters admit the use of a CHP
unit and yield a liquid eﬄuent that can be used for fertigation. A biodigester with separate chambers, as the one shown on Fig. 3, would be
more eﬀective than the covered lagoon depicted on Fig. 4. Higher
eﬃciency means a smaller bio-digester. As a disadvantage, this option
considers the building of a new two-chamber digester instead of just
covering an existing lagoon.
The second diﬀerence between the alternatives is the intended use
for the biogas. “Alternative 1” requires more initial investment for the
acquisition of the biogas engine, the electric equipment, the heat
exchanger and a more robust scrubber for the cleanup of the biogas.
In the ﬁrst alternative it is mandatory desulfurization to protect the
engine. “Alternative 2” performs a more modest cleanup and requires
more basic equipment: basically a ﬂare system, a gas holder and a pipe

Fig. 4. Alternative 2: Covered lagoon bio-reﬁnery for the treatment and resource
recovery of cassava wastewater.

to deliver the gas to the furnace [86].
In the next chapter a study will be conducted, consisting in the
contrast of these two alternatives. The study will assess the inputs
(resources consumed) and the outputs (valuable products and emissions generated) using a circular economy approach.

6. Material and methods
The treatment ponds and the two waste bio-reﬁnery alternatives
will be compared. Alternative 1 considers a two chamber bio-digester
with the more sophisticated CHP, while Alternative 2 is a covered
lagoon with direct burning of biogas.
It is generally accepted that two-stage anaerobic digestion should
be more productive than one-stage process [87–97]. For the same
hydraulic retention time (that is, the time during which the eﬄuent
remains within the digester) and for the same organic loading levels, a
two-stage digester has higher speciﬁc methane yield and recovers from
8% to 43% more energy than one-stage digester [88,90]. In other
words, a two-chamber digester is more eﬃcient in the removal of
volatile solids and BOD/COD, recovering most of the biomethane
potential from the organic waste.
Both bio-digesters, the one with two chambers of Alternative 1 and
the covered lagoon of Alternative 2, will be considered as producing the
same yield of biogas with the same composition. The diﬀerence lies in
the land needs of each type of digester. As the two-chamber biodigester is more eﬀective, the eﬄuent requires less hydraulic retention
time to generate the same ﬂow of methane (or to achieve the same
conversion rate of organic matter). Consequently, it is considered for
this assessment that a two-chamber bio-digester requires only 0.2 ha to
generate the same methane yield than a bigger single-chamber bio1269
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Table 2
Characteristics of the options for the treatment of the waste effluent.

Land use
Type of bio-digester
Methane yield per ton of cassava
Gas use
Liquid bio-fertilizer per ton of cassava

Treatment ponds

Waste bio-reﬁnery: Alternative 1

Waste bio-reﬁnery: Alternative 2

1.5 ha
none
19 Nm3 CH4
none
none

0.2 ha
two chambers
19 Nm3 CH4
CHP (heat and power)
6.1 m3

0.6 ha
single chamber (covered lagoon)
19 Nm3 CH4
direct burning (heat)
6.1 m3

value-added industrialized product must be performed using minimal
external resources, measured in terms of water, fuel, electricity and
land usage. Following this approach, it is necessary to characterize the
resource consumption and the products/emissions generated for each
ton of raw material that is processed. The results are illustrated
graphically for each of the three considered options in the form of
process diagrams (Figs. 5–7) and a ﬁnal balance of resource consumption and emissions is made in order to compare them.
Fig. 5 shows the inputs and outputs of a cassava-to-starch industrial
process that uses the ﬁrst option (treatment ponds) for the eﬄuent.
The reader would note that the process needs signiﬁcant amounts
of water, heat and electricity. Regarding water consumption, the reuse
of water within the process stages leads to consumption values of 6 m3
of freshwater and to the generation of 6.1 m3 of eﬄuent stream for each
ton of cassava that is processed. This wastewater stream enters the
treatment ponds system. From there, after decantation and biological
activity, 20% of the wastewater is evaporated and the rest is discharged
to the local natural water courses. The drying process requires heat to
reduce the moisture content in the starch from 30% to 14%, consuming
90 kg of ﬁrewood for each ton of raw material with a thermal eﬃciency
of 26.5%. In addition, 70 kWh of electricity are required to power the
electric motors used in the process stages: washing, crushing, centrifugal dewatering, etc. The treatment of the eﬄuent through ponds also
requires electricity as input. It was considered an average of three
consecutive pumping processes: a ﬁrst one between the decantation
pond and an anaerobic lagoon, a further to a facultative lagoon, and a
third one that ﬁnally discharges the eﬄuent to natural water streams
such as a local river or lake. No aerators were considered for the
treatment lagoons. Considering 0.1 kWh/m3 for each pumping, the
total energy consumption is 0.3 kWh for each m3 of treated eﬄuent.
Considering that 6.1 m3 of eﬄuent for each ton of cassava that is
processed, the energy requirement in the treatment lagoons results in
1.8 kWh/ton of cassava input.
Following, the substitution of the treatment ponds by a waste bioreﬁnery is proposed. As said, two alternatives are available. Both of
them use only one pumping for the treated eﬄuent, which is later
applied as fertigation water. Note that due to the use of closed biodigesters, no loss of wastewater due to evaporation is considered. For
“Alternative 1”, Fig. 6 shows the new conﬁguration of inputs and
outputs, some of which (heat and electric power) are reused in the
industrial process.
“Alternative 2” considers a covered lagoon and direct burning of the
biogas for process heat. Fig. 7 shows the new conﬁguration of inputs
and outputs:

digester with 0.6 ha, which is the area used by a covered lagoon system
in the Brazilian cassava starch factories [64]. Table 2 summarizes the
starting point of this comparison:
The references for the data (land use, methane yield, volume of
treated eﬄuent) are current values taken from Brazilian cassava starch
factories that are using covered lagoon systems. The productivity is
3.11 Nm3 of methane for each m3 of fed eﬄuent after a retention time
of 30 days. These factories use ﬁrewood to supply process heat for the
ﬂash dryer, at a rate of 90 kg for each ton of processed cassava [64]. If
biogas is used to replace ﬁrewood the thermal eﬃciency in the
production of process heat rises from 26.5% (wood furnace) to 45.2%
(CHP engine) or 50.9% (direct burning). The thermal needs of the
process of ﬂash drying were evaluated as 405.5 MJ/ton of starch
processed. The NPK content of the bio-fertilizer is taken also from
data reported by Brazilian factories that irrigate pasture with the
eﬄuent. The production of bio-fertilizer was considered as 1.86 kg for
each to of cassava processed. In order to assess the emissions that
would be avoided with the use of this bio-fertilizer, it was regarded the
CO2 footprint of an equivalent chemical fertilizer, which is 3.6 kg CO2/
kg of N-based fertilizer [98].
The electricity consumption of the process was assessed as 70 kWh
for modern cassava starch factories with a process capacity of 200 t/
day. The electricity supplied from the grid has a carbon footprint that
has to be taken into consideration for the analysis. The CO2 content for
each kWh that is consumed from the grid varies from country to
country. For this assessment, the Brazilian electric grid will be
considered. This is one of the world's cleanest energy matrix [99],
whose composition was considered for this study as 2.5% coal, 8.5%
natural gas, 6.5% oil and the rest a mixture of renewable sources (69%
hydro, 7% sugarcane bagasse, 4.5% wind, 2% nuclear). The indirect
carbon emissions from these renewable sources were disregarded and
thus only the percentage due to coal, natural gas and oil has an impact
on the CO2 content of the grid's electricity.
Finally, for the CHP unit used on “Alternative 1” it was considered a
GE's Jenbacher type 4 engine running on biogas, whose characteristics
are included in the following Table 3. It is considered that all the
available methane reacts to CO2 during its combustion. Therefore, for
every ton of cassava that is processed are generated 19 Nm3 of CH4 that
in the case of Alternative 1 produce 342 MJ of usable thermal energy
and 84.9 kWh of electricity while in the case of Alternative 2 produce
385.3 MJ of usable thermal energy.

7. Assessment through the circular economy approach and
results

7.1. Energy

Circular economy is opposed to linear economy and refers to an
adequate conﬁguration of the industrial activity that aims to minimize
the generation of waste and pollution and return usable resources to
the environment. In other words, aims to close resource loops [100–
102]. This concept, applied to the particular industrial process that is
being assessed implies, ﬁrst, that the biological nutrients that compose
the organic output must reenter the biosphere safely. Secondly, that the
emissions of greenhouse gases (methane and carbon dioxide) that are
generated during the process and conﬁgure its inorganic output must
be taken into consideration. The conversion of the raw material into a

Alternative 1: The use of a biogas-fueled CHP produces enough
electricity to supply the process needs and the irrigation using wastewater. A surplus of 14.4 kWh is generated and can be sold to the
electric grid. 342 MJ of heat are recovered, which correspond to 84% of
the process heat needed. Still 3.8 kg of ﬁrewood are needed for each ton
of cassava that is processed.
Alternative 2: No electricity is produced, but the direct burning of
biogas is able to supply all the process heat that is needed. However,
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Table 3
Values of the parameters used in the calculation.
Parameter

Value

Description

ηel
ηth
ηtot

40.4%
45.2%
85.6%

Texhaust
Level of incomplete
combustion:

180 °C
0%

Electric efficiency of the engine, at 1800 rpm (60 Hz) and emissions of 500 mg/m3N of NOX
Thermal efficiency of the engine, at 1800 rpm (60 Hz) and emissions of 500 mg/m3N of NOX
Total efficiency of the CHP gas engine: overall efficiency in the conversion of biogas calorific value
to electric and thermal power
Exhaust gas outlet temperature
It is considered that all the methane is combusted (no incomplete combustion that would produce
CO)

CH4:
CO2:
CH4:
CO2:
CVCH4

55.4%
35.0%
19 Nm3
12 Nm3
39.82 MJ/Nm3

Biogas yield per ton of cassava processed

Firewood

CVwood
CO2 content, wood

17 MJ/kg
0.068 kg

Calorific value of wood with 10% moisture and 45% carbon contents
CO2 produced in the combustion of 1 kg of wood

Electricity from the grid

CO2 content, coal
CO2 content, gas
CO2 content, oil

0.9843 kg/kWh
0.5488 kg/kWh
0.7575 kg/kWh

of the electricity matrix: 2.5% coal, 8.5% natural gas, 6.5% oil
• Composition
CO content in the 82.5% remaining (hydro, sugarcane bagasse, wind, nuclear)
• No
• TOTAL CO emissions=0.1205 kg/kWh

CHP biogas unit

Biogas

Volumetric composition of the biogas produced in the bio-digester

Calorific value of methane

2

2

Fig. 5. Inputs and outputs of the process, using a lagoon system to treat the eﬄuent.

Fig. 7. Inputs and outputs of the process, using a covered lagoon bio-reﬁnery to treat the
eﬄuent and recover resources.

eﬄuent (no losses due to evaporation) and the macronutrients
dissolved within it: 1.86 kg for each to of cassava processed containing
43.5% Nitrogen, 6.4% Phosphorous and 51.1% Potassium.
7.3. Greenhouse gas balance
As this particular industrial process has a negative footprint of
greenhouse gases, a circular economy approach must also consider the
minimization of those emissions. Regarding the balance of greenhouse
gases, only the industrial process was considered in this study. A more
extent discussion could be done by considering the carbon sequestration capacity of cassava plantations, which act as a natural sink, minus
the equivalent CO2 related to the fertilizers and fuel consumption
during its cultivation and further transport to the processing plant. The
more simpliﬁed approach considers the industrial process as a source
of carbon dioxide associated to both the electricity and fuel consumptions. The main fuel used as heat source for the ﬂash dryer is wood.
Regarding the CO2 footprint of the electricity, it was considered for this
example the Brazilian energetic matrix, which has a strong predominance of hydroelectricity. The cassava-to-starch process also generates
methane through the decomposition of organic matter in the treatment
ponds. This methane is liberated to the atmosphere, where it has a brief
but intense role as a greenhouse gas: it traps up to 100 times more heat
in the atmosphere than carbon dioxide within a 5 year period, but lasts
about a decade. A waste bio-reﬁnery would have the eﬀect of decom-

Fig. 6. Inputs and outputs of the process, using a CHP waste bio-reﬁnery to treat the
eﬄuent and recover resources.

ﬁrewood is still necessary to maintain the pilot ﬂame. In total, 95% of
heat process demand is supplied with biogas and the remaining 5% is
still supplied with ﬁrewood.
7.2. Fertilizers
By using treatment ponds, the wastewater is discharged in the
watercourses without agricultural use. Around 20% of the wastewater
is evaporated from de open ponds. The nutrients within the wastewater
are lost and can even lead to eutrophication of the watercourses. In
contrast, both alternatives of waste bio-reﬁnery use all the stream of
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valuable resource for agriculture. The controlled decomposition of the
organic matter and further combustion of the biogas avoids the
emission of methane to the atmosphere. By burning this biogas,
methane is transformed into carbon dioxide and a new energy source
is created, having immediate use in the starch factory. A waste bioreﬁnery for this industrial process gives adequate treatment to the
wastewater and seems convenient in terms of lesser land use and
emissions, as well as in terms of energy and nutrients recovery. At this
point, a circular economy approach that conducts a balance of
resources can assist in indicating which alternative for the biogas
makes the cassava-to-starch process more sustainable. This approach
can be complementary to any economic viability study. Results point
out to the use of CHP units as the most convenient technology for the
waste bio-reﬁnery. The generation of electricity using co-generation
appears as the most eﬃcient way to obtain the most potential from
waste. Such system can supply 84% of the heat needs of the process and
generate an annual surplus of 2.2 GWh of energy that can be exported
to the grid, for a cassava-to-starch facility with a capacity of 200 t/day.
While the covered lagoon alternative focus on the direct burning of the
biogas, co-generation produces in addition to heat a high exergy
resource of economic value whose surplus can be easily commercialized. Fig. 8 summarizes the resource balance for the three considered
options:

Table 4
Greenhouse gas balance for each ton of cassava processed.
Description

Amount

1. Without the waste bio-reﬁnery/using treatment ponds
Electricity input
82.5% renewable
71.8 kWh
8.5% natural gas
2.5% coal
6.5% oil
Heat input
wood
90 kg
31 Nm3
Biogas output
open
decomposition of
organic matter in
the ponds
TOTAL of emissions (kg)
2. With the waste bio-reﬁnery/using bio-digesters/CHP
(Electricity input)
82.5% renewable
(70.5 kWh)
8.5% natural gas
2.5% coal
6.5% oil
(Electricity output) biogas
(84.9 kWh)
Net electricity
Input minus
−14,4 kWh
consumption
output
Heat input (84%)
biogas
342 MJ
Heat input (16%)
wood
3.8 kg
Bio-fertilizer
output

CO2 emissions
avoided

0.81 kg N
0.12 kg P
0.93 kg K

TOTAL of emissions (kg)
3. With the waste bio-reﬁnery/using bio-digesters/covered
Electricity
82.5% renewable
70.5 kWh
input
8.5% natural gas
2.5% coal
6.5% oil
Heat input
biogas
385.3 MJ
(95%)
Heat input
wood
0.5 kg
(5%)
CO2 emissions avoided
Bio0.81 kg N
fertilizer
0.12 kg P
output
0.93 kg K
TOTAL of emissions (kg)

CO2
content
(kg)

CH4
content
(kg)

8.652

–

6.120
22.176

–
12.749

36.948

12.749

(8.495)

–

(22.368)
12.706

–
–

26.109
0.258

–
–

−6.696

–

32.377

0

lagoon
8.495

8. Conclusion
The eﬄuent of the cassava-to-starch process presents a good
potential of resource recovery. The covered lagoon-type biodigester is
a mature technology that gives an appropriate treatment to the eﬄuent
and generates biogas and bio-fertilizers. The results of this study point
out lead to the convenience of upgrading this system to waste bioreﬁneries that focus in electric power generation and recover process
heat and bio-fertilizers as byproducts.
Anaerobic digestion, preferably performed in a two-stage digester,
is the most appropriate treatment for this agro-industrial eﬄuent and a
combined heat and power system is the most eﬃcient way to recover
most of its energy potential.
While the covered lagoon alternative focus on the direct burning of
the biogas, co-generation produces in addition to heat a valuable
resource whose surplus can be easily commercialized. The higher
eﬃciency that characterizes co-generation leads to a lower level of
greenhouse gases emissions. Overall, the circular economy approach
resulted useful by adding the balance of greenhouse gases, water and
land use to the assessment of a set of waste-to-resource alternatives.
Future directions for technological development point to more
complex waste bio-reﬁneries capable of generating higher value-added
products. The most promising research paths are the production of
bioplastics and polymers from starch and the extraction of cyanogenic
compounds from cassava residues. Solid waste from the process, such

–

54.473

–

0.034

–

−6.696

–

56.306

0

posing the organic matter in a controlled way, capturing the methane
production and transforming it into carbon dioxide through combustion in an engine [103–107]. Finally, the production of bio-fertilizer as
a byproduct would avoid the CO2 emissions required to produce the
equivalent synthetic fertilizer. Table 4 summarizes this assessment.
7.4. Land use
The land needs are signiﬁcantly reduced for the case of a waste bioreﬁnery. For a cassava-to-starch plant with a process capacity of 200 t/
day, the land use options are the construction of 1.5 ha of wastewater
ponds, the commitment of 0.2 ha for the bio-digesters and biogas
infrastructure or 0.6 ha for the covered lagoon alternative. In the ﬁrst
alternative, the volume of a two-chamber bio-digester can be approximate to 4.5 m3 for each ton of cassava processed per day [41]. The
land occupation of the wastewater pond system could be higher than
the considered 1.5 ha (reference values used in Brazil), depending on
its eﬃciency and the quality required for the ﬁnal wastewater. In
Thailand, cassava factories with a capacity of 250 t/day have reported
waste stabilization pond systems with 36 ha [51].
7.5. Final balance of resource use and emissions

Fig. 8. Resource balance for the three considered options (values are for each ton of
cassava that is processed).

The use of a waste bio-reﬁnery turns the wastewater stream into a
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The Northeast region of Brazil has low levels of human development and a marginal environment subject to
chronic water scarcity. This paper assesses the potential impacts of bioenergy production from local varieties of
castor oil plant and jatropha that could reduce the import of energy in the region, while developing its economy.
Biodiesel systems based on these crops can be suitable for the Northeast region as they have low water needs,
and are either indigenous or have shown excellent adaptation to the local climate. Apart from biodiesel
production, the residue from their processing can be a valuable resource usable for biogas production and biofertilizers. Using the ecosystem services approach, ﬁve land management alternatives are compared: (i)
Caatinga woodland (a type of dry savannah native to the region), (ii) a scheme of local jatropha varieties and
vegetation for Caatinga forest restoration, (iii) a crop rotation scheme of castor oil plant and cowpeas, (iv)
cowpea mono-cropping, and (v) pasture. Based on the analysis of secondary data, some provisioning and
regulating services were assessed quantitatively, while others qualitatively. The results suggest that the
conversion of (i) cowpea mono-cropping to a rotation of cowpeas and castor and (ii) degraded pastures to a
jatropha-Caatinga forest restoration scheme can provide a bundle of provisioning, regulating and supporting
ecosystem services. Feedstock for bioenergy is the most important ecosystem service derived from these multifunctional landscapes. In particular converting pasture to a jatropha-Caatinga forest restoration scheme could
provide per hectare 0.7 t of oilseeds for biodiesel production and 1.8 GJ of usable energy, in the form of biogas
from the residual seedcake. The castor-cowpea rotation scheme could provide per hectare 1.5 t of oilseeds for
biodiesel production together with 2.2 GJ of usable biogas energy, per hectare.

1. Introduction
Brazil contains a variety of diﬀerent biomes and climatic conditions.
Caatinga is one of these biomes and is exclusively native to Brazil. It
occupies 982,563 km2 or around 11% of the landmass of the country
(Fig. 1), and is characterized by xerophile vegetation such as cacti,
succulents, crassulaceous and shrubby trees well adapted to recurrent
droughts, poor/marginal soils and brackish groundwater [1].
Situated within the Northeast region of Brazil, which is the homeland of 22 million people, Caatinga is one of Brazil's most endangered
ecosystems. While the coastal strip that borders the Caatinga is more
humid and ﬁt for agriculture, Agricultural activities in the arid interior
are limited to the pasture of goats and cattle and small-scale farming.
Extractive activities undertaken by the local population has led to rapid
environmental degradation. For example, most of the native shrub

⁎

forest has been cut down for ﬁrewood or to clean land for pasture.
Currently, only 0.28% of the Caatinga area is protected as a natural
reserve.
At the same time the Northeast region registers some of lowest
human development levels and economic opportunities in Brazil. It has
to import most of the gas, fuel and electric power needed from the rest
of the country. In this context, renewable energy resources are assets
that could promote the sustainable development of the region. For
example, the region has an enormous solar energy and wind power
potential that could make it a net-electricity exporter in upcoming
years [2,3]. Furthermore, while the cultivation of biofuel crops is not as
extensive as in the Centre-West or Southeast regions, the Northeast can
play a major role in the cultivation of biodiesel feedstock.
The Brazilian Program for the Production and Use of Biodiesel
(PNPB) was launched in 2004. Among its goals was to involve small
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Fig. 1. The Caatinga biome.

native plant species beneath their canopy as they can oﬀer benign
microhabitats that are more favorable for seed germination and
seedling recruitment than the degraded pasture or farmlands found
in the region [11–13].
The aim of this study is to identify the potential trade-oﬀs of biodiesel
production from oilseeds adapted to the semi-arid climate of the Caatinga
biome. In particular, this study assesses the potential impacts of two
alternative ways to cultivate such oilseed species: (a) castor intercropped
with cowpea and (b) local jatropha varieties combined with Caatinga
native vegetation to restore forest in degraded pasture lands. The former
has gained some prominence in the Northeast [14], while the latter is a
novel proposal that could have some beneﬁts.
In order to identify the main trade-oﬀs expected to emerge
following the conversion of common agricultural/livestock land uses
in the Northeast with the two feedstock production systems, this study
adopts the ecosystem services (ES) approach (Section 2). Given the lack
of signiﬁcant feedstock production in the area using the studied modes
of production, it provides an analysis based on secondary data collated
during an extensive literature review (Section 3). Section 4 summarises
the main expected trade-oﬀs for diﬀerent types of ecosystem services
and outlines some of the key research gasps and challenges promoting
further these production models.

farmers of the Semi-arid region in biodiesel feedstock production [4].
Since then, the mandatory blending of biodiesel in the country has
risen to 7% (B7) in 2016, and is on track to reach 10% (B10) by 2020.
However, despite this impressive uptake of biodiesel, the current
feedstock production patterns are quite diﬀerent than what was
expected at the early stages of the PNPB. According to the Brazilian
National Agency of Petroleum, Natural Gas and Biofuels, biodiesel
feedstock production is dominated by soy (around 70%) and bovine
tallow (around 20%), while castor oil plant and jatropha have currently
no participation in the biodiesel production [5]. Castor oil has
remained a raw material for the pharmaceutical and cosmetics
industry, while jatropha, following initial optimism, failed to arouse
any commercial interest partly due to its widespread collapse in Africa,
India and Southeast Asia [e.g. 6,7]. When scrutinising the results of the
PNPB over the past decade [8], it can be inferred that a program
designed to empower family-owned farms through their integration in
the biodiesel production chain ended up beneﬁtting soy producers,
mainly corporate farms from outside the Semi-arid region.
However due to the prevailing climatic condition some neglected
biodiesel feedstocks could still play a role in the Northeast. The castor
oil plant (Ricinus communis, referred to as castor for the remainder of
the paper) and diﬀerent jatropha varieties are already present in the
region and have showed good adaptation to the local climate and soils,
as well as the ability to coexist with either locally grown food crops (for
castor) or the native shrub forest (for jatropha). Regarding the latter,
there are several endemic varieties of jatropha in the Caatinga biome
such as J. mollissima (34% oil content), J. mutabilis (39% oil content)
and J. ribifolia (33% oil content) [9,10].
When it comes to castor, there is a well-established cultivation and
commercialization chain based on family farm cooperatives that make
Northeast Brazil the second highest producing region of the world,
behind only India. Furthermore, castor shows complementarities with
cowpea, maize and other crops in terms of sow/harvest cycles and soil
nutrients, which point to interesting intercropping (crop rotation)
possibilities (Section 3.1.2).
On the other hand, the agro-industry for jatropha has not yet been
developed. However the endemic varieties of jatropha could act as
nurse plants for Caatinga vegetation by facilitating the development of

2. Methodology and ES mechanisms
To identify the main trade-oﬀs of biodiesel production through the
two studied schemes, the ecosystem services approach is adopted
[15,16]. The ES is a powerful framework both for the synthesis and
meta-analysis of biofuel impacts [17,18] as well as for the assessment
of the impacts arising from landscape transformation for biofuel
production [19,20].
Initially, an extensive literature review is performed to identify the
ecosystem services and disservices provided by these biodiesel landscapes, as well as the mechanisms through which these services/
disservices emerge (Sections 3.1.3 and 3.2.3). Subsequently the
ecosystem services/dis-services provided by feedstock systems are
compared to those of the reference land uses prevalent in the
Northeast, i.e. pasture and single-crop farmlands (Section 4.1).
2
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Brazilian Semi-arid region. It thrives preferentially in soils with
medium texture, either ﬂat or low sloped, that are not very loamy.
Clay loam soils with pH between 6 and 7 are ideal for the castor oil
plant, which does not yield well in poor or waterlogged soils. Its biggest
advantage in the climatic context of the Semi-arid Region is its
radicular system, which allows the plant access deeper layers of soil
compared to other annual crops such as soy, maize or beans. This can
increase the aeration as well as the water retention and distribution
capacity of the soil [27]. The ideal annual rainfall for the castor oil plant
is between 750 and 1500 mm, with a minimum of between 600 and
750 mm during all the cultivation cycle, followed by 400–500 mm until
the beginning of ﬂowering [27].
However despite these agronomic advantages castor oil has not
become an important part of the PNPB [29,30]. This can be explained
through diverse reasons ranging from the extended period of drought
(2010–2013) that signiﬁcantly aﬀected harvests, to episodes of corruption among farmer cooperatives [31]. However, perhaps the key reason
might have been economic, and in particular the competition of castor
oil with soy. Castor oil is primarily used in the cosmetic and
pharmaceutical industries, which results in high selling prices. On
the other hand soy is produced in corporate farms at very low costs
(Section 4.3).
There are also two technical barriers for the production of biodiesel
from castor oil, its high viscosity and high ﬁnal acid number [32]. The
ﬁrst can be overcome by diluting castor oil in a mixture of other
vegetable oils (e.g. coconut, soy and cotton oil), at a maximum blend of
30%. The second barrier does not aﬀect the potential of castor oil as a
biofuel feedstock as the ﬁnal fuel is a B7 blend whose minimum content
is 7% biodiesel and 93% petroleum diesel in Brazil (the content of
biodiesel will be increased to 10% in the next years, B10).
In order for castor to become a competitive feedstock for the local
biodiesel industry, its price should reduce either by increasing supply
and/or by decreasing production cost through harvest mechanization.
Despite the valuable existing experience producing castor in the Semiarid region, it is not yet clear (Section 4.2) how castor oil could compete
with other oils whose biodiesel/diesel blends have satisfactory properties and, more importantly, are less expensive, e.g. soy oil [33], palm oil
[34] or others [35]. However, the incentives of the Brazilian
Government for castor oil production have brought some beneﬁts in
terms of building a knowledge base of how it performs within the
ecological, agricultural and socioeconomic context of the Semi-arid
region.

Considering the main expected ecosystem services aﬀected by biofuel
expansion [18,21,22], it is hypothesized that the conversion of monocultures or extensive pasture in Northeast Brazil with combined feedstockfood or feedstock-forest restoration schemes respectively, can provide a
wider bundle of ecosystem services. These can include:

•
•
•
•

provisioning services such as biodiesel feedstock and food crops
regulating services such as carbon sequestration, and pest and
disease control
cultural services such as ecotourism or the valorization of a unique
landscape
supporting services such as habitat provision, soil protection and
nutrient cycling,

While eﬀects on some ecosystem services such as feedstock/food
production and carbon sequestration are quantiﬁed on a per hectare
basis through secondary data collected from the literature, other
ecosystem services trade-oﬀs such as pollination or soil protection
are compared qualitatively. Results are summarized within an impact
matrix (Section 4.1) as such an approach has been used previously to
consider the ecosystem services implications of land-use change due to
the production of second-generation bioethanol feedstock [23]. Fig. 2
graphically summarizes the study methodology.
3. Characteristics of the studied biodiesel schemes
3.1. Castor oil
3.1.1. Status, potential and barriers for biodiesel production in Brazil
Castor is produced widely in Brazil, with the Semi-arid region being
responsible for 3.5% of global production in 2014 (Fig. 3). Castor has
traditionally been used for ornamental purposes and for oil extraction,
as its seeds can contain 40–50% of vegetable oil.
Currently, castor cultivation and processing is predominantly
undertaken by small farmers, often associated in small cooperatives.
Due to its unique characteristics castor oil can be used in several valueadded industrial products [24], including promising medicines derived
from its toxins [25,26].
In terms of climate, castor has shown an excellent adaptation to the

3.1.2. Rotation of castor with food crops
Most vegetable oils used for biodiesel (e.g. soy, oil palm, coconut)
are important elements of the food industry. This can lead to undesirable competition between food and fuel through the direct diversion of
the crop for biodiesel production [44]. On the other hand, the main
uses of castor oil are in the cosmetics and pharmaceutical industries,
reducing this direct competition with food production.
What makes castor oil more appealing for minimizing indirect foodfuel competition (e.g. diversion of land, water, labour and other
agricultural inputs, [44]) is that in the context of the Semi-arid area,
castor could be cultivated in crop rotation schemes with food crops
such as maize, beans (cowpea) and soy.1 This can reduce to an extent
the competition between feedstock and food production [44]. Table 1
illustrates the complementarity between castor oil plant and food crops
common in the Semi-arid region.
Table 1 also illustrates two rotation schemes where castor has a
small agricultural cycle of 7–8 months after an annual cowpea
harvest (for small farmers in semi-arid lands) or after an annual
soy harvest (for the more fertile soy plantations). In some regions,
1
Castor oﬀers poor complementarity with other food crops such as grain sorghum
(Sorghum bicolor L. Moench) [14].

Fig. 2. Methodology ﬂowchart.
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Fig. 3. Main producing regions of castor oil [28].
Table 1
Agricultural complementarity cycle castor (Ricinus communis L.), maize (Zea mays L.), cowpea (Phaseolus vulgaris L.) and soy (Glycine max) in the Northeast region of Brazil [28].
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“BRS Nordestina” and “ BRS Paraguaçu” have cycles of 250 days (from
sowing to harvesting) with potential yields of 1500 kg/ha when
cultivated in non-irrigated drylands.
The crop rotation system discussed in Section 3.1.2 is appropriate
for the non-irrigated/rain-fed conditions encountered in the semi-arid
areas of Northeast Brazil. When it comes to the eﬀects of the diﬀerent
land uses on water availability, there seems to be no overlapping
between the diﬀerent crops that could impact the water resources
allocated for food production. Experimental data collected in the region
show that under the same soil and rainfall conditions, cowpea and
castor have almost the same water requirements. The average daily
evapotranspiration is 4.24 mm/day for cowpea and 4.12 mm/day for
castor (this is to achieve yields of 1.1 t/ha and 1.5 t/ha respectively)
[41,42]. Moreover, studies of crop rotation and intercropping schemes
of cowpea, castor and other crops commonly found in the region,
indicate that such farm management practices reduce the overall water
requirements compared to mono-cropping systems [43]. Speciﬁcally, it
was found that a rotation schedule with complementary crops minimizes soil exposure, decreases surface temperature and evapotranspiration and maintains soil moisture during the dry season [43]. The
above suggest that sacriﬁcing one cowpea harvest for castor production
will most likely not reduce the available water for other uses.
The above crop rotation system can have diﬀerent eﬀects on
regulating ecosystem services. Castor production under this rotation
system essentially means the establishment of feedstock production on
previous agricultural land. This implies that there will not be a
signiﬁcant change in carbon stocks, as several studies have identiﬁed
that the conversion of agricultural land for feedstock production
creates low carbon debts [44,45]. This means that no signiﬁcant eﬀects
(whether positive are negative) are expected for climate regulation
services linked to carbon sequestration.
Crop rotations can aﬀect the ﬂow and stability of natural pest
control services [46]. The rotation of castor in the above scheme can
possibly provide regulating ecosystem services in the form of weed [47]
and nematode [48] control. Cowpea is susceptible to nematodes and
should therefore not be planted consecutively on the same land as it
increases the risk of infestation [49]. Soy, maize and cotton are also
susceptible to harmful nematodes [50]. Rotation of such crops with
nematode-resistant species such as the castor oil plant can potentially
reduce parasitic nematode infestations [48].
The above crop rotation system can potentially provide soilrelated ecosystem services such as erosion regulation, fertility
maintenance and pollution regulation. Regarding erosion regulation, crop rotation with castor can reduce the exposure of bare soil.
Current cowpea production practices fallow the land between two
consecutive cowpea harvests as a method of conserving moisture. As
castor has a longer growth cycle than cowpea, the soil beneﬁts longer
from the protective action of plant cover [28]. Furthermore, castor
has a powerful radicular system that can bind soil better thus
controlling better erosion [51]. When it comes to soil fertility,
sometimes in the prevailing cowpea production practices in the
Northeast, agricultural residues are burnt or left to rot on ﬁeld to
fertilize the soil [52]. When intercropping with a crop that helps ﬁx
nutrients to the soil such as castor, these nutrients can be used for
the next cowpea cycle. Regarding soil pollution regulation, castor
has high soil remediation potential, as it possesses an excellent
ability to extract toxic metals and some organic contaminants such
as pesticides [53–55].
Land use/cover change from a cowpea monoculture to cowpea
alternated with castor could also bring beneﬁts in terms of biodiversity.
It has been shown that crop rotation can have positive eﬀects for local
biodiversity [56,57]. In the Semi-arid Region of Brazil agronomic tests
of novel farming system based on (i) crop rotation (castor and cowpea),
(ii) avoidance of herbicide use and (iii) avoidance of slash-and-burn for
land clearing, have shown a signiﬁcant increase in biodiversity and a
low incidence of pests after only two years [43].

there is also the possibility of a third scheme consisting of cowpea/
castor/maize rotation.
In Northeast Brazil, there are two annual rain-fed cowpea harvests.
The ﬁrst occurs during the rainy season (February-May), the second
during drier months (June-July), while an additional third is only
possible through irrigation in fertile lands. Cultivating castor after the
ﬁrst cowpea harvest implies the substitution of the second rain-fed
cowpea harvest, while in the case of soy implies in some cases the
substitution of maize (2nd harvest).
Such crop rotation systems using complementary species can be of
capital importance in semi-arid environments as a method of maintaining favorable soil characteristics. Castor oﬀers further beneﬁts in
this respect considering its low irrigation requirement which can help
prevent the soil degradation caused by the accumulation of salts.
Finally, a rotation scheme of maize, castor and the forage crop
Brachiaria ruziziensis (Congo grass) can improve soil water retention
level [36].
3.1.3. Eﬀects on ecosystem services
Oilseeds (castor) and food crops (cowpea) are the main provisioning ecosystem services provided by the intercropping system described
in Section 3.1.2. As castor oil is not edible due to its toxicity, there is no
direct diversion of food to biofuels. However the castor oil plant
competes to an extent with cowpea for land as it reduces the available
harvests of cowpea in the crop calendar year (Section 3.1.2). In this
case castor would replace the second cultivation cycle of cowpea, which
is 15% less productive compared to the ﬁrst harvest as it occurs during
the drier months [28]. Overall, this would result in reduced provision
of food from the intercropping system by as much as 46% compared to
a cowpea monoculture.
Still a castor-cowpea rotation scheme could deliver annually 1.5 t/
ha castor oilseeds and 1.1 t/ha cowpea [28,37], reducing to an extent
the competition between biofuel and food production, when compared
to a feedstock monoculture.
However, castor yields can depend signiﬁcantly between diﬀerent
varieties (Table 2). The Brazilian Agricultural Research Corporation
(EMBRAPA) has developed two castor varieties that provide reasonably high oil yields under the non-irrigated dryland conditions
encountered in the Northeast. The “BRS Nordestina” variety was
developed in 1990 for manual harvest while the “BRS Energia” variety
was developed in 2004 for mechanized or manual harvest. The varieties
Table 2
Characteristics of castor plant varieties adapted to the Semi-arid region.
Source: [14,28,38–40]
Variety

Rainfall (mm)

Yield
(kg/ha)

Oil percentage

Weight of 100
seeds (g)

BRS 149
Nordestina
BRS 149
Nordestina
BRS 149
Nordestina
BRS 149
Nordestina

188

230

45.90%

45.3

571

899

46.50%

50.0

700

1500

46.90%

54.3

2760

48.10%

60.1

230

46.20%

23.5

2820

49.30%

28.9

1300
1150
1130

47.28%
47.49%
47.47%

68
68
76

2872

52.60%

57.8

1048

47.72%

47.1

BRS Energia
BRS Energia

Pernambucana
Baianita
SIPEAL 28
BRS 188
Paraguaçu
BRS 188
Paraguaçu

897
(rainfall +
irrigation)
188
897
(rainfall +
irrigation)
700
700
700
913
(rainfall +
irrigation)
571
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In 2010 a speciﬁc program for the assessment of jatropha possibilities in Brazil was initiated (BRJatropha) [83]. Its aim was to create a
germplasm bank with the most resistant jatropha seeds, to ﬁnd ways to
detoxify the waste seedcake in order to be used as fodder and develop
low-cost jatropha biodiesel production systems in the Semi-arid region.
The BRJatropha Project ended in 2014 and generated valuable knowledge, especially regarding the highest-yielding varieties for the region
[84]. Yet, despite this initiative and some eﬀorts from local farmers and
entrepreneurs, the commercial cultivation of jatropha largely failed in
the region.

While crop-rotation systems can be more accommodating to
biodiversity, some of these schemes can have a neutral or even negative
eﬀect on some pollinator species. For example castor contains toxins
such as ﬂavonoids, ricinine and ricin. Flavonoids from castor have
insecticidal activity against the Coleoptera Callosobruchus chinensis
[58]. Ricinine has a proven activity against A. mellifera [59], the
Hymenoptera Atta sexdens rubropilosa [60], and the Lepidoptera
Spodoptera frugiperda [61]. Studies in the Brazilian Semi-arid
Region have concluded that the expansion of castor bean for biofuel
production might be potentially hazardous to native and domestic
honey bees, as castor pollen was found to be toxic to bees under
laboratorial conditions [62]. As a result local pollinator species such as
wasps, ants, bees or butterﬂies may decline in castor-dominated
landscapes, reducing as an extent the pollination ecosystem services
they provide. However, more extensive studies under natural conditions are needed to establish the actual eﬀects of castor and castor
pollen on pollinators, and thus on pollination services.

3.2.2. Jatropha as a nurse plant for Caatinga restoration
While jatropha has failed to gain acceptance in Northeast Brazil as a
biodiesel feedstock (Section 3.2.1), it can oﬀer a possible alternative for
the restoration of the Caatinga native forest in degraded and lowproductivity pastureland and farmland located on marginal soils. Adult
specimens of local jatropha varieties can act as nurse plants, having a
positive eﬀect on the emergence and survival of seedlings and on the
surrounding microclimate [9,12,85–88]. If jatropha plants are combined with local shrubs, its beneﬁcial eﬀects on microclimate can be
possibly reinforced, as under drought conditions these xerophile plants
may increase soil nutrient and moisture content and act as a buﬀer
against high radiation and high temperatures [11]. The importance of
facilitative interactions between local species increases as environmental conditions become more stressful [11].
The eﬀect of jatropha as a nurse plant has been documented in
several regions of the world. In semi-arid zones of Mexico, for instance,
J. dioica or J. cinerea and J. cuneata act as colonizer species on
degraded soils. Those species have been reported to associate with
arbuscular-mycorrhizal fungi and help to stabilize windborne soil that
settles under dense plant canopies, thus enhancing the establishment
of further colonizer plants in bare soils of disturbed areas [89,90]. In
the Northeast of Brazil, reforestation of Caatinga has been mostly done
through the use of diﬀerent mesquite varieties (Prosopis julifora)
which are invasive species. But even in those cases, J. mollissima (a
local jatropha variety) has been constantly encountered among the new
colonizer plants established in the reforested areas [85].
Based on this identiﬁed potential of jatropha as a nurse plant, a
novel feestock system based on the plantation of scattered adult
specimens of local jatropha varieties in combination with local
xerophile shrubs found in the Caatinga might be promising. Such a
landscape could look like Fig. 4, but with a lower density of jatropha
trees and with local shrubs intercropped among them.
Based on the growth rates of Caatinga ﬂora such a feedstock
landscape could be harvested only during the ﬁrst 10 years. In other
words, jatropha would act as a cash crop during the initial stages of
forest restoration, before the densiﬁcation and consolidation of natural
Caatinga woodland turns oilseed harvesting impracticable.

3.2. Jatropha
3.2.1. Jatropha as a biodiesel crop in Brazil: Status, potential and
barriers
Jatropha species are well adapted to tropical climates of South
America. For example, the Caatinga biome hosts some endemic
varieties such as J. mollissima, J. mutabilis and J. ribifolia.
Jatropha can be cultivated from the sea level to altitudes above
500 m, adapting itself to survive in very poor dry soils under conditions
considered marginal for agriculture [63]. It is a perennial plant whose
harvesting period extends for around six months. Several of the early
literature has highlighted that jatropha cultivation can have advantages
such as the lack of need for pesticides and the ability to provide
reasonable yields in low-fertility soils and under arid conditions [64]. It
has also been suggested that diﬀerent annual crops can be introduced
within the available space between jatropha plants to minimize
competitions with other food and industrial crops. Candidate crops
include rice (Oryza sativa L.), maize (Zea mays L.), cassava (M.
esculenta C.), peanut (Arachis hypogaea L.), cotton (Gossypium
hirsutum L.), cowpea (Phaseolus vulgaris L.) and crambe (Crambe
abssynica H.) [65–68]. This coexistence between jatropha and other
crops has been stimulated in the Semi-arid Region of Brazil by
programs that aim to empower small family-owned farms [68].
Jatropha oil can undergo transesteriﬁcation to produce biodiesel
[69,70]. However jatropha has experienced a wide collapse (or underperformance) in practically every country that was promoted as a biofuel
crop including Mexico [71], Indonesia [72], India [73], China [74] and
several parts of sub-Sahara Africa [6] such as Ghana [125]. This
accumulated knowledge has suggested several factors including the
undomesticated nature of the crop and the inability to deliver optimum
yields without good management practices, among several others [6,125].
As in other parts of the world, jatropha raised expectation in Brazil
in the early 2000s as a potential biodiesel feedstock [68,75,76]. Back in
2007 the potential of the plant was not questioned but it was
highlighted that yields were not predictable, that the conditions best
suiting its growth were not well deﬁned and that the potential
environmental impacts of large-scale cultivation were not understood
at all [77]. During the last decade, studies have better characterized
local jatropha varieties in Brazil [9,10] and diﬀerent cultivation
schemes that could produce in the region on average 500 L of oil per
hectare [66,68]. In the rainfed conditions of Northeast Brazil jatropha
seeds could be competitive compared to other oilseed crops that need
irrigation such as soybeans or rapeseeds which produce lower oil by
weight [78] and lesser yields of biodiesel after transesteriﬁcation [79].
These competitive advantages could be further increased with mechanization to reduce production costs during harvesting and shelling
[78,80] or even with biotechnological improvement [81,82] but the
eventual yield and economic performance can be still unpredictable.

Fig. 4. Young J. curcas plantation surrounded by native Caatinga forest in Northeast
Brazil.
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ground biomass 3 t of carbon per hectare. Still such carbon stocks are
lower than those of mature Caatinga woodland estimated at 14–35 t of
carbon per hectare [97,98].
Conversion of degraded pasture or farmlands to native restored
forest could have a clear positive impact on several soil related
regulating services. Some authors have noted that jatropha as a tree
species can reduce the overall time of bare/exposed soils due to
harvesting and regrowth compared to annual or perennial crops [95].
This, in combination with the gradual restoration of native woodland,
guarantees a continuous plant cover compared to cowpea monocropping [99] and natural pastures [91]. In the Semi-arid region, the
exposure of bare soil is one of the main factors contributing to
desertiﬁcation, and this is why agroforestry systems have proven to
perform better in terms of soil and water conservation compared to
intensives land uses such as mono-cropping and pasture [100]. The
latter has a very negative eﬀect on soil conservation as 73% of natural
pastureland in the region are highly degraded due to the systematic use
of unsustainable stocking rates that exceed the pasture's ability to
recover from grazing and stomping [92]. In this respect, jatropha trees
limit livestock movement and stabilize contour bounds [101,102],
potentially acting as live fences if planted densely.
As degraded pastureland is progressively transformed into Caatinga
forest, biological diversity should increase due to the restoration of the
natural habitat. Furthermore, local varieties of jatropha (J. mollissima,
J. mutabilis and J. ribifolia) can support diﬀerent pollinator species
such as insects, hummingbirds and even bats (Table 3). In particular, J.
mollissima and J. mutabilis are able to support the most pollinator
species (Table 3). However this can have an interesting trade-oﬀ. While
J. mutabilis can attract honeybees, and as a result contribute to honey
production (see above), A. mellifera displaces local pollination species
through the depletion of the ﬂower resources. Thus plants that depend
exclusively on local pollinators could be negative impacted.

Table 3
Local jatropha varieties and their pollinators.
Source: [103]
Local jatropha variety

Pollinators

J. ribifolia

Apis mellifera (European honey bee)
Trigona spinipes (bee)
Xylocopa grisescens (bee)
Apis mellifera (European honey bee)
Trigona spinipes (bee)
Xylocopa frontalis (bee)
Chlorostilbon lucidus (hummingbird)
Anopetia gounellei (hummingbird)
Apis mellifera (European honey bee)
Trigona spinipes (bee)
Xylocopa frontalis (bee)
Chlorostilbon lucidus (hummingbird)
Anopetia gounellei (hummingbird)
unidentiﬁed bats

J. mutabilis

J. mollissima

3.2.3. Eﬀects on ecosystem services
Jatropha seeds are the main provisioning ecosystem service provided by the jatropha systems described in Section 3.2.1. The extracted
oil can be used for a number of products such as feedstock for biodiesel
and raw material for soap.2 Average seed harvest for this region can be
1.5 t of seeds per hectare corresponding to 500 L of oil (33% oil
content) [68]. After reaching maturity (2–3 years after planting),
jatropha plants can be productive for approximately 40 years.
The conversion of pasture to a Caatinga-jatropha restoration
scheme could reduce the production of livestock-related provisioning
ecosystem services. Non-degraded semi-arid pastureland in the
Northeast can support on average 2 heads of cattle per hectare,
producing each year an average of 100 kg of meat [92]. On the other
hand, Caatinga areas can provide habitat to pollinators, with jatropha
trees being a food source to these pollinators (see below). As a result
some limited amount of honey might be a possibility for restored
Caatinga-jatropha landscapes.
Currently Caatinga areas are used to extract timber and fuelwood
(Section 1). A fully restored Caatinga landscape can potentially become
able to provide such provisioning ecosystem services again. However
given the current unsustainable trends of fuelwood and timber extraction from Caatinga woodlands (Section 1), it is not possible to ascertain
the long-term sustainability of receiving such provisioning ecosystem
services from restored Caatinga-jatropha landscapes.
The Caatinga-jatropha forest restoration system will be under
rainfed conditions. As jatropha has been identiﬁed to be a conservative
water user in Africa savannah contexts, it is not expected to compete
with natural vegetation for water [93]. In the Caatinga context, the
three jatropha varieties considered in this paper are endemic (J.
mollissima, J. mutabilis and J. ribifolia) and tend to maximize local
water resources by creating synergies between other plant species and
rhizosphere microorganisms [9,10,12]. As a result the cultivation of
jatropha trees at low density for forest restoration is not expected to
reduce water availability for other natural and human uses.
Land use change associated with landscape conversion for biofuel
production can have signiﬁcant eﬀects on carbon stored and the carbon
sequestration potential of the converted landscape [94]. Research in
Africa has shown that jatropha production can produce signiﬁcant
carbon debts if it is established in semi-arid savannah or virgin
Miombo woodland, e.g. see [95] for a review of the literature. On the
other hand it can produce carbon gains if it is established on
agricultural land, i.e. as hedges demarcating agricultural plots [96].
In the context of conversion of semi-arid woodlands in Brazil,
unpruned J. curcas plantations were conﬁrmed to store on above

3.3. Co-products and co-beneﬁts
Oil extraction from castor and jatropha seeds generates seedcake
rich in protein and carbohydrates as a waste residue. Jatropha
seedcake contains around 49% carbon (C), 6% hydrogen (H) and 3%
Nitrogen (N) [70,104–106]. Annually, the castor oil industry generates
around 90,845 m3 of waste castor seedcake in the Northeast region that
are left to rot around extraction facilities, acting as an organic fertilizer
[107]. This residue corresponds to 43% of the seed weight. Castor oil
seedcake has a nutrient content of: 6.5% Nitrogen (N), 2.0%
Phosphorous (P) and 1.0% Potassium (K).3 In addition, the fertilizer
produced by castor seedcake retains the capacity to control soil
nematodes [48].
Seedcake can also be used for energy production. Both jatropha and
castor seed cake can be burned directly, as their residue has a caloriﬁc
value of 18.8 MJ∙kg−1 [107]. This is relatively high for a solid biomass
waste, close to eucalypt wood (19.2 MJ∙kg−1) and much higher than
other agricultural or forestry residues such as sawmill waste
(10.0 kcal kg−1) or sugarcane bagasse (9.6 kcal∙kg−1). Seedcake can
also be fed in bio-digesters [70,104–106,108,109], which through
anaerobic fermentation can yield biogas with methane content as high
as 70% [104–106].
Other potential uses for seedcakes include the production of amino
acids, glue, pesticides, inks, ﬁbers and bioplastics among others,
although further research is still needed [110]. Due to their toxicity
castor and jatropha seedcake cannot be directly used as animal fodder.
While toxic substances could be removed through expensive physical,
3
That is, for each ton of castor or jatropha seeds, around 430kg of seed cake
containing 28kgN, 8.6kgP and 4.3kgK are generated. In comparison, cow manure has a
typical nutrient content of 0.6% N, 0.4% P and 0.5% K. That is, degraded pastureland
that contains on average 2 heads of cattle per hectare and receives 1.8t of manure
annually is fertilized with 10.8kgN, 7.2kgP and 9kgK.

2
It has been suggested that in some African contexts the economic returns from soapmaking are far higher than the sale of jatropha seeds for fuel production [91].
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CO2 sequestration is the regulating ecosystem service associated
with CO2 being stored into plants. All the ﬁve considered landscapes
act as carbon pools storing an amount of CO2 in their biomass that
ranges from 4 t/ha (pastures and farmlands) to 14 t/ha (Caatinga).
Vegetation (living plant biomass), dead wood, litter and soil organic
matter act as the major carbon pools. Besides the carbon stored in
biomass and soil, each of these landscapes exhibits diﬀerent rates of
carbon inﬂux.
Satellite and direct measurements have shown a net positive inﬂux
of CO2 in all of the ﬁve land uses [98,115]. According to these degraded
pasturelands or agricultural lands have a carbon inﬂux of 0.4 t·ha−1·
year−1, a jatropha plantation has 0.8 t·ha−1·year−1 whilst Caatinga
forest absorbs 2 t·ha−1·year−1. The higher positive inﬂux of CO2 of
Caatinga in relation to the other land uses is due to its higher density of
woody biomass.
As vegetation in the Caatinga-jatropha scheme becomes denser over
time, its carbon stock and carbon sequestration capacity increases.
However, to simplify this assessment, a constant rate of 0.8 t·ha−1·
year−1 is assumed during the ﬁrst 10 years, in which this landscape will
be productive in terms of oilseed feedstock. Once the oilseed extraction
becomes unfeasible both its carbon stock and storage capacity will
continue to increase until reaching eventually the values of restored
Caatinga, i.e. 14 t/ha and 2 t·ha−1·year−1.
A simple GHG balance was performed for each of the diﬀerent land
uses. This GHG balance considers the beneﬁts related to the combustion of biodiesel, the biogas /bio-fertilizer from seedcakes and the
methane emissions from cattle. While these elements cannot be
considered as regulating ecosystem services, a balance of these GHG
emissions of the land uses can add useful data to complement the
ecosystem service (carbon sequestration) discussion.
To establish the overall GHG balances the combustion of biodiesel
and biogas (compared to conventional diesel and LPG) is also
considered. The combustion of 1 L of diesel generates 2.67 kg of CO2
[116,117]. Each L of biodiesel B7 can save the emission of 0.11 kg CO2
[118]. Furthermore the process results in the production of biogas with
60% methane content, which is equivalent to 0.877 L of LPG for each
Nm3 of biogas (the higher caloriﬁc values are 38 MJ/Nm3 for methane
and 26 MJ/L for LPG). The combustion of each L of LPG generates
1.77 kg of CO2 [117,119,120]. To generate the same heat with biogas, it
is necessary to burn 1.14 Nm3 of that fuel which generates 1.54 kg of
CO2 [117]. Overall the use of biogas (instead of LPG) prevents the
emission of 0.20 kg CO2 for each Nm3 of biogas combusted.
Finally this analysis also considers the GHG emission savings from
the use of bio-fertilizer as a byproduct. This could save CO2 emissions
associated with the production of the equivalent synthetic fertilizer.
The CO2 footprint of an equivalent N-based chemical fertilizer was
assumed to be 3.6 kg CO2/kg [121]. Given the NPK content of the
seedcakes, it was considered that 1 kg of chemical fertilizer is equivalent to 10.5 kg of castor and 19.2 kg of jatropha seed cake, respectively,
as well as 66.7 kg of cow dung.
The GHG balances for each land use option are shown in Table 5. In
particular, converting pastureland to a Caatinga-jatropha forest restoration could save annual emissions of 0.56 t of CO2 and 0.11 t of
CH4 per hectare. Meanwhile, introducing a crop rotation scheme in
single-crop farms could avoid annual emissions of 0.36 t of CO2 per
hectare.

Table 4
Values for the biodiesel, biogas and biofertilizer processes.
Oilseed

Castor
Jatropha

Transesterification

Biodigestion

Oil content

% weight
expelled
as
seedcake

47%
30%

Conversion
to biodiesel /
glycerol

90% / 10%
90% / 10%

43%
70%

biogas
yield
(Nm3/kg
seedcake)

0.15
0.15

NPK content
(%) in the biofertilizer
N

P

K

6.5
3.0

2.0
0.7

1.0
1.5

Note: Nitrogen (N), Phosphorus (P), and Potassium (K).

thermal or chemical processes, this makes their use as fodder
economically uncompetitive [111,112].
3.4. Values considered for the quantitative assessment of
provisioning services and co-beneﬁts
This section describes the secondary data used for assessing the
ecosystem services provided by the diﬀerent land uses as identiﬁed in
the literature (Sections 3.1.3, 3.2.3). For both biofuel chains, the
primary product considered is biodiesel from the transesteriﬁcation
of oil derived from castor and jatropha seeds. For the transesteriﬁcation process a yield of 90 L of biodiesel and 12 kg of glycerol for each
100 L of oil input is considered [53,54] (Table 4).
The secondary product of the biodiesel production chain is biogas.
Selecting biogas as the secondary product is justiﬁed because it can
enhance resource recovery from agricultural residues of the primary
biodiesel chain. This includes both energy recovery from biogas
combustion and bio-fertilizers from the anaerobic process. This way
it can add multiple possible co-beneﬁts to biodiesel production, making
it more appealing to investors. For the biodigestion, a hydraulic
retention time of 15 days is considered, which could yield an average
0.15 Nm3 of biogas per kg of waste seed cake (Table 4).
Average crop and oilseed yields in the Semi-arid region under rainfed conditions (700 mm) are considered as 1.5 t/ha for castor cultivated in rotation with cowpea, and 1.5 t/ha for a dedicated jatropha
plantation [36,37,68]. For the jatropha-forest restoration system
proposed half that yield (0.75 t/ha) was assumed due to the lower
density of trees than a conventional plantation. For pastureland, an
average of 2 heads of cattle per hectare (beef cow) was assumed,
producing each year an average of 100 kg of meat, 6 kg of tallow (that
can produce 5 L of biodiesel), 1800 kg of manure and 110 kg (164
Nm3) of CH4 [92]. In order to compare the diﬀerent types of food
output from the alternative land uses, their (annual) yield per hectare is
converted into Kcal per hectare, using the following conversion:
1900 Kcal/kg cowpea, and 4000 Kcal/Kg beef meat.
Regarding CO2 sequestration service, the carbon stored in the above
and below ground biomass was assumed to be 14 t/ha [98,113] (other
scholars estimate it as high as 35 t/ha [97]). The carbon stored in
jatropha trees located in converted native forest has been estimated
between 3 t/ha (unpruned trees) and 8 t/ha (for more dense plantations with pruned trees) [97]. In this study, it is considered to be 4 t/ha
for the Caatinga-jatropha forest restoration scheme. For cropland and
pastures, data from the literature suggest a carbon stock of 4 t/ha [98],
but this value could be slightly higher for the latter. Soil analysis in
diﬀerent landscapes in the region have indicated that pasture systems
harbor more eﬃcient soil microbial communities in terms of carbon
use. Considering the above, land conversion from Caatinga to cropland
may cause signiﬁcant carbon loss from soils [98], but conversion to
pasture may increase carbon storage in soils [114]. For the castorcowpea rotation scheme, there is most likely an insigniﬁcant change in
carbon sequestration services.

4. Results and discussion
4.1. Ecosystem services trade-oﬀs
Table 6 provides an overview of the ecosystem services provided by
diﬀerent land uses in the Northeast of Brazil. Based on the review of the
literature (Sections 3.1.3, 3.2.3) some of these ecosystem services are
quantiﬁed using secondary data, while others (especially supporting
and cultural services) are assessed qualitatively.
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Table 5
Products and GHG emissions for the different land uses.
Caatinga natural
vegetation

Local Jatropha varieties for
forest restoration

Crop rotation scheme: castor
and cowpea

Single-crop farmland
(cowpea)

Pastureland

Carbon stock (direct measurements)
CO2 ﬂux
(satellite and direct measurements)
Oilseed and fat yields

14 t·ha−1
2
ton·ha−1·year−1
None
None
None
None
None
None
None
None

4 t·ha−1
0.4
ton·ha−1·year−1
1.5 t·ha−1
(castor)
634 L·ha−1
84.6 kg·ha−1
69.7 kg·ha−1
0.65 t·ha−1
96.7 Nm3·ha−1
19.4 kg·ha−1
39 kg·ha−1

4 t·ha−1
0.4
ton·ha−1·year−1
None

Biodiesel
Glycerol
CO2 emissions avoided (biodiesel)
Waste seedcake
Biogas
CO2 emissions avoided (biogas)
CH4 emissions (without
biodigesters)
CH4 emissions (after biodigesters)
NPK biofertilizer

4 t·ha−1
0.8
ton·ha−1·year−1
0.75 t·ha−1
(jatropha)
225 L·ha−1
30 kg·ha−1
24.7 kg·ha−1
0.52 t·ha−1
78.7 Nm3·ha−1
15.7 t·ha−1
31.7 kg·ha−1

4 t·ha−1
0.4
ton·ha−1·year−1
6 kg·ha−1
(tallow)
5 L·ha−1
1 kg·ha−1
0.5 kg·ha−1
None
None
None
110 kg·ha−1

None
2
Ton·ha−1·year−1

None
41.9 kg N·ha−1
12.9 kg P·ha−1
6.3 kg K·ha−1
220 kg·ha−1
0.76
Ton·ha−1·year−1

None
None

CO2 emissions avoided (biofertilizer)
TOTAL CO2 balance
(accumulation
of CO2 and emissions avoided)
TOTAL CH4 balance (emissions)

None
15.7 kg N·ha−1
3.6 kg P·ha−1
7.8 kg K·ha−1
98.2 kg·ha−1
0.96
Ton·ha−1·year−1

None
0.4
Ton·ha−1·year−1

110 kg·ha−1
11 kg N·ha−1
7 kg P·ha−1
9 kg K·ha−1
1.5 kg/ha
0.4
Ton·ha−1·year−1

–

–

–

–

0.11 t·ha−1·year−1

None
None

None
None
None
None
None
None
None

Note: After the tenth year, the jatropha-forest restoration scheme can be considered as Caatinga.

sion, soil regulation and GHG sequestration. On the other hand,
Caatinga does not produce signiﬁcant amounts of provisioning services
for local communities besides timber and ﬁrewood, which are manifestly extracted unsustainably in the region (Section 1). However,
Caatinga landscapes could provide revenues for small farmers, depending on initiatives that valorize this biome such as Payment for
Ecosystem Services (PES) [122,123] or ecotourism [123,124], see
below.
At the opposite end, pasture and cowpea mono-cropping in marginal soils can provide some provisioning services such as food and beef
tallow (for biodiesel). On the other hand they have a negative impact on
local water resources and in soil related services [42,92,114]. In the
case of pasture, high amounts of methane are emitted to the atmo-

Table 6 suggests that the diﬀerent land uses considered in this
paper produce diﬀerent bundles of ecosystem services. The impact
matrix below (Fig. 5), graphically illustrates the provision of these
ecosystem services and co-beneﬁts from the diﬀerent land uses. Green
shades depict positive service or co-beneﬁt provision, blue shades no
service/co-beneﬁt provision, and red/orange shades negative service
provision. The tone of the colour provides the intensity of the provision
of service. For example, regarding the latter, strong red means a “highly
negative” impact (e.g. high disservice) while light orange means a “low
negative” impact (moderate disservice).
Table 6 and Fig. 5 suggest that the Caatinga forest provides
numerous supporting, regulating and cultural services, and especially
services that do not have a well-established market, e.g. water provi-

Table 6
Ecosystem services provision and co-benefits for alternative land uses.
Provisioning services and related co-beneﬁts
Caatinga natural
vegetation

Local Jatropha varieties for forest
restoration

Crop rotation scheme: castor
and cowpea

Single-crop farmland
(cowpea)

Pastureland

Food

Low

None

0 t·ha−1
0 t·ha−1
0 GJ·ha−1

0.7 t·ha−1
0 t·ha−1
1.8 GJ·ha−1

16.2
GJ·ha−1
0 t·ha−1
0 t·ha−1
0 GJ·ha−1

1.7 GJ·ha−1

Oilseeds for biodiesel
Beef tallow for biodiesel
Energy from residual
seedcake
Bio-fertilizer

8.7
GJ·ha−1
1.5 t·ha−1
0 t·ha−1
2.2 GJ·ha−1

None

Positive (Very high)

41.9 kg N·ha−1
12.9 kg P·ha−1
6.3 kg K·ha−1
Negative (Medium)

None

Water provision
Regulating services
CO2 sequestration
Pest and disease control
Supporting services
Soil services
Pollination
Cultural services
Aesthetic and recreational
value
Biodiversity
Biodiversity

15.7 kg N·ha−1
3.6 kg P·ha−1
7.8 kg K·ha−1
Positive (Medium)

−1

−1

−1

0 t·ha−1
6 kg·ha−1
0 GJ·ha−1

Negative (Medium)

11 kg N·ha−1
7 kg P·ha−1
9 kg K·ha−1
Negative (Low)

14 t·ha
Positive (Very high)

4 t·ha
Positive (Medium)

4 t·ha
Positive (Medium)

4 t·ha−1
Negative (High)

4 t·ha−1
None

Very high
Very high

High
High

Medium
Very Low

Low
Low

Low
Low

Very high

Low

None

None

None

Very high

Medium

Low

Low

Low

Note: After the tenth year, the jatropha/forest scheme can be considered as Caatinga.
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soil-related ecosystem services could be positive. However, as shown in
the impact matrix (Fig. 5), pollination might be aﬀected negatively.
The Caatinga-jatropha forest restoration scheme can contribute to
Brazil's international commitment to recover 15 million ha of degraded
pastures by 2020 [126]. In the Semi-arid region, where the productivity
of pasture in marginal lands is low, a forest restoration scheme that
uses native jatropha species can eventually reverse the land degradation associated with pastureland. This would be possible after a
transition period of some years in which the land could produce
oilseeds as the main provisioning ecosystem service. This alternative
would entail some signiﬁcant tradeoﬀs mainly associated with the loss
of food production (beef). This land transition, however, could lead to
an eventual increase in the provision of other provisioning services (e.g.
feedstock for energy, water) as well as some regulating, supporting, and
cultural services (Section 4.1).
When it comes to scaling up the Caatinga-forest restoration
scheme, Northeast Brazil contains 33 million ha of pasture, of which
73% have exhibit a high level of degradation, only containing on
average 0.4 heads of cattle per hectare [92]. Assuming that the
Brazilian government decides to achieve its goal of recovering 15
million of those hectares through the studied Caatinga-jatropha
scheme, it would imply the loss of land of 6 million heads of cattle,
whose products produce annually 0.3 million tons of meat, 15 million L
of biodiesel and 3 thousand tons of glycerol (from beef tallow).
However the additional jatropha production could have important
implications for the Brazilian biodiesel plan [4], as the country would
temporary be able to receive an additional 3.37 billion L of biodiesel,
which is almost enough to cover the entire current domestic demand
[5]. The corresponding biogas production from jatropha waste seedcake could be as high as 1.2 billion Nm3. This energy provision could
have signiﬁcant climate beneﬁts due to the emissions saving of 8.4
million of tons of CO2. Although these large numbers are just an
example, the potential impact of this land use option in the energy
market of the nation is clear.

Fig. 5. Matrix of main ecosystem services impacts and co-beneﬁts for the alternative
land uses.

sphere (Table 5). These land uses also stand out for their low (or
negative) provision of some supporting and regulating services, such as
GHG sequestration and pest regulation.
Results suggest that the use of oilseed plants well adapted to the
local climate can oﬀer a mix of ecosystem services, both for the castorcowpea rotation scheme and the Caatinga-jatropha forest restoration
scheme. In sum, oilseed systems can provide a bundle of provisioning,
regulating and supporting (in the case of the Caatinga- jatropha forest
restoration scheme) ecosystem services (Fig. 5, Table 6), which in some
cases can be much higher than the original land use (Fig. 6).
Both schemes provide feedstock for biodiesel production, and
biogas from the residual oilseed cakes. Biogas production from local
agro-industrial wastes can reduce the imports of LPG in the region and
deforestation (for fuelwood) having thus multiple environmental
beneﬁts (Section 1). In this respect, it is noticeable that each hectare
of Caatinga- jatropha forest restoration scheme could produce the
equivalent to 276 L of LPG per year, while the castor-cowpea rotation
schemes could produce a third of that amount. Another byproduct
produced in the bio-digesters is slurry that can be used as a biofertilizer to increase soil nutrients and replace chemical fertilizers.
Furthermore both schemes can provide some climate regulation
services through the development of biofuel with positive GHG
emission balances (Table 5) and increase in carbon stocks as in the
case of the jatropha-forest restoration scheme.

4.3. Challenges and gaps
While both of the studied schemes exhibit some potential to
improve ecosystem services provision from degraded pasturelands or
cowpea monocultures (Section 4.2), there are two important challenges
about their adoption. The ﬁrst is the development of viable economic
frameworks to make their exploitation attractive to small farmers, and
the second is the development of the necessary scientiﬁc and agronomic knowledge to ascertain their long-term potential.
When it comes to the Caatinga-jatropha system, both local
Government and cattle farmers are aware of the need of better land
use management in the region. There is indeed a need to reforest
headwaters and degraded lands in order to prevent desertiﬁcation and
secure water resources. In this context the Caatinga-jatropha forest
restoration scheme can improve the delivery of regulating and supporting ecosystem services, combined with some level of feedstock production. However as discussed in Section 3.2.3, there is a lack of
agronomic knowledge about the actual performance of such systems
given the general lack of understanding of J. curcas4 agronomy,
let alone local jatropha varieties. While studies in the past decade have
partially closed such gaps for local varieties in Brazil [9,10] the fact
remains that there has been a global collapse of the J. curcas
agroindustry [6,7]. This could discourage its adoption in Brazil, which
lacks commercial experience in this agroindustry. However, on the plus
side, there is a mature biodiesel market in Brazil which might reduce
some of the production risks, as the lack of viable markets has been a
major driver of jatropha collapse in across Africa [6,127].

4.2. Potential for scaling up
The two studied schemes can contribute to possibly boost the
energy security and environmental sustainability targets of the
Brazilian government. The castor-cowpea rotation scheme has the
potential to be applied to 0.49 million ha where cowpea is cultivated as
a single crop [28]. This land cover change, while it can reduce cowpea
production, it could generate an added 0.3 billion L of biodiesel per
year, enough to supply 7% of Brazil's biodiesel demand, diversifying
from dominant feedstocks such as soybean and beef tallow (Section 1).
The resulting castor seedcake could generate an additional 47 million
of Nm3 biogas. These energy gains can come with GHG emission
savings of 0.2 million tons of CO2. The eﬀects on water availability and

4
Jatropha curcas has been the jatropha species overwhelmingly used for biofuel
production around the world.
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Fig. 6. Changes in the ﬂow of ecosystem services due to landscape conversion.

buy 30% of its inputs from local family farmers and support them with
technical assistance. In exchange, those biodiesel producers are
recognized with the SCS standard and get tax incentives as well as
better ﬁnancial conditions from the Brazilian Development Bank
(BNDES). Additionally, for those family farmers that aim to cultivate
oilseed crops, there is an additional line of credit, within the Pronaf
program (National Program for the Strengthening of Family Farming).
The SCS has had signiﬁcant success since its creation in 2005 as a
complement policy to the Brazilian Program for the Production and
Use of Biodiesel (PNPB). In the Northeast currently 3926 family
farmers and 7 cooperatives have entered the biodiesel value chain
[129]. Also, 4 out of the 6 existing biodiesel factories have been
certiﬁcated with the SCS standard [129]. However these numbers are
still lower compared to the rest of the country. For example in the rest
of Brazil about 70,000 family farmers already participate as suppliers
of the biodiesel industry while the biodiesel factories certiﬁed with the
SCS are the overwhelming majority (80%) [129].
Another possibility is the development of biofuel-related Payment for
Ecosystem Services (PES) schemes [130], such as those related to
watershed protection in Brazil [131]. Local farmers could obtain revenues
from castor and jatropha seeds in addition to the PES for oﬀering
pollination and/or watershed protection. However, ﬁrst it is necessary
to further strengthen the local biodiesel industry and establish an
attractive PES framework. PES schemes have been a major focus of
discussion in the new Brazilian Forest Code enacted in 2012. Since 2007
there have been several legislative proposals in the National Congress,
however up to now none of those law proposals have concretized in the
form of government credits. Our study can possibly provide a ﬁrst step
towards this direction as it oﬀers as initial assessment of the ecosystem
services trade-oﬀs expected to manifest during the conversion of prevalent
land uses in the Northeast (i.e. pasture and cowpea monoculture) for
feedstock production. This study provides an advance from previous
assessments of the region that focus exclusively on a monetary approach,
such as the levelized cost of energy from available biomass sources [132].

When it comes to castor, its agronomy is much better understood,
as the Northeast of Brazil is one of the main producing areas globally.
In this case, it is economic competitiveness that can challenge its
widespread adoption as a biodiesel crop, and especially the competition
with soy. Soy has initiated a cycle of low prices as its supply nationally
keeps growing while the Chinese demand has decreased (China is
Brazil's greatest soy importer [128]). Biodiesel reﬁneries will most
likely continue to be a convenient destination for part of the soy
harvest. At the same time, castor oil producers in the Semi-arid region
will continue to ﬁnd higher revenues by selling their harvest to the
cosmetic and pharmaceutical industries (Section 3.1). Possible the
higher prices for such castor oil uses will make uneconomical biodiesel
production.
When it comes to castor, the plant's agronomy is much better
understood in the Northeast of Brazil, as it is one of the main producing
areas globally. In this case, it is the economic competitiveness that can
challenge its widespread adoption as a biodiesel crop, and especially
the competition with soy. Soy has initiated a cycle of low prices as its
supply nationally keeps growing while the Chinese demand has
decreased (China is Brazil's greatest soy importer). Biodiesel reﬁneries
will most likely continue to be a convenient destination for part of the
soy harvest. At the same time, castor oil producers in the Semi-arid
region will continue to ﬁnd higher revenues by selling their harvest to
the cosmetic and pharmaceutical industries. As a result the higher
prices for such uses of castor oil will make uneconomical its use for
biodiesel production.
The current situation is not expected to change both for jatropha
and castor oil in the following years, until serious steps are taken by the
Brazilian government to inﬂuence a shift towards their greater
integration in biodiesel chains.
A key approach would be to integrate such schemes among the
existing lines of government credits and incentives available to the
Northeast region, and particularly the SCS Program (“Selo Combustível
Social”). The biodiesel producers who participate in this program must
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Abstract
Semi-arid and tropical regions worldwide face the challenge of providing energy security to its
population without impacting food security and the environment. Bio-based fuels can make a
significant contribution to this challenge, especially if they are produced from agricultural and urban
wastes. The use of these sources can generate revenues and development for the rural communities,
as well as reduce their energy imports. In this article, the Semi-arid Region of Brazil is used to
contextualize this discussion. This region has marginal soils and is subjected to recurrent droughts.
There is a good established supply chain of biofuels, but it is based on soy and sugarcane that are
produced in more fertile regions of the country. The Semi-arid region of Brazil has a relevant potential
for the production of ethanol using local agricultural wastes. This research assesses that potential, by
studying a selected set of local lignocellulosic wastes. It was conducted an extent literature and data
review of agroforestry wastes available in the region, their composition and cellulose content, and
their ethanol yields according to the state-of-the-art. The development of a waste-to-ethanol industry
from the studied set of agroforestry wastes has the potential of adding up 0.9 billion L of ethanol each
year and reduce the imports of this fuel by 29% in the region. The implications for the regional flexfuel market were also addressed. It was found that diversifying the sources of ethanol would reduce
the seasonal variation of its supply in the region, leading to two main consequences: its price would
have less seasonal oscillations and the current stock capacity could be decreased by 70%.
Lignocellulosic ethanol still needs to achieve competitive production costs and overcome uncertainties
regarding technology and logistics, but in the long-term the influx of significant volumes of 2G ethanol
in the region would make this biofuel to gain competitiveness towards gasoline.
Keywords
agro-waste; waste biomass; agroforestry residues; lignocellulosic ethanol; bioethanol; semi-arid
regions
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Semi-arid and tropical regions worldwide face the challenge of providing energy security to its
population without impacting food security and the environment. Bio-based fuels can make a
significant contribution to this challenge, especially if they are produced from agricultural and
urban wastes. The use of these sources can generate revenues and development for the rural
communities, as well as reduce their energy imports. In this article, the Semi-arid Region of
Brazil is used to contextualize this discussion. This region has marginal soils and is subjected to
recurrent droughts. There is a good established supply chain of biofuels, but it is based on soy
and sugarcane that are produced in more fertile regions of the country. The Semi-arid region
of Brazil has a relevant potential for the production of ethanol using local agricultural wastes.
This research assesses that potential, by studying a selected set of local lignocellulosic wastes.
It was conducted an extent literature and data review of agroforestry wastes available in the
region, their composition and cellulose content, and their ethanol yields according to the
state-of-the-art. The development of a waste-to-ethanol industry from the studied set of
agroforestry wastes has the potential of adding up 0.9 billion L of ethanol each year and
reduce the imports of this fuel by 29% in the region. The implications for the regional flex-fuel
market were also addressed. It was found that diversifying the sources of ethanol would
reduce the seasonal variation of its supply in the region, leading to two main consequences:
its price would have less seasonal oscillations and the current stock capacity could be
decreased by 70%. Lignocellulosic ethanol still needs to achieve competitive production costs
and overcome uncertainties regarding technology and logistics, but in the long-term the influx
of significant volumes of 2G ethanol in the region would make this biofuel to gain
competitiveness towards gasoline.
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Key-words: agro-waste; waste biomass; agroforestry residues; lignocellulosic ethanol;
bioethanol; semi-arid regions.
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1. Introduction
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1.1 Current situation of first and second generation ethanol production
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The term “first generation ethanol” (1G ethanol) commonly refers to the one produced
through the fermentation and further distillation of the glucose stored in some plants such as
maize, sugarcane, sweet sorghum or cassava.
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USA and Brazil are the world’s greatest ethanol producers and markets. These two countries
alone were responsible for 85% of global ethanol fuel production in 2015 [1]. The
infrastructure for this biofuel is also growing in parallel with its consumption in some European
countries such as Sweden, Germany and France as well as in some Asian countries, particularly
Thailand and China.
1
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USA produced in 55.6 billion L of maize ethanol in 2015 [1]. Most is used domestically for E10
and E15 anhydrous ethanol mixtures (up to 15% anhydrous ethanol, 85% gasoline) and for E85
Flex Fuel vehicles. However a significant part of this production together with livestock feed
(dried distillers’ grains) produced at American ethanol biorefineries found markets overseas.
These exports represented billions of dollars besides the saves in foreign oil imports as a result
of the use of domestic ethanol.
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Brazil produced 26.9 billion L of sugarcane ethanol in in 2015 [1]. The vast majority of fourstroke engine cars operating in this country are Flex Fuel cars capable of running with E27 (27%
anhydrous ethanol, 73% gasoline) and with E100 (100% hydrous ethanol). Ethanol production
in Brazil relies exclusively on sugarcane and therefore is heavily concentrated in time (the
supply varies seasonally according to the harvest period) and also in space, as the production is
concentrated in the fertile lands of the Southeast part of the country.
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There are important ethanol swaps between the Brazilian and the USA markets. In 2014, Brazil
imported 0.45 billion L of ethanol from USA to supply this fuel during occasional periods of low
stocks. In contrast, after the sugarcane harvest, a huge excess of supply arises which has to be
managed through stocking and exports. In 2014, Brazil exported 1.4 billion L of ethanol, from
which 0.74 billion had USA as their final destination [2,3].
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Enormous volumes of agricultural waste, in the form of corn stover and sugarcane bagasse, are
produced annually in these two countries. In Brazil, sugarcane bagasse is burned for electric
power production in steam turbines, generating additional revenue for the ethanol plants. The
production of briquettes and pellets from the bagasse is also gaining momentum. In USA,
some focus has been put on “bolt-on” synergies aiming the transition of conventional ethanol
plants into advanced biorefineries. Examples of these synergies are the production of butanol
and acetone or the extraction of zein protein for plastics and other industrial products [1].
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The huge existing market is also helping to pave the way for cellulosic ethanol, also known as
“second generation ethanol” (2G ethanol). That is, the production of glucose via acid or
enzymatic hydrolysis from a wide range of lignocellulosic materials from which corn stover or
sugarcane bagasse are just two examples. The produced glucose can be then inserted in the
existing production process of the 1G ethanol plant, undergoing alcoholic fermentation and
further distillation.
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Lignocellulosic materials, in the form of plant biomass, are the most abundant organic
compounds of carbon and are constituted basically by three compounds: cellulose,
hemicellulose and lignin [4].
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Lignin fills the spaces in the cell wall between cellulose, hemicellulose, and pectin components,
conferring mechanical strength to the cell wall and by extension the plant as a whole.
Cellulose is an organic polymer that consists of a linear chain of linked glucose units. During
photosynthesis, plants synthesize glucose from water and carbon dioxide using energy from
sunlight. While some of the glucose is stored as starch, other is used to produce cellulose and
hemicellulose which are important structural component of the primary cell wall. Compared to
starch, cellulose is also much more crystalline. Meanwhile, hemicellulose is a branched
polymer shorter than cellulose and once hydrolyzed produces much less glucose than the
latter. Through hydrolysis, the carbohydrates (cellulose and hemicellulose) are broken into its
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component sugar molecules such as glucose and other monosaccharides. This is also referred
as saccharification of lignocellulosic biomass.
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Before hydrolysis the biomass can undergo different pre-treatment process. Two of the most
popular ones are Ammonia Fiber Expansion pretreatment (AFEX) and steam explosion. AFEX is
a thermochemical process that decrystallizes lignocellulose structure by removing
hemicellulose and reducing lignin content. The steam explosion pre-treatment opens up the
fibers, greatly increasing the available area of cellulose and therefore making these structures
more prone to acid or enzymatic hydrolysis. In addition, the steam explosion method removes
most of the hemicellulose [5].
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In sum, the production of ethanol from biomass involves the integrated optimization of three
basic stages: pre-treatment, hydrolysis (acid or enzymatic saccharification) and further
fermentation of the hydrolysates. These processes dominate overall production costs of 2G
ethanol with 35 to 65% of total costs [6].
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In Brazil, the optimization of the 1G ethanol process, the progressive growth of 2G production
and the use of more productive sugarcane varieties are expected to greatly improve the
current productivity of distilleries, which is around 10 kg of sugarcane bagasse for each L of
ethanol that is produced [7]. Figure 1 shows a realistic forecast for the evolution of second
generation ethanol production from sugarcane bagasse. It is predicted that 6.25% of the total
ethanol production would come from sugarcane bagasse in 2036 increasing gradually to 12.5%
in 2050 [7].
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Figure 1: Forecast of the evolution of the ethanol production in Brazil [7]
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In USA, 2G ethanol from corn stover has taken off, with 2015 being a breakthrough year for
the cellulosic bio-fuels sector. The nation’s three largest commercial-scale cellulosic ethanol
facilities, located in Kansas and Iowa, have together a capacity of 0.3 billion L [1].
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Second generation ethanol can be produced from virtually any agricultural waste such as, for
instance, wheat or rice straw. Forest waste is another promising feedstock. Therefore the
development of 2G ethanol technology seems promising for the stimulation of rural
economies by adding value to local agro-industrial schemes through the production of ethanol,
a commodity that has a consolidated market and can be either consumed locally or exported.
However, the potential of urban environments should not be neglected. Urban wood wastes
are comprised by pruning residuals from city parks and trees, used lumber, shipping pallets
and wood debris from construction and demolition activities. In addition, cellulose-rich
3
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materials such as paper, cardboard and packaging comprise a substantial part of all organic
municipal solid waste.
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Currently, the efforts of the 2G ethanol emerging industry are dedicated to increase the
conversion efficiency, overcome the enzyme-cost barrier and also to identify the most
promising agroforestry and urban wastes.
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1.2 Second generation ethanol production in semi-arid and tropical regions
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Semi-arid and tropical regions worldwide face the challenge of providing energy security to its
population without impacting food security and the environment [8]. Bio-based fuels can make
a significant contribution, especially if they are produced from agricultural wastes.
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Biofuel processing plants in arid and semi-arid regions have two particular challenges. The first
one is to minimize the use of freshwater required for their processes, which is currently
between 1.9 and 5.9 m3 water per m3 of biofuel [9]. Therefore, some authors have proposed
for regions with water scarcity the use of processes specifically adapted for the production of
cellulosic ethanol such as, for instance, using brackish or seawater as the reaction media in the
hydrothermal pretreatment of biomass [9].
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The second challenge for the production of biofuel in these regions is to identify the most
appropriate feedstock. A constant concern worldwide has been choosing the right set of
biofuel feedstock that minimizes the competition between use of land for production of fuels,
food, animal feed, fiber, and ecosystem services [10,11]. In most semi-arid and tropical regions
those trade-offs are critic. The high rates of population growth put pressure on the limited
available fertile land and on the environment. At the same time, choosing to cultivate
dedicated energy crops implies not cultivating edible or cash crops. One approach to avoid this
dilemma is to make use of marginal lands, cultivating as energy crops some plant species that
are adapted to local conditions and have low water needs together with good potential
ethanol yields such as cactus or even halophytes [12]. However, this option implies the
substitution of the natural vegetation of those marginal lands which creates another important
trade-off.
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Certainly, the use of agricultural residues arises as the most convenient option as eliminates
the problem of land use competition. It is true that in semi-arid and tropical regions some
agricultural residues do have a traditional use as animal fodder and as fertilizer, but those
trade-offs seem reasonable when compared to the potential benefits of biofuel production.
Lignocellulosic ethanol can become a disruptive technology for rural areas in tropical and semiarid regions if succeeds to create a new valuable resource (biofuel) from agricultural waste.
Among the potential benefits: energy security, improving the local economy, creation of high
quality jobs and reduction of rural exodus. The key is to identify, among the local available
biomass residues, those ones that have the greatest potential as feedstock for lignocellulosic
ethanol. Even regions under important water scarcity present available residual biomass that
could have a significant potential for ethanol and other bio-refined products. For instance,
research for the Middle East and North Africa has identified as promising resources palm tree
residues, seawater biomass (seafood residues, macro and micro algae) and the organic fraction
of municipal solid waste [13]. In conclusion, the use of agricultural residues for bioenergy
offers a convenient array of trade-offs and synergies within the water–energy–food security
nexus [11], opening new opportunities for the development of tropical and semi-arid regions
4
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worldwide. The detailed characterization of the available biomass residues is the first stage of
a discussion regarding the potentialities of any particular region. In this article, the Semi-arid
Region of Brazil (Figure 2) is used to exemplify this discussion.
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Figure 2: Location of the area of study among the semiarid regions of the world
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This region has marginal soils and is subjected to recurrent droughts [14]. There is a good
established supply chain of biofuels, but it is based on soy and sugarcane that are produced in
more fertile regions of the country [15]. The Semi-arid region is located between two fertile
regions from which it imports biofuel. To the west, a huge agribusiness region that produces
biodiesel using soy oil, cotton seed oil and beef tallow. To the east, a humid coastal strip from
which imports sugarcane ethanol. The humid coastal strip that surrounds the Semi-arid region
produced 1.9 billion L of ethanol in 2014 (almost 7% of Brazil’s production). All this volume
came from 1G sugarcane ethanol (fermentation + distillation). In the region, there is a 2G
ethanol plant (enzymatic hydrolysis + fermentation + distillation) in operation since 2014,
named “Bioflex 1” owned by GranBio Inc. This plant aims the production of cellulosic ethanol
from sugarcane bagasse and has a producing capacity of 0.082 billion L of ethanol per year.
However, this facility has been experiencing problems regarding the pre-treatment of
sugarcane bagasse, which is performed through steam explosion, and moreover with the
adaptation to the particularities of sugarcane bagasse of an enzymatic process that was
developed for other biomasses. As a result, at the present moment the production of 2G
ethanol in the region is still at an experimental stage. In the medium term (5 to 10 years) the
production of 2G ethanol in this coastal region should begin to be significant and eventually
will not only be limited to sugarcane bagasse but reach other lignocellulosic resources
available such as coconut waste (1.4 million tons per year) or urban waste, as the most
populated cities are concentrated in the coast.
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Northeast Brazil, where the Semi-arid region is located, has a demand of ethanol above its
production capacity [2]. Therefore, its ethanol supply relies on the imports from the rest of the
country. During the last months of the sugarcane offseason, the Semi-arid region and the rest
of the Northeast region can eventually import ethanol from the USA, depending on the
goodness of the corn harvest in that country and on the dollar exchange rates.
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Typically, studies that address the biomass potential of the region tend to focus on the wet
coastal areas where sugarcane bagasse, residues from paper mills and plantations of bamboo
and eucalyptus are abundant [16], neglecting therefore the arid interior. This study aims to
fulfill that gap, focusing on the production of advances biofuels (ethanol) from lignocellulosic
wastes available in the Brazilian Semi-arid region.

194
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2. Methodology
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2.1 Proposed methodology for the assessment of the potential production of ethanol in the
region, using selected lignocellulosic wastes.
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The methodology is structured within four consecutive points and is replicable for any other
region:
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Selection of a set of promising agricultural wastes, based on cellulose content and
availability in the region.



Literature review (state-of-the-art) of their ethanol yields through acid and enzymatic
hydrolysis and further fermentation.



Calculation of the potential production of ethanol in the region, using the selected
lignocellulosic wastes.



Assessment of the implications for the existing biofuel market (supply, ethanol stocks,
prices) and the energy imports of the region.
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A set of agroforestry wastes from the region is assessed as possible feedstock for ethanol
production. A literature review was conducted aiming the definition of a set with the most
promising agricultural wastes among the ones available in the region. Once the set is defined,
further literature review is conducted regarding their characterization, hydrolysis and
conversion to ethanol. Values found on literature are used to calculate the potential
production of ethanol, using available agricultural databases from the region [17] and the
results are presented on “Section 3: Results”. Finally, the implications for the region of a largescale use of those wastes for 2G ethanol production are discussed on “Section 4”.
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2.2 Literature and data review of agricultural wastes available in the region
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Previous research has addressed the potential of agro-industrial wastes in this particular
region. Besides its low pluviometry, there are several irrigated areas that produce significant
volumes of residual biomass. Wastes from vegetable cultivation in these areas have been
tested for ethanol production, using the mold koji (Aspergillus oryzae) for the enzymatic
degradation of lignocellulosic biomass [21]. Gonçalves et al. (2015) [22] studied the production
of cellulosic ethanol from agricultural and urban waste in the whole country. Although their
study was not focused in the Semi-Arid region, it pointed out an interesting potential from
halophytes and cactus (genus Opuntia) cultivated in this particular region. Some authors have
drawn attention to the potential of the residues from the Brazilian biodiesel industry [23], as
oil extraction for biodiesel production yields large quantities of lignocellulosic residues that
could produce enough ethanol to meet the alcohol demands of the transesterification process.
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This option is interesting for oil extraction plants that operate in the region, which use cotton
and soy imported from other regions of the country together with castor bean produced
locally.
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Coconut
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Coconut is cultivated in the region and its waste has a good potential for ethanol production.
The major component of coconut fiber is lignin (35.1%) followed by cellulose (31.6%) [24].
Some authors have obtained remarkable results using green coconut shell from the region,
using fermentative strategies (Saccharomyces cerevisiae) and autohydrolysis pretreatment
[25,26]. Despite its potential, this biomass is found scattered throughout the region and thus
was disregarded for this study. In the wet coastal strip that limits with the Semi-Arid region,
this waste emerges more concentrated around continuous dense plantations and therefore
could be an interesting feedstock for 2G ethanol.
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Cactus (genus Opuntia)
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Opuntia (prickly pear) is a genus from the cactus family. The species Opuntia cochenillifera
(nopal) is native from Mexico but is widespread in the Semi-arid region of Brazil. Nopal leaves
in Mexico have a traditional use in human food. In this country as well as in Peru their leaves
are also used for growing the cochineal insect from which the natural dye carmine is derived.
Differently, in the Semi-arid region of Brazil this plant is exclusively used to feed cattle and
goats. According to literature, nopal has a high content of water (therefore its interest for
cattle, especially during drought periods) together with 21% of cellulose, 3% of hemicellulose
and 4% of lignin [27]. It is an interesting feedstock for ethanol production. Its potential has
been assessed by several authors [25-27] using as pretreatment autohydrolysis or different
acids (H2SO4, HCl, HNO3, H3PO4). Due to its traditional use by local farmers, this biomass was
also disregarded for this study as its use in the actual context would pose a “fuel for food”
dilemma.
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Fruit waste
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Fruit wastes are a major biomass source in this region. Cashew apple bagasse [28] and
pineapple bagasse [29] are two interesting lignocellulosic materials. Nevertheless, the focus is
set on the orange and the passion fruit (Passiflora edulis) bagasses.
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Brazil is the greatest producer of orange juice in the world. A significant part of this production
occurs within the borders of the Semi-arid region, where local farmers intercrop orange trees
with short-cycle crops like corn, peanut, cassava, cowpea, yams or with other fruits such as
pineapple, passion fruit or papaya. The region produces an average of 2 million metric tons of
orange per year or around 3% of the total world production [17]. As the resulting waste from
juice extraction is half of the fruit’s weight, a significant volume of residual biomass arises
around the juice processing plants. A part of this waste is recovered in the form of by-products
such as cold-pressed oil from peels, comminuted citrus base and limonene. This waste can also
be used as a fertilizer and as a nutritional complement for animals. Other valuable compounds
that can be recovered from orange and passion fruit bagasse are pectin and essential oils [30].
It is also possible the combined production of ethanol and limonene, which as use in cosmetic
products [31]. Citrus waste makes possible a broad set of different biorefinary configurations
[32] coupled with different bioenergy uses [33]. Despite these promising possibilities most of
this waste is lost without use in the region. Regarding the production of biofuel from the
7
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bagasse, the most direct method is pressing it, which produces an effluent that can produce
ethanol through fermentation. The resulting solid waste is mostly citrus peels, seeds and
membranes. It constitutes a lignocellulosic material (around 26% cellulose and 12%
hemicellulose [34]) that can undergo enzymatic saccharification and fermentation. As a pretreatment for orange peel waste, some authors have suggested steam explosion [35], a
combined acid-catalysed steam explosion (ACSE) [34] or a primary hydrolysis with acid [36].
The inhibitory compounds produced within the hydrolyzed peel can be later removed by
filtration [37]. For the fermentation of the hydrolysate, Saccharomyces cerevisiae has shown
better results than other ethanologenic yeast such as Kluyveromyces marxianus [38]. The yeast
Pichia kudriavzevii KVMP10 also offered good results in fermentation at relatively high
temperatures [39]. Other authors have also suggested the use of Clostridium acetobutylicum
NCIM 2877 to produce bio-butanol from the hydrolysate [35].
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Regarding passion fruit, the Semi-arid region of Brazil is the world’s major producing region
with an annual production of more than 0.5 million tons [17]. During its processing is
generated a waste containing the seeds, peels and membranes (70% of the fruit’s weight [30]).
This waste is a valuable feedstock for the production of pectin and other valuable by-products
[30,40-42] and has some biogas potential [43]. Due to its cellulose content of around 30%, this
waste has also been studied as a feedstock for the ethanol industry [40,44].
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Banana is one of the most important fruit crops in the world. This plant produces a big set of
flowers that, after the fructification, dies. In order to tear it down, the whole plant has to be
cut down. The tree’s pseudostem (trunk), together with the leaves, is a waste lignocellulosic
biomass that is left to rot in the fields. This biomass contributes to maintain the soil moisture,
but also to the spread of diseases and to the production of methane as it decomposes. For the
Semi-arid region of Brazil, it is considered a production of 1.5 tons of leaves and 2.5 tons of
pseudostem for each ton of banana fruit that is produced. In addition, there is another
biomass waste from this crop that is disregarded in this study: the rejected fruits that do not
complain with the quality standards for commercialization, which represent between from 8%
to 20% of the total production. On a dry basis, the cellulose content in Musa cavendischii
banana tree pseudostems is around 44% [45,46]. Therefore this biomass shows potential for
second-generation ethanol production as has been reported using enzymatic hydrolysis and
acid or alkali pre-treatment followed by alcoholic fermentation [45,47].
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Waste from three staple crops: maize, cowpea and cassava
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Every year, from February to June, almost 4 million tons of maize are harvested in this region,
leaving behind 1.7 million tons of corn stover composed of stalks, leaves and cobs [17]. This
waste is expected to become a primary source of bioethanol cellulosic feedstock, with current
values of ethanol yield in the USA around 114 L per ton [48]. That value could further increase
in the next years thanks to novel promising pretreatments [49-54].
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Cassava, tapioca or mandioca is a native plant from South America that has a huge nutritional
importance in the tropics, where its root is one of the main sources of carbohydrates. Cassava
can also be a source of ethanol as its root stores starch which can be transformed into glucose
and then undergo alcoholic fermentation: one ton of cassava roots can produce 188 liters of
ethanol [55-60] but given the importance of this crop as a food source for humans and
animals, its direct use for ethanol production seems undesirable. After the roots are harvested,
some stems are used for the further propagation of the crop while the greatest part of the
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green mass is left on the soil to decompose: a cassava plantation produces 200 kg of usable dry
mass for each ton of cassava roots that is harvested [61]. This is the first cassava biomass
residue that is available, appearing directly on the fields after the harvest. Cassava stems have
a content of 35% of cellulose [62]. Another biomass waste arises in the processing of cassava
as the roots are peeled to rid them of two outer coverings. The peels constitute about 20-35%
of the weight of the tuber [63] and configure an interesting source of lignocellulosic material
[64-67] that is generated in concentrated amounts, whether in traditional processing (hand
peeling) or in more mechanized starch factories. The cassava-to-starch process generates a
toxic effluent that can be used for biogas production [68] or can undergo enzymatic treatment
aiming the recovery of starch and further production of ethanol or cellulose derivatives [69].
The Semi-arid region of Brazil produces around 6 million tons of cassava each year [17].
Cellulosic ethanol from non-food parts of cassava could also play an important role in many
tropical countries, in particular in the Sub-Saharan Africa [70] where the greatest producers
are located (Nigeria, 54 million tons; DRC, 16 million tons; Ghana, 14 million tons; Angola and
Mozambique, 10 million tons each).
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Cowpea is one of the most important legume crops in the semiarid tropics. In the Semi-arid
region of Brazil, it is appreciated as thrives in poor soils under dry conditions, can be
intercropped with maize or cassava with two harvests per year [71]. It is estimated that 40% of
the plant’s weight after harvest are beans while the rest is residual biomass [72]. This crop
generates two wastes: the straw that is left to rot in the fields after harvest and the cowpea
pods (shells) that cover the beans. The latter has a content of cellulose of 37% [73] while
cowpea straw has a content of 44% cellulose [72]. Due to its high content in cellulose, those
residues have been studied for the production of cellulose acetate [72] and for briquettes
[74,75]. A similar waste, black gram husk, has also been proposed for the production of
hydrolyzing enzymes using fermentation technologies [76].
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Two non-edible commercial crops: sisal and castor
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The Semi-arid of Brazil is the main producing region of sisal (Agave sisalana) harvested to
extract fibers from its leaves. The long sisal fiber obtained by decortication represents only 4%
of the weight of the leaves processed; therefore 96% of the leaves are left on the ground [77].
Two types of biomass are generated from this crop: waste decorticated leaves and remnant
leaf stubs. The latter biomass is interesting for pelleting or charcoal making [77]. Meanwhile,
decorticated leaves can be a feedstock for 2G ethanol. Sisal decortication waste arises in a
solid form in the semi-arid regions of Brazil and China, where little water is used during the
decortications process. Differently, sisal waste appears as a pulp in East Africa and Thailand
where large volumes of water are used during the process, making this effluent adequate for
biogas production [78]. In Brazil, the solid decortication waste has been tested as fodder for
cattle and goats, mixing it with urea [79]. A newer approach aims the enzymatic hydrolysis of
mercerized sisal pulp for the production of ethanol and materials (bio-films, bio-polymers)
[79,81] or even surfactin [82]. In Mexico, another plant from the same genus (A. tequilana)
generates significant volumes of waste after its processing in the tequila distilleries. The latter
waste biomass has already shown a good potential for ethanol production [83]. The processing
of A. sisalana in the semi-arid region of Brazil extracts the fibers, which have a high content of
cellulose (53-70%) with high crystallinity [67,79] and generates a waste composed of a mixture
of decorticated leaves with a content of 32% cellulose and bagasse with 28% cellulose [84].
Mercerization (alkaline pretreatment with NaOH) of the sisal pulp has proven to be an
9
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appropriate method to decrease the crystallinity and increase the efficiency of the hydrolysis
reaction [80-82].
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Castor bean is one of the major non-edible oilseeds cultivated in arid and semi-arid regions.
The Semi-arid region of Brazil produces 5.5% of the world’s castor oil [17]. The oil is extracted
from castor beans through pressing and using solvents, leaving a residual seedcake that can be
pyrolysed [85], hydrolised [86] or produce biogas [15] but is generally commercialized as a
fertilizer. Other waste biomasses produced from this crop are the beans husk, which is
separated from the seeds in the extraction plants, and the leaves and stems. Castor leaves find
a commercial use only in some regions of China and India (Eri silk). In Brazil, leaves and stems
are left to rot in the fields after harvest. Castor stems have a cellulose content of 43% [87] and
therefore could be an interesting feedstock for the production of ethanol. Some research has
been conducted regarding the enzymatic hydrolysis and simultaneous saccharification and
fermentation of castor stems, after alkaline pretreatment [88].
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Mesquite tree
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Prosopis juliflora is a tree from the Fabaceae family (mesquite). Is native to Central and South
America, but was unknown in the Semi-arid region of Brazil until 1942. It has already colonized
one million of hectares in the region posing a threat to the biodiversity as displaces the natural
forest. Nowadays P. juliflora is also considered an invasive species in many other parts of the
world, mainly Africa, Asia and Australia. In this study, it is considered a forest restoration
scheme, consisting in cutting down mesquite trees and replacing them with native species, in
order to restore the natural conditions of an area. The production of ethanol through the
enzymatic saccharification and fermentation would be a possible destination for this woody
biomasss. P. juliflora wood contains 66.2% holocellulose, from which 47.5% is α-cellulose and
18.7% are pentosans, together with around 29% lignin and can produce up to 364 L of ethanol
per ton [89-91]. For this research, it is considered a density of 50 individuals per hectare and a
forest restoration rate of 10,000 ha/year. This biomass source has the advantage of being
available every month of the year differently than the agricultural wastes considered, whose
availability vary seasonally.
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Figure 3 illustrates the most promising wastes identified in the region. From them, only
Opuntia cactus was disregarded due to its traditional use as animal fodder.

393

10

394
395

Figure 3: Selected agro-industrial waste from the Semi-arid Region of Brazil
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In sum, there were selected three wastes from fruit plantations (orange and passion fruit,
banana trunks), wastes from three staple crops (corn, cowpea and cassava), from two nonedible commercial crops (sisal and castor bean) and a woody biomass from an invasive tree
(mesquite). Once defined the set of agroforestry wastes, a literature review was conducted
aiming data of chemical analysis of those wastes and data of the ethanol production from the
selected wastes.
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3. Results
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A literature review comprising 52 scientific articles was consulted. Data about the content of
cellulose, hemicellulose, lignin and ashes of the selected agroforestry wastes was collected.
The most common method for the chemical characterization of lignocellulosic material that
was found in literature is through acid hydrolysis using sulfuric acid. This leads to a
depolymerization of polysaccharides, forming oligomers and their constituent sugars, that is,
their repetitive units [18]. After the hydrolysis of the samples, the content of carbohydrates,
organic acids, furfural and hydroxymethilfurfural is determined using HPLC - High Performance
Liquid Cromatography. This allows to the determination of the content of cellulose and
hemicellulose in the biomass samples. Meanwhile, the total lignin in a biomass sample
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includes both acid-soluble lignin and lignin in the acid insoluble residue [19]. Acid-soluble lignin
is typically determined using a modified Klason method1 while acid-insoluble lignin is
determined using a spectrophotometer. The average values of the composition of each
lignocellulosic waste found within the review are shown on Table 1:
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Table 1 – Average results of the review of chemical analysis of the selected biomass wastes
Consulted
bibliography
[30-35]
Orange
(peel)
[30,40-44]
Passion fruit
(peel)
[30,40-44]
Passion fruit
(seedcake)
Banana
[45-47,92-95]
tree
(pseudostem)
[49-54]
Maize
(corn stover)
Cassava
[62-67,70,97-99]
(peels and
stems)
[72-75,96]
Cowpea
(pods)
[85,87-88]
Castor
(stems)
Sisal
[67,79-84]
(decortication
waste)
[89-91]
Mesquite
(branches)

Cellulose
(%w/w)

Hemicellulose
(%w/w)

Lignin
(%w/w)

Ashes
(%w/w)

26.1

11.9

1.9

7.5

30.7

1.6

1.1

7.4

37.1

6.5

5.8

1.3

32.5

8.1

13.7

14.8

38.7

21.7

19.0

3.8

14.8

28.9

7.2

4.7

36.2

19.1

17.1

7.6

41.8

17.5

28.7

1.1

33.0

10.5

9.9

1.2

48.0

18.5

29.2

4.4
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Cellulose content determines the potential of the biomass for ethanol production, so it was
aimed to present the found data about this parameter as points clustered around some central
value. This statistical treatment also gives an idea of the uncertainty of the available data of
the studied wastes. A box-and-whisker plot seems convenient to illustrate the results in such
way. The "boxes" in Figure 4 contains the middle half of these data points.

1

For example, two-stage hydrolysis with sulfuric acid [20]
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Figure 4: Cellulose content of the selected set of agroforestry wastes
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Mesquite branches, banana trunks and castor stems showed the highest cellulose content.
Regarding banana trunks, the available literature showed high content of ashes and low
content of lignin [92-95]. Pacovan banana is the most cultivated in Brazil so the literature
review focused on this variety. Pereira et al. (2014) made a detailed characterization of the
lignocellulosic composition of the pseudosterm of this banana variety [46]. Their research
divided the trunk into four different fractions and showed that the cellulose content decreases
from the external sheaths (28.6% ±1.2) to the core (5.6% ±0.7). The average value found was
32.5% of cellulose. The variation among different researches is more likely to be explained due
to regional differences between the biomass samples rather than divergences in the
methodology of characterization [92]. Other studies showed a slightly higher content of
cellulose for the outer bark (around 39% [93]) while research aiming the production of
composites from banana trunks identified fibers with a cellulose content as high as 43.6%
[94,95]. For mesquite trees it was found values around 47% [89-91]. Regarding castor, the
average cellulose content of 41.8% complies with previous analysis of stems from the same
region [87] but is higher than castor samples from other parts of the world (33.4% in the H14
variant from Greece [85]). The consulted bibliography about cowpea husk did not show much
diversity especially with regards to the contents of ash [96] and cellulose [73]. Sisal waste
presented an average value of 33.0% content in cellulose. Previous research in the region
separated this waste into two different kinds: “leaf” (32.2% cellulose) and “bagasse" (27.6%)
[84]. Data pointing to higher values refer to sisal waste mixed with fiber, which has a 50-70%
content of cellulose [67,79]. Cassava peeling presented the most discordant values. The
average content of cellulose was 14.8%, close to the 14% obtained by some authors [97,98],
but higher than the 9.7% of Nanssou et al. (2016) [66] and the 11.6% of Lounglawan et al.
(2011) [99].
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Overall, the results point to a significant potential of the selected set of agricultural wastes.
The next step within this assessment is to discuss the potentialities of their ethanol yields.
Therefore a literature review was performed in order to collect data of the ethanol production
from the selected wastes through pre-treatment, hydrolysis and further fermentation of the
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hydrolysates. This literature review consists in 33 scientific articles from the period 1994 to
2016, with focus on the current state-of-the-art. The considered ethanol yields have been
obtained under laboratorial conditions but are extrapolated to large-scale (L of ethanol per ton
of waste) and then multiplied by the tons of each lignocellulosic waste that are produced
annually. The objective is to calculate the potential production of ethanol of the whole set of
agricultural wastes. Table 2 illustrates the values used in this calculation, including (I) the
references for the ethanol yield of each biomass and (II) the references for the available waste,
obtained from agricultural databases from the region [3,17].
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Table 2 – Potential production of ethanol in the region, using the selected
lignocellulosic wastes

Cowpea (pods)

Castor
(leaves and
stems)
Orange waste
(bagasse and
peels)
Passion fruit
waste
(bagasse and
seedcake)
Sisal
(decortication
waste)
Corn stover

464
465
466
467
468
469
470
471
472
473
474
475

Ethanol
production
(L/ton
biomass)

References for
the ethanol
production

Available
biomass
(ton/year) *

Total
ethanol
production
(Billion
L/year)

63.4

[73]

440,079

0.028

79.8

[86,88]

461,440

0.037

September to December

75.6

[31,34-39]

950,235

0.072

March to September

Seasonality of the
agricultural waste
February and March
st
(1 harvest)
August and September
nd
(2 )

20.3

[43,44]

77,742

0.001

January and February (1
harvest)
nd
May to July (2 )

111.5

[80-82]

85,563

0.009

August to October

114.0

[48-54]

1,665,221

0.190

June (1 harvest)
nd
November (2 )
December and January

Cassava
73.9
[63-67,70,100]
1,203,894
0.089
(peels)
Banana tree
12.7
[45]
6,062,435
0.077
trunk
Mesquite
364.0
[89-91]
1,000,000
0.364
(branches)
* References for the agricultural data (available biomass per year): [3,17]

st

May to October
January to December
(continuously)

Ethanol yields depend on the cellulose content of each biomass, but are also influenced by the
technology involved in the conversion of the lignocellulosic material into sugars. The efficiency
of the pre-treatment and the enzymes can vary from one biomass to another. Therefore the
resulting ethanol yields obtained in the literature appear to be lower than the full potential of
those biomasses, particularly in the cases of banana tree trunk [45], which has a content of
cellulose similar to corn stover or sisal waste and in the case of passion fruit waste [43,44]
whose content of cellulose is even higher than that of orange waste. The difference between
the theoretical ethanol potential and the actual yields found in the literature suggest that
there is room for improvement in the adjustment of the 2G ethanol technology to those
lignocellulosic residues. In the case of cowpea husk, it was identified a lack of studies
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addressing the ethanol conversion of that waste, which brings uncertainty of its potential
ethanol yield [73]. Mesquite branches have the highest ethanol yield among the considered
set of agricultural waste. This material can be a promising ethanol feedstock in the region as its
cellulose content is even higher than those of eucalyptus [101]. Corn stover highlights as the
second most promising waste, both in terms of ethanol yield and calculated potential in the
region. Sisal and castor wastes present good ethanol yields but not a very impressive potential
in the region when compared to other biomass, due to low values of total available waste. The
importance of those residues arises when considering a smaller scale as around 90% of them
are generated in two small geographic areas: the sisal and the castor producing regions in the
State of Bahia. Those regions count with a large amount of available biomass during the castor
and sisal harvesting periods, and therefore have potential for the installation of fixed or mobile
ethanol production facilities. They also lack of agricultural diversification that could supply
other types of waste during castor and sisal off-season. Therefore when considering fixed
ethanol-producing units, a more detailed assessment should be conducted to identify
synergies with other biomass in order to avoid the producing units to lye idle between
harvesting periods. Mesquite tree may be an interesting complement for the off-season
ethanol production in those two regions. A similar situation is found for orange waste. Most of
the production comes from a small region between the states of Bahia and Sergipe. That
region has other biomass sources that could complement the production of ethanol during the
months between orange harvests. Besides mesquite tree, another possible synergy may be
residues from legumes (cowpea among them), which are intercropped in the space between
orange trees to fix nitrogen and other nutrients and especially to cover the land during the hot
austral winter [102] [103]. The rest of agricultural wastes are present among the whole Semiarid region within a more diversified set of cultivars that aims to complement the soil needs of
different crops as well as their harvesting periods. Although each sub-region may have a
predominant crop, the set of crops analyzed is common to the whole Semi-arid region and is
present in every rural area to a greater or lesser extent.
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As shown on Table 3 the seasonality of the agricultural waste is also a key factor to consider in
the assessment of the bioethanol potential of any set of agricultural wastes. Seasonality of
crops poses a challenge in the logistics of a waste-to-ethanol scheme. The profitability of
biofuel production is very dependent on the transportation costs associated with assuring a
continuous supply of feedstock [104]. A given waste may have a high content in cellulose and
high ethanol conversion rates but an eventual ethanol scheme conceived to make use of that
waste could fail if there is no other local feedstock available during most of the year. This may
be the case in some regions dedicated to a single crop, such as the aforementioned castor,
sisal or orange producing regions. One possibility is the development of mobile bioethanol
units that move following the harvest cycles. The other is to rely on a set of complementary
ethanol feedstock. Within the considered agroforestry set, mesquite is the only biomass
available all year round as is a forestry waste. The high cellulose content showed by local
specimens in the characterization through acid hydrolysis, the high ethanol potential found in
literature, and the fact that is widespread through the entire region makes mesquite tree an
ideal complementary feedstock for the rest of agricultural residues.
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Overall, the studied set of lignocellulosic waste has the potential of adding up 0.9 billion L of
ethanol each year. That is, half of the region’s current production of first generation ethanol.
Current production comes from 1.2 million ha of dedicated sugarcane plantations in the humid
coastal region that surrounds the Semi-arid region [17]. Therefore the results obtained show
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that the Semi-arid region, despite its limited resources, has a significant potential for ethanol
production without the need of additional agricultural land. The development of waste-toethanol technologies would impact the energy security of this region that depends on fuel
imports. Moreover, the progressive introduction of additional 0.9 billion L of ethanol would
have implications for the existing biofuel market (supply, ethanol stocks, prices) that need to
be addressed to complete this assessment.
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4. Implications for the Semi-arid region
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Impacts on the energy security and on the economy
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The first impact regards the energy security of the region. The Northeast of Brazil, where the
Semi-arid region is inserted, produced 1.9 billion L and consumed 5.0 billion L in 2015 [2].
Ethanol production using the studied set of agroforestry wastes would increase the domestic
supply and reduce the imports of this fuel in the region by 29%. In this sense, lignocellulosic
ethanol seems promising in increasing energy security to the region by offering local and more
diversified sources of fuel.
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The use of these sources can generate revenues and development for the rural communities of
the Semi-arid region. The development of a regional cellulosic biofuel industry utilizing locally
sourced agricultural residues can create opportunities for economic growth and employment.
The potential impact on job creation follows three directions. First, a new source of income
arises for existing farms through the economic valorization of their previously valueless waste.
This contributes to their economic viability and to the maintenance of already existing jobs.
Secondly, a new economic sector would arise around the collecting and transportation of
agroforestry residues. This sector would require seasonal labor needs ranging from low skilled
workers to mechanics for the maintenance of agricultural equipment. The diversification of the
ethanol feedstock can contribute to reducing the seasonality of this labor needs. Thirdly, an
advanced biofuel industry requires high-quality jobs (full-time engineers, chemists, etc) for the
operation of waste-to-ethanol units or more complex biorefineries. From the considered set of
agroforestry wastes, it is inferred an average processing of 3,300 million dry tones of biomass
per day [3,17]. That processing capacity could support between 1,188 and 1,600 jobs
considering direct, indirect (revenue- and supply-chain-related) and induced jobs [105]. In sum,
the installation of a 2G ethanol industry in the region has a potential in stabilizing rural
economies and supporting jobs in ancillary industries such as the manufacturing of enzymes,
yeasts and chemicals or the repairing and maintenance of machinery/farm equipment.
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Impacts on the regional fuel market
In order to assess the impacts of this waste-to-ethanol scheme on the regional fuel market, the
quantity of ethanol supplied each month should be calculated. The final supply would be the
result of three overlapping sources: 1G sugarcane ethanol, 2G ethanol from sugarcane waste
and 2G ethanol from the considered agroforestry wastes. The two first sources would increase
the supply during the sugarcane harvesting months, while the third source is more distributed
throughout the year. For the production of 1G sugarcane ethanol, current values are used and
significant increases of cultivated area or productivity are disregarded. The production of
ethanol from the set of agroforestry wastes was calculated and presented on Table 3.
Meanwhile, a scenario for the production of 2G ethanol from sugarcane waste must be set up.
From April to December, 68 million tons of sugarcane are produced in the surroundings of the
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Semi-arid region yielding approximately 23.6 million tons of bagasse and 20.3 million tons of
straw [3,17]. Bagasse is used as fuel in steam boilers to generate electric power at the factory
while straw is generally burnt on the field. The scenario that is contemplated in this study only
considers the already existing production capacity of 2G ethanol from sugarcane bagasse,
which is currently 0.082 billion L. It should be noticed that another scenarios could be
considered, with even more ethanol supply from the existing sugarcane growing areas. Those
scenarios would regard either the use of more sugarcane waste (bagasse and straw) for 2G
ethanol [106-110] or a mixed scenario that burns the bagasse for electricity in the facilities
while uses the available straw for 2G ethanol [111,112]. Figure 5 illustrates the result of
combining all the considered sources of ethanol.

576
577

Figure 5: Impacts on the ethanol supply in Northeast Brazil
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After adding up the ethanol produced by the Semi-arid region the supply would continue to
have a marked seasonal variation. However, the situation of ethanol shortage during January
and March would be eased thanks to the contribution of three new sources: mesquite, cassava
and cowpea wastes. The woodcutting schedule of mesquite tree could be adjusted to increase
the supply of lignocellulosic sources during those months of shortage. An optimized schedule
would consider harvesting the same annual amount of this woody biomass, but more actively
from January to April and avoiding the months in which corn harvested. Within such optimized
schedule or in the case of the waste-to-ethanol scheme illustrated in Figure 6, the maximum
producing capacity for 2G ethanol in the Semi-arid region would be 0.15 billion L per month.
That overall production capacity is twice that of existing big lignocellulosic facilities such as
GranBio that uses sugarcane bagasse or the ones using corn residue in the USA [1]. However,
the installation of only a few of such big centralized facilities doesn’t seem a convenient option
for this particular region. Unlike the case of the major sugarcane or corn producing regions of
Brazil and USA, in the Semi-arid region the feedstock is less abundant and more diversified.
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The whole region has an extension of 974,752 km2 [14] and the cost to design an effective
biomass supply chain, from biomass provision to biofuel distribution, would be very high if
considering only a few big biofuel processing units [104,113]. While some of the considered
agroforestry residues appear concentrated in significant volumes in a single site, for example a
food processing or vegetable oil extraction plant, others appear scattered through different
areas and timeframes. A more flexible production scheme would be more suitable for the
conversion of these wastes. Two different options should be considered for the logistics of an
eventual 2G ethanol industry in the region. The first is the use of mobile biomass processing
units [114-118].The second is the possibility of implantation of thousands of microdistilleries
for the production of cellulosic ethanol [22]. Regardless a fixed or a more flexible production
scheme, the considered set of wastes could add between 0.05 and 0.15 billion L of ethanol
each month to the regional fuel market. That would have significant effects on the price
volatility of this commodity as well as in other important aspect of the logistics of the ethanol
market: the stocks policy.
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Diversifying the sources of ethanol would have the effect of reducing the seasonal variation of
the ethanol supply in the region. The market price of Brazilian ethanol experiences a seasonal
increase between December and March, which is the non-harvesting period in the major
producing regions (Center and Southeast) and also in the Northeast. The strategy for the sugar
& ethanol companies is to stock these commodities for future commercialization during nonharvesting periods, when prices are up. Thus companies that aren’t in need of immediate cash
flow can stock up to obtain more profitability in the future. From April to August the price of
ethanol remains at its highest levels. From September to December prices experience a 10%
decrease. Ethanol suppliers in the Northeast region gradually increase their ethanol stocks
from a minimum 0.1 billion L in May to 0.55 billion L in December [2].
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To supply demand given the current pricing policy of ethanol [119-123], the necessary ethanol
stock capacity would decrease 70%, from 0.55 to 0.39 billion L. From April to August, no
ethanol stocks above the mandatory safety stock would be necessary and the region could
become a net exporter of ethanol in those months. Figure 6 illustrates this situation:
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Figure 6: Implications for the ethanol stocks in the region
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The influx of a more continuous supply of ethanol into the regional fuel market would have
impacts on both its price and demand. Diversifying the sources of ethanol would reduce the
seasonal variation of the ethanol supply in the region, and thus its price volatility. The price
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variation throughout the year would decrease and it would be less profitable to stock ethanol.
While in the short term the fluctuations on the price and demand of ethanol are driven by its
seasonal availability, for longer periods it should be considered the influence of oil prices and
taxation policy [119-123]. This is because the market price of ethanol is also determined by the
price of gasoline, which is the competitor fuel for flex-fuel Otto cycle engines. Ethanol price is
fixed according to gasoline independently from production costs. Consumers tend to prefer
ethanol over gasoline if its price goes under 70% of that of gasoline [119,120]. So if gasoline
prices are low, producers may prefer to stock ethanol for future commercialization or produce
sugar instead2, depending on the expected profit margins [120-123]. If gasoline prices are up,
ethanol demand would rise up too [124]. Given the studied set of lignocellulosic ethanol
sources, what would be the long term effects on the price and demand for ethanol? The
considered scenario for this assessment is the one in which oil prices in the international
market rise while the local ethanol supply increases in a more distributed manner throughout
the year. That scenario is partially illustrated on Figure 7, which presents historical records and
forecasts of both gasoline and ethanol prices.
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Figure 7: Brazil’s historical and projected ethanol and gasoline prices, together with world’s oil
prices [124]
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When observing the period 2003-2015 it can be noted that while price fluctuations of oil prices
do not transfer automatically to local gasoline prices, the price of ethanol is automatically
updated to accompany that of gasoline. The outlook depicted on Figure 7 considers a businessas-usual scenario for Brazilian ethanol. That is, the predictions for ethanol prices are based on
a horizon of gentle uptrend of gasoline prices in the country, disregarding eventual disruptions
such as lignocellulosic ethanol technology or an increase in planted areas or in their
productivity. Within that scenario, ethanol prices would be driven by the prices of sugar and oil
in the international markets and by eventual changes in the Brazilian gas taxes, the latter
disregarded [124]. A scenario of stagnation of sugar prices in the international market would
imply that 1G ethanol production would not be reduced. That is, producers would choose to
produce ethanol instead of sugar aiming better profits. In addition, most predictions point to a
continuous increase in oil prices for the next years [124-128]. As oil prices rise, the profit
2

Sugarcane in Brazil can be processed into sugar and/or ethanol, so producers can switch between the
two products [122].
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margin of producing ethanol would also increase. Sugar prices would have to be at unusually
high levels in order to offset the trend of producing ethanol instead of sugar. Unless that
happens, the most probably long-term scenario comprises higher supply of ethanol and a
downward trend in its market price. In the long run, as the technology of 2G ethanol develops
and is adapted to sugarcane bagasse and other local wastes, the supply of ethanol will increase
in a scenario in which both gasoline and sugar prices are not expected to decrease. As a result,
ethanol prices could decrease and the demand for hydrous ethanol by flex-fuel vehicles would
rise accordingly (as many flex cars owners switch from gasoline to ethanol). Another possible
consequence is an increase in the mandatory fraction of anhydrous ethanol in fuel blend
(which is currently 27.5%) by the Brazilian Government to substitute increasingly expensive
gasoline. The most probable situation is a new equilibrium in which the demand for ethanol
would be higher than the current one, and stabilized around a new price slightly under 70% of
that of gasoline3.
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In sum, the influx of significant volumes of 2G ethanol in the regional market would make this
biofuel to gain competitiveness towards gasoline through two effects. First, its price would
have less seasonal oscillations and secondly, the price difference between the two fuels would
increase in favor of ethanol. If the lignocellulosic ethanol technology achieves competitive
production costs, overcoming uncertainties regarding technology and logistics [132], it could
add in the region significant volumes of biofuel from a variated set of local feedstocks. The
joint effects on a well-developed flex-fuel market such as the one of Northeast Brazil would
end up promoting a greater use of ethanol over gasoline.
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5. Conclusion
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Among the literature review, it was found consistent data that indicated the convenience of
the proposed set of lignocellulosic waste. The Semi-arid region, despite its limited resources,
has a significant potential for ethanol production without the need of additional agricultural
land. The studied set of waste has the potential of adding up 0.9 billion L of ethanol each year.
The development of a waste-to-ethanol industry from the studied set of agroforestry wastes
would impact the energy security of this region reducing the imports of this fuel by 29%.
Lignocellulosic ethanol can create opportunities for economic growth and employment in the
region but problems regarding conversion rates and logistics should be overcome first.
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The results of this study can be applied in semi-arid and tropical areas worldwide, but are
particularly valid for the Sahel, the cassava and sisal producing regions of Africa and China and
the castor bean producing regions of India, as the Semi-arid region of Brazil shares significant
similarities with all of them. Most of these regions either are threatened by desertification
caused by an excessive extraction of firewood or depend on imports of fossil fuels. It is
concluded that, despite not counting with vast available land for biofuel landscapes, semi-arid
regions can supply a significant part of their energy needs with biofuels from agricultural
wastes.
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In addition, the Semi-arid region of Brazil has the peculiarity of presenting an already existing,
well-developed, flex-fuel market. It was assessed the impacts that the progressive
development of an ethanol industry using this set of agroforestry waste would have for the
3

That new demand would depend on the price elasticity of the demand of ethanol [119,129-131].
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existing biofuel market. It was found that diversifying the sources would reduce the seasonal
variation of the ethanol supply in the region, leading to two main consequences: its price
would have less seasonal oscillations and the current stock capacity could be decreased by
70%. Considering a long term scenario in which oil prices rise and the supply from 1G
sugarcane ethanol grows slowly, the development of lignocellulosic ethanol from agrofrorestry
wastes would end up increasing the overall ethanol supply as well as its competitiveness
towards gasoline.
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Análise de tecnologias e novos sistemas produtivos para
fortalecer a segurança energética da região Nordeste do Brasil

CAPÍTULO 5: CONCLUSÕES
5.1 - Conclusões: energia elétrica
Os resultados da modelagem da demanda elétrica com redes neurais indicam que, dadas
as atuais predições económicas, a demanda energética da região crescerá a taxas bem
modestas, perto de uma situação de estagnação. Na ausência de eventuais secas que
possam colocar em xeque o parque gerador do Nordeste, a região terá sua segurança
energética garantida embora continuará a depender em grande parte das importações de
outras regiões. Este cenário “calmo” desde o ponto de vista da demanda energética
permite estimular as fontes renováveis intermitentes (solar e eólica) e ao mesmo tempo
reforçar as linhas de transmissão e a infraestrutura elétrica, essenciais para absorber a
energia gerada e exportar os excedentes. O conjunto do Nordeste, e a Região Semiárida
em particular, possuem um enorme potencial solar, eólico, e de biomassa. O
aproveitamento destas fontes pouco contaminantes e oriundas da região diversificaria a
matriz energética e teria duas importantes consequências. De um lado, traria impactos
positivos no desenvolvimento econômico local. Do outro, contribuiria à segurança
energética da região diante de cenários futuros de aumento de demanda (recuperação
econômica) ou de oscilações climáticas (eventuais secas e uma tendência constante à
redução das precipitações). Com investimentos nas tecnologias adequadas, a região
poderia se tornar um exportador neto de energia elétrica dentro do SIN – Sistema
Interligado Nacional. Os resultados apresentados nesta tese indicam um limite de 65%
para a integração da energia proveniente de fontes eólicas e solares 1. Dada a atual
infraestrutura do subsistema Nordeste, esse valor pode ser uma marca não viável2.
Foi identificada uma série de tecnologias estratégicas para a região, que são
apresentadas a seguir:
Infraestrutura de transmissão
O nível de perdas totais na rede do subsistema Nordeste está em torno de 18%3. Reduzir
esse elevado nível de perdas justifica, por si só, investimentos na rede de transmissão.
Embora, há duas tecnologias de transmissão que em anos recentes têm sido bastante
aprimoradas, e cuja combinação apresenta grande potencial para a integração de
energias renováveis na rede do Nordeste. Estas tecnologias são a transmissão em
1

ver artigo “Integrating large scale wind power into the electricity grid in the Northeast of Brazil”
Miranda R, Soria R, Schaeffer R, Szklo A, Saporta L. Contributions to the analysis of “Integrating large
scale wind power into the electricity grid in the Northeast of Brazil”[Energy 100 (2016) 401–415]. Energy
2016;In press.
3
EPE – Empresa de Pesquisa Energética. Anuario Estatístico da Rede Elétrica, 2015.
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corrente contínua de alta tensão (HVDC) e os sistemas de transmissão flexível em
corrente alternada (FACTS).
As linhas HVDC (High Voltage Direct Current) são a solução ideal para a transmissão
econômica de energia em longas distâncias devido a suas menores perdas e a serem
mais baratas que as mais comuns linhas de corrente alternada. Podem ser consideradas
como autopistas de energia. No Brasil, em meados dos anos 80, foram construídas
linhas com transmissão em HVDC que, ainda hoje, levam energia desde Itaipu até
estado de São Paulo numa potência de 6300 MW. A usina hidrelétrica de Belo Monte
foi concebida junto com linhas de transmissão numa tensão de 800 KV que ligam a
usina, no Norte do Pará, a Minas Gerais e a Rio de Janeiro, a distâncias superiores de
2100 km.
A HVDC também é uma forma confiável de conectar redes elétricas assíncronas ou de
frequências diferentes. Proporciona a ligação entre duas linhas de transmissão em
corrente alternada que não estejam sincronizadas, assim como estabilidade entre elas.
São amplamente usadas em parques eólicos offshore para escoar a energia gerada para
acosta. No contexto do subsistema Nordeste, inserido dentro do Sistema Interligado
Nacional, esta tecnologia poderia ser determinante para escoar a energia produzida
mediante as fontes renováveis solar e eólica. Em particular, a construção de uma linha
HVDC que atravessasse o Semiárido partindo desde Fortaleza em direção aos grandes
centros consumidores do Sudeste teria implicações significativas para o
desenvolvimento regional das energias: eólica em terra firme (Ceará, Rio Grande do
Norte e interior da Bahia), eólica offshore (trecho de costa de Ceará a Rio Grande do
Norte) e solar (toda a região Semiárida).
Por outro lado, os sistemas FACTS consistem em duas tecnologias: compensação em
série e compensação shunt dinâmica. A compensação em série faz permite transmitir
níveis muito mais elevados de energia do que seria possível como carga natural das
linhas de transmissão. Ainda, melhora a estabilidade do sistema e reduz da perda total
de energia. A compensação shunt dinâmica é uma tecnologia mais moderna e de
particular interesse para a região Nordeste. Baseia-se na combinação de uma fonte
conversora de tensão capaz de gerar e consumir energia reativa, de transistores bipolares
isolados que têm uma frequência de comutação alta e um controle extremamente rápido,
e de baterias de armazenamento de íons de lítio. A integração de armazenamento de
energia dinâmica em sistemas de transmissão e de distribuição fornece benefícios
significativos para a integração de geração distribuída a partir de fontes de energia
renováveis, permitindo que as redes tenham confiabilidade, custo eficiente e forneçam
eletricidade de alta qualidade.
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Infraestrutura de armazenamento de energia
O Sistema Interligado Brasileiro é basicamente um sistema misto hidrelétrico-térmico
com uma crescente participação da energia eólica (perto de 6% em 20164). Devido ao
tamanho do país, há felizes coincidências entre as diferentes regiões que o compõem: há
complementariedade entre a disponibilidade de água nos reservatórios de algumas
bacias hidrográficas, entre a safra de cana (e sua correspondente geração termelétrica) e
o mínimo sazonal nos reservatórios da região Sudeste, ou entre o máximo dos ventos e
o mínimo dos reservatórios no Nordeste5. Estas coincidências geram uma melhor
correspondência entre demanda e geração de energia elétrica e minimizam a
necessidade de sistemas de armazenamento, mas só a nível sazonal. Isto é, a rede
brasileira carece de capacidade de armazenamento que seja capaz de balancear a curva
diária de carga com a geração no curto prazo. Se o Brasil almeja uma participação
crescente das energias renováveis intermitentes na sua matriz energética, precisará
incorporar sistemas flexíveis de armazenamento de energia no curto prazo. As agências
encargadas da planificação e operação do sistema começam a estar cientes desta
situação6. O país começa a acumular experiência e know-how na operação e integração
destas fontes de energia e a demandar este tipo de sistemas.
Sistemas capazes de armazenar energia elétrica em horários de baixa carga para seu uso
em horários de pico são usados em maior ou menor escala em sistemas energéticos ao
redor do mundo. Permitem uma melhor optimização do funcionamento do sistema,
maior resiliência e estabilidade frente às eventuais perturbações, e uma maior integração
dos fluxos intermitentes de energia provenientes de parques eólicos ou solares.
Dentre as tecnologias de interesse para a Região Nordeste, destacam em primeiro lugar
as usinas hidrelétricas reversíveis. O sistema de usinas hidrelétricas do Rio São
Francisco (Sobradinho-Luiz Gonzaga-Complexo Paulo Afonso-Xingó) poderia ser
aproveitado para possíveis localizações de usinas reversíveis. A operação destas usinas
visaria uma sincronização ótima entre as fontes hidrelétrica, solar e eólica e a demanda
da região. Mas, acima de tudo, visaria absorver eventuais cargas de energia solar e
eólica, evitando ao máximo a perda da energia gerada em excesso.
Em segundo lugar destacam-se o uso de bancos de baterias de até 10 MW. A instalação
destes bancos de baterias pode ser de interesse para reduzir as oscilações das centrais
híbridas eólico-solares que começam a aparecer na região. Além de contribuir à
estabilização e confiabilidade da rede, e pode trazer benefícios se permite a
4

ANEEL – Agência Nacional de Energia Elétrica. BIG – Banco de Informações de Geração, 2016.
De Jong P, Sánchez AS, Esquerre K, Kalid RA, Torres EA. Solar and wind energy production in relation to
the electricity load curve and hydroelectricity in the northeast region of Brazil. Renew Sust Energ Rev
2013;23:526-35.
6
ANEEL: Chamada de Projeto de P&D Estratégico nº 021/2016 – “Arranjos Técnicos e Comerciais para a
Inserção de Sistemas de Armazenamento de Energia no Setor Elétrico Brasileiro”
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comercialização da energia em horários mais rentáveis. Em mercados elétricos mais
maduros, começam a surgir empresas especializadas que procuram possíveis
localizações na rede em que o armazenamento com bancos de baterias pode trazer o
máximo benefício, e reúnem inversores para viabilizar sua instalação. No mercado
brasileiro é preciso ainda avanços para conseguir um marco normativo que fomente um
ambiente de negócio atrativo para este tipo de empresas energéticas.
Gestão da demanda
As seguintes estratégias de gestão de demanda foram identificadas como as mais
significativas para a evolução do sistema elétrico na região:
- O estímulo à eficiência energética na indústria e nos outros setores é fundamental para
conter o crescimento da demanda e fazer um uso eficaz tanto da geração quanto do resto
do sistema elétrico. A eficiência energética pode ser considerada como a forma mais
barata de energia renovável. Mesmo não sendo o escopo principal desta tese, foi
identificado durante a realização das pesquisas que há um vasto campo disponível para
a eficiência energética mediante o uso do atual estado-da-técnica.
- Tanto para incentivar à eficiência energética quanto para incorporar sistemas de
microgeração distribuída mediante fontes renováveis, as tecnologias de smart grid
(redes inteligentes de energia) são a chave. Com elas, o consumidor (convertido agora
em prossumidor) poderá realizar uma gestão eficaz da sua própria rede doméstica. A
base são os medidores inteligentes de energia conectados a internet, que permitem
medir quanto está sendo produzido ou consumido em tempo real. A partir daí uma rede
inteligente pode, de maneira automática, atualizar sua previsão dinâmica da carga,
controlar seu armazenamento e realizar uma gestão ativa da demanda. A legislação atual
permite comercializar eventuais excedentes para a rede.
- Apoio à geração distribuída, autoprodução e sistemas automáticos de gestão da
demanda dos próprios consumidores. Com um marco legislativo adequado, que
minimize entraves burocráticos e ofereça atratividade econômica, a iniciativa privada
pode ser convidada a contribuir na transição de um sistema centralizado com grandes
unidades geradoras e consumidores totalmente dependentes delas para outro mais
flexível e diversificado.
- Fomentar a infraestrutura para carro elétrico nas grandes cidades é uma opção
interessante para deslocar uma parte da demanda elétrica para horários de carga básica
(por exemplo, durante a madrugada). O mercado internacional destes veículos está em
rápido desenvolvimento. Junto com a necessária infraestrutura, são precisos avanços no
marco legislativo e estímulos econômicos para incentivar a aparição de um mercado de
veículos elétricos na região.
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- Uso de usinas de dessalinização de água do mar e de outras infraestruturas de
bombeamento, irrigação, tratamento de água para realizar uma gestão dinâmica da
demanda de energia elétrica. Esta gestão sincronizaria os padrões de consumo diário de
água com os períodos de baixa demanda de energia e eventuais excessos de geração. Na
medida do possível, os equipamentos consumidores de energia seriam acionados
durante as fases de baixa demanda de energia, e desligados durante as fases em que haja
um excesso de energia na rede.
Novas tecnologias de geração eólica e solar
A evolução da energia eólica na região tem sido impressionante, com 7000 MW
instalados em pouco mais de 10 anos. Os locais mais promissores, com fatores de
capacidade superiores a 50%, foram os primeiros a ser explorados. Pouco a pouco a
necessária infraestrutura de transmissão foi se desenvolvendo enquanto turbinas e pás
foram sendo adaptadas às características dos ventos locais. A região Nordeste possui um
enorme potencial eólico que permanece inexplorado e, portanto, ainda há uma grande
margem de crescimento de sua indústria eólica. Em particular, destaca-se o potencial da
eólica offshore e dos ventos de alta altitude. No trecho de costa entre os estados de
Ceará e Rio Grande do Norte se juntam dois fatores que poderiam viabilizar parques
eólicos em alto mar. O primeiro é um bom potencial de ventos e o segundo batimetria
favorável, isto é, águas rasas. A instalação da energia eólica offshore no Nordeste
dependerá de atratividade oferecida aos investidores. Embora, o Governo poderia
acelerar esse processo seguindo o passo de países como UK ou a Dinamarca, e
estabelecer um marco tarifário e normativo atraente junto com facilidades para as
necessárias infraestruturas. O primeiro passo seria analisar com exatidão o potencial de
esta área promissora.
Fora o comissionamento de parque eólicos em novas áreas, as tecnologias de geração
eólica continuam evoluindo e produzindo máquinas cada vez mais eficazes. Na
atualidade se fala em repotenciação de turbinas hidrelétricas, isto é, a substituição de
turbinas antigas por outras mais modernas capazes de gerar mais energia para as
mesmas condições de cota e vazão na barragem. Num futuro próximo se considerará o
repotenciação das turbinas eólicas, substituindo–as por outras mais modernas e eficazes.
Desta forma, a evolução tecnológica permitirá gerar mais energia com os parques já
existentes. Um dos elementos que mais está evoluindo é a transmissão do aerogerador
que está localizada na gôndola ou "nacela". A geração eólica está evoluindo para
turbinas de até 7 MW dotadas com sistema de transmissão hidráulico e controladas por
computador 7. Há disponíveis no mercado sistemas intermediários que transformam as
diferentes rotações do rotor eólico, devidas à oscilação da velocidade do vento, em uma
rotação constante do gerador8. Em particular destaca o sistema DDT (Digital7
8
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WinDrive da Voith, 2016.
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Displacement hydraulic Transmission) ou transmissão hidráulica de deslocamento
digital. Este sistema transmite a energia cinética da rotação das pás ao gerador usando
uma bomba hidráulica, em vez de uma caixa de engrenagens com alta relação de
transmissão. O rotor da turbina está acoplado a uma bomba de volume variável que
movimenta o motor hidráulico, que pela sua vez movimenta o gerador. A primeira
vantagem é que a ausência da caixa de transmissão mecânica resulta numa turbina mais
confiável e que requer menos manutenção. A segunda é que os acumuladores
hidráulicos podem armazenar durante um breve tempo o excesso de energia bombeada e
desta forma suavizar as oscilações produzidas pela variação de velocidade do vento.
No caso da geração solar, ainda não se pode falar em repotenciação devido a que as
usinas fotovoltaicas existentes na região são muito recentes. As previsões indicam que a
eficiência comercial dos painéis fotovoltaicos não concentrados crescerá
progressivamente dos atuais 10-15% até atingir 35% em 20509. No enquanto, a
estratégia de hibridização, consistente em combinar a geração solar com outras fontes,
resulta de grande interesse para viabilizar a energia solar no Nordeste.
Os parques híbridos fotovoltaicos/eólicos aproveitam a complementariedade entre as
duas fontes de energia, já que o vento no Nordeste é mais abundante durante a noite e
durante o inverno10. Mas acima de tudo, os custos globais do sistema conjunto
(terraplenagem, logística, operação e manutenção, infraestrutura elétrica) são menores
que os custos de construir uma usina eólica separada de uma usina fotovoltaica.
A instalação de placas fotovoltaicas flutuantes em reservatórios hidrelétricos também
oferece a vantagem de aproveitar a infraestrutura elétrica e de transmissão que foi
construída para a hidrelétrica, sendo apenas necessário o investimento em flutuadores,
painéis e inversores. Ainda, contribui a reduzir as perdas de água por evaporação na
superfície do reservatório. Na atualidade, há um projeto piloto de 5 MW instalado de
Sobradinho.
As térmicas solares ou usinas heliotérmicas, já sejam de torre ou de coletores cilindroparabólicos possuem duas vantagens principais. A primeira é sua capacidade de
armazenar energia na forma de calor latente de sais fundidos, para assim continuar
produzindo energia horas após o pôr-do-sol. A segunda é serem facilmente hibridizáveis
com outras formas de geração térmica. O gás natural oferece interessantes sinergias. Um
arranjo típico seria um ciclo combinado de gás, em que o calor residual da turbina de
gás e o calor gerado na usina heliotérmica são usados para ferver água em caldeiras que
movimentam uma segunda turbina. O sistema de geração de vapor, a segunda turbina, e
toda a infraestrutura elétrica são compartilhados pela usina de gás e pela usina
heliotérmica. Ainda, durante os períodos de baixa ou nula irradiação solar, a usina
9

Agora Energiewende. Current and Future Cost of Photovoltaics. Fraunhofer ISE, 2015.
ONS – Operador Nacional do Sistema Elétrico. Boletins Mensais de Geração Eólica, 2016.
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continua produzindo e estas instalações não ficam ociosas. A inexistência de gasodutos
na Região Semiárida limita esta possibilidade às áreas próximas ao litoral que vai desde
o Sul da Bahia passando por Salvador (com ramal para Feira de Santana) até a Região
Metropolitana de Fortaleza. De maneira similar, podem ser exploradas sinergias entre a
geração heliotérmica e o carvão (em Pecém, Fortaleza) assim como caldeiras de vapor
alimentadas alternativamente por energia solar e por biomassa, que seria uma opção
interessante para a Região Semiárida.

5.2 - Conclusões: biogás e biocombustíveis
O contexto atual aponta para a necessidade de estimular a produção de biocombustíveis
a partir de fontes locais como médio de reduzir a dependência energética da Região
Nordeste. O recente aumento da mistura obrigatória no diesel para B7 e
progressivamente para B10 gerará maiores importações de biodiesel na região. Todos os
cenários considerados para a evolução da economia contemplam um aumento das
importações de biodiesel e de etanol, dos quais o Nordeste e particularmente o
Semiárido são deficitários.
A principal conclusão após a série de pesquisas conduzidas é que a região possui, apesar
de seus recursos limitados, um grande potencial não explorado na área da bioenergia.
Para viabilizar este potencial deve ser vencida uma série de problemas tecnológicos e
logísticos. Tecnologias de adensamento de biomassa sólida (produção de pellets e
briquetes) assim como a produção de biogás mediante biodigestores podem ser
aplicadas em pequena escala e válidas para uma ampla gama de produtores rurais. Já a
produção de gás de síntese mediante pirólise ou a produção de bio-óleo mediante
pirólise rápida precisam de instalações maiores e uma logística mais complexa. Todas
estas tecnologias são aplicáveis em resíduos agroflorestais presentes na região.
As pesquisas sobre novos arranjos produtivos específicos para áreas agrícolas marginais
do Semiárido e pastos degradados produziram resultados interessantes. A avaliação do
potencial regional destes novos sistemas foi mais rigorosa e completa com a nova
metodologia usada, que acrescenta à discussão a temática os serviços ambientais.
Biodiesel: potencial dos novos sistemas produtivos estudados
Foram analisados dois novos sistemas produtivos baseados em oleaginosas adaptadas ao
clima do Semiárido. Foi considerado: (I) um esquema de reflorestamento baseado no
uso de plantas da Caatinga consorciadas com variedades locais de pinhão manso; e (II)
o cultivo de mamona em rotação com variedades de feijão. Conclui-se que estes
sistemas podem fornecer um amplo conjunto de serviços ambientais de provisão, de
regulação e de suporte. O insumo para bioenergia representa o serviço ambiental mais
significativo que se deriva destes dois sistemas de uso da terra. Em particular a
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conversão de pastos degradados para um esquema de reflorestamento baseado no uso de
plantas da Caatinga e variedades locais de pinhão manso poderiam fornecer, por
hectare, 0,7 toneladas de sementes oleaginosas para produção de biodiesel junto com
1,8 GJ de energia, na forma de biogás gerado com a torta residual após seu prensado. O
cultivo de mamona em rotação com variedades de feijão poderia fornecer, por hectare,
1,5 toneladas de sementes oleaginosas para produção de biodiesel junto com 2,2 GJ de
energia a partir da torta residual. Os ganhos no balanço de emissões de carbono para
estes sistemas produtivos de biodiesel estão entre 0,36 e 0,56 toneladas de CO2 por ano
(incluindo o uso do biogás e do biofertilizante gerado). Embora, são de se esperar
algumas contrapartidas nos serviços ambientais na conversão de terras agrícolas e pasto
para sistemas produtivos de biodiesel. A mais óbvia é que a perda de terra de pasto em
áreas degradadas pode resultar numa modesta embora significativa perda de alimento,
quantificada em 100 kg de carne bovina por hectare e ano. No tocante à conversão de
monocultura de feijão em um esquema rotativo mamona-feijão, haveria uma perda de
933 kg na produção deste legume por hectare e ano. Esta perda na produção de
alimentos poderia ser compensada pelo aumento em produção de energia e pelos ganhos
em biodiversidade, polinização, provisão de água e serviços relativos ao solo. A adoção
dos esquemas estudados poderia acarretar consequências de interesse para o contexto do
biodiesel no Brasil (o país implantou recentemente o aumento da mistura para B7 e
conta com uma grande capacidade ociosa nas usinas). Junto com a produção de biogás a
partir de tortas residuais, estes arranjos produtivos poderiam ter um efeito global
positivo na segurança energética da região Semiárida do Brasil. Embora, deveriam ser
desenvolvidas pesquisas experimentais em condições reais para compreender melhor
tanto o potencial bioenergético destes sistemas quanto a natureza e magnitude dos
trade-offs (contrapartidas) na região.
O uso de resíduos agroflorestais tem o potencial de gerar recursos energéticos sem
entrar em conflito com outros usos da terra. Os trade-offs do uso destes resíduos são
mínimos, já que apenas uma parte deles possui na atualidade alguma utilidade. Na
região, os resíduos agrícolas são usados tradicionalmente para adubação, alimentação de
gado, ou então incinerados no campo de lavoura. Há resíduos com potencial para gerar
produtos de elevado valor agregado (bioplásticos, biopolímeros, compostos e essências)
e esta deveria ser a primeira opção a ser estimulada. Se considerarmos seu
aproveitamento energético, há disponível um leque de soluções tecnológicas que serão
mais ou menos adequadas segundo o tipo de resíduo. Para resíduos sólidos as opções
compreendem desde seu adensamento energético (briquetagem e pelletização) e
posterior combustão direta ou na forma de carvão vegetal, à produção de gás de síntese
em plantas de gaseificação. Se a opção a considerar é a produção de biocombustíveis, a
biomassa sólida pode ser sometida a pirólise rápida e gerar bio-óleo. Se o teor de
celulose for elevado, o resíduo sólido seria um potencial candidato para a produção de
etanol de segunda geração.
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Há, embora, um tipo particular de resíduo em que à produção de energia somam-se
ganhos ambientais. Este é o caso de vários efluentes agro-industriais que possuem uma
elevada carga biológica e tóxica, e que precisam de tratamento para neutralizar sua
carga orgânica antes de ser despejados nos corpos hídricos. Para este tipo de resíduo
aquoso, exemplificado a seguir pela manipueira, a tecnologia ideal é a produção de
biogás.
Produção de biogás na indústria de processamento da mandioca:
A manipueira, efluente agroindustrial resultante do processamento da mandioca para
produzir farinha e fécula (amido), apresenta um bom potencial para a recuperação dos
recursos nela contidos. O sistema de biodigestor de lagoa coberta é uma tecnologia
madura que oferece um tratamento adequado para o efluente e gera biogás e
biofertilizantes. Os resultados deste estudo apontam para a conveniência de aprimorá-lo
até um sistema de biorefinerias que coloca o foco na geração de eletricidade e, ao
mesmo tempo, gera como coprodutos calor de processo e biofertilizantes. A digestão
anaeróbica, de preferência num digestor de duas etapas, é o tratamento mais apropriado
para este efluente agroindustrial e um sistema de cogeração é a maneira mais eficiente
para recuperar a maior parte de seu potencial energético. Enquanto a alternativa de
lagoa coberta é focada na queima direta do biogás, a cogeração produz em adição ao
calor um recurso valioso que pode ser usado localmente ou facilmente comercializado.
A elevada eficiência que caracteriza a cogeração conduz a menores emissões de gases
de efeito estufa (GEE). O enfoque da economia circular resultou de utilidade ao
acrescentar o balanço de GEE, de água e de usos da terra à analise de um conjunto de
alternativas de aproveitamento deste agro-resíduo. As direções futuras de
desenvolvimento tecnológico apontam para bio-refinerias de resíduos mais complexas
capaz de gerar produtos de maior valor agregado. As linhas de pesquisa mais
promissoras são a produção de bioplásticos e de polímeros a partir do amido assim
como a extração de compostos cianogênicos a partir dos resíduos da mandioca.
Resíduos sólidos do processamento (peles e cascas) podem ser separados antes de entrar
na corrente líquida do efluente e usados como insumo de outras formas de conversão
energética diferentes do biogás, como etanol lignocelulósico e células de combustível
microbianas.
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Ao estudar a potencialidade do etanol de segunda geração a partir de resíduos agrícolas
e florestais do Semiárido, foram identificados entraves tanto tecnológicos quanto
logísticos. O principal obstáculo tecnológico é a optimização dos processos de prétratamento e hidrólise da biomassa, adequando-os às características dos resíduos da
região. A tecnologia de etanol de segunda geração foi originariamente desenvolvida
para os resíduos do milho (palha e sabugo), e está comercialmente madura nos EUA.
No Brasil, nem sequer tem se conseguido adaptá-la para o bagaço de cana. A produção
de etanol a partir de outros resíduos lignocelulósicos deverá aprimorar muito sua
eficiência para ser competitiva. Por outra parte, o país ainda deve realizar um grande
esforço na área da biotecnologia para não depender das importações de enzimas de
outros países. No tocante à logística da produção de etanol, um ponto chave é a seleção
de um leque de resíduos agroflorestais que se complementem no espaço e no calendário
agrícola, isto é, que diversifiquem e garantam a disponibilidade no suprimento. Ao
contrario das grandes usinas de produção centralizada do sector sucroalcooleiro, a
produção deste biocombustível no Semiárido requereria novos sistemas mais adequados
à logística do Semiárido, baseados em usinas móveis ou em microdestilarias.
Potencial da produção de etanol lignocelulósico a partir de resíduos agroflorestais:
Na revisão bibliográfica foram encontrados dados consistentes que indicam a
conveniência do conjunto proposto de resíduos lignocelulósicos. A região semiárida,
apesar de seus recursos limitados, possui um potencial significativo para a produção de
etanol sem a necessidade de acrescentar área agrícola adicional. O conjunto de resíduos
estudado tem o potencial de acrescentar 0,9 bilhões de litros de etanol por ano. O
desenvolvimento de uma indústria de etanol de segunda geração a partir deste conjunto
de resíduos agroflorestais impactaria a segurança energética da região Semiárida,
reduzindo as importações deste biocombustível em 29%. O etanol lignocelulósico pode
criar oportunidades para o crescimento económico e o emprego na região mas primeiro
devem ser superados problemas relativos às taxas de conversão e à logística. Conclui-se
que as regiões semiáridas, embora não contem com extensas áreas disponíveis para o
cultivo de biocombustíveis, podem fornecer uma parte significante de suas necessidades
energéticas mediante biocombustíveis derivados de resíduos agrícolas. A região
Semiárida apresenta a peculiaridade de já possuir um mercado bem desenvolvido de
veículos flex, capazes de rodar alternativamente com gasolina ou com etanol. Dada esta
peculiaridade, foram analisados os impactos que o progressivo desenvolvimento de uma
indústria de etanol que usasse este conjunto de resíduos teria no mercado existente de
biocombustíveis. A diversificação das fontes reduziria a variação sazonal do
fornecimento de etanol na região, o que levaria a duas consequências principais: seu
preço teria menores oscilações sazonais e a atual capacidade de estocagem poderia ser
reduzida em 70%. Considerando um cenário no longo prazo de tendência de alta nos
preços do petróleo e em que o suprimento de etanol de primeira geração aumenta
lentamente, o desenvolvimento do etanol lignocelulósico a partir destes resíduos
agroflorestais acabaria por incrementar o volume de etanol disponível assim como sua
competitividade em relação com a gasolina.
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5.3 - Identificação das futuras linhas de trabalho mais promissoras
São propostas cinco linhas de trabalho para complementar às pesquisas realizadas nesta
tese. As três primeiras visam o estudo de sistemas auxiliares para uma maior penetração
de energia proveniente de fontes eólica e solar no subsistema Nordeste.
A energia solar e em especial a eólica se caracterizam por serem intermitentes e pouco
previsíveis. Por isso, aumentos súbitos da geração mediante estas fontes supõem um
desafio para a rede elétrica, que deve absorver essa energia ou escoá-la para regiões que
a demandem. Se a rede não consegue fazer alguma das duas coisas, o parque gerador
que esteja causando a sobrecarga deverá ser desconectado ou então seus aerogeradores
terão seu freio acionado por segurança. Para conseguir um maior grau de penetração da
energia solar e eólica no subsistema Nordeste será preciso reforçar a infraestrutura
elétrica. Será preciso investir em linhas de transmissão e também em sistemas de
operação e automação mais sofisticados para dotar à rede com as capacidades de gestão
da demanda e de armazenamento dos eventuais excedentes de energia. Desta forma
poderá ser aproveitado o enorme potencial destas fontes renováveis no Nordeste, e a
região poderá se tornar um exportador neto de energia dentro do país.
Usinas reversíveis no rio São Francisco
As usinas hidrelétricas reversíveis podem reagir a variações na rede em um espaço de
tempo relativamente curto. Acionando suas bombas e turbinas, podem produzir mais
energia elétrica para suprir um pico de demanda ou mesmo consumir um eventual
excedente. Um exemplo de funcionamento seria o seguinte: a usina consume energia
para bombear água para o reservatório superior durante a madrugada, quando a
demanda é tipicamente baixa (carga básica) e o fator de capacidade dos parques eólicos
aumenta; depois, usa toda a água estocada para movimentar as turbinas durante os picos
de demanda. As usinas de armazenamento reversível podem ser configuradas bem com
grupos de máquinas reversíveis (turbina-bomba com motor-gerador síncrono e
velocidade de rotação variável) ou bem com equipamentos separados para a geração e o
bombeamento. Esta tecnologia possui na atualidade um amplo grau de desenvolvimento
e demostrou sua viabilidade técnica e económica em vários países.
Propõe-se estudar o sistema de usinas hidrelétricas do Rio São Francisco (SobradinhoLuiz Gonzaga-Complexo Paulo Afonso-Xingó) para possíveis localizações de usinas
reversíveis. Seria estudada sua viabilidade e seu impacto na absorção de eventuais
cargas de energia provenientes das fontes solar e eólica.
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Gestão da demanda de energia elétrica: sincronização da irrigação em pólos
agrícolas e da produção de água mediante dessalinização
De forma similar às usinas hidrelétricas reversíveis, a estratégia da gestão dinâmica da
demanda consiste em, na medida do possível, acionar os equipamentos consumidores de
energia (neste caso, bombas) durante as fases de baixa demanda de energia ou carga
básica, ou durante as fases em que haja um excesso de energia na rede. Posteriormente,
estes equipamentos poderão ser desligados durante as fases de pico de demanda de
energia. No subsistema Nordeste há grandes pólos agrícolas irrigados que são grandes
consumidores de energia, por exemplo o de Petrolina/Juazeiro. Propõe-se estudar a
gestão do acionamento de equipamentos de irrigação (bombas) nestes pólos agrícolas
como uma ferramenta para contribuir a uma melhor absorção dos eventuais excedentes
de energia da rede.
Por outro lado, grandes regiões metropolitanas como a de Salvador, Recife e Fortaleza
estão com seus mananciais de água sobre-explorados ou contaminados, dependendo da
importação de água desde regiões distantes e mais secas. A dessalinização de água do
mar é uma opção provável para o futuro destas regiões. Estas plantas são grandes
consumidoras de energia elétrica devido ao uso de bombas para dessalinização por
osmose reversa. Por tanto, também poderia usar-se a produção de água potável nestas
regiões para realizar uma gestão dinâmica da demanda de energia elétrica, com a
vantagem de que a água é facilmente armazenável e de que seu consumo diário segue
um padrão previsível.
Aplicação do modelo SAMBA – OSMOSYS à modelagem de cenários de geração
de energia eólica no Nordeste
O artigo intitulado “Integrating large scale wind power into the electricity grid in the
Northeast of Brazil”, apresentado no Capítulo 3 desta tese, a máxima penetração viável
da energia eólica no subsistema Nordeste foi estimada em 65% da demanda média
anual. Nosso artigo contendo esta conclusão foi publicado em Energy em Fevereiro de
2016.
Esta conclusão foi rebatida num artigo que apareceu na mesma revista apenas uns meses
mais tarde, em Novembro de 2016, intitulado “Contributions to the analysis of
“Integrating large scale wind power into the electricity grid in the Northeast of Brazil””.
Nele, os autores usam um modelo computacional para simular o comportamento do
subsistema e chegam à conclusão de que essa elevada penetração eólica, da ordem de
65%, é inviável para o atual sistema devido à limitações nas linhas de transmissão.
Em qualquer caso, poderia ser aberta uma possível linha de colaboração com os autores
desse estudo, que são pesquisadores do Programa de Planejamento Energético da
COPPE/UFRJ.
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Outra possível linha de colaboração envolveria a pesquisadores do Programa de
Planejamento Energético da UFOP e também da COPPE/UFRJ. A colaboração estaria
focada em avançar neste estudo, baseando-se nos dois artigos anteriores, e aplicaria o
software de modelagem de sistemas energéticos SAMBA: South American Model Base
da plataforma OSeMOSYS11.
Estudos de potencial de fontes renováveis com redes neurais:
Esta linha de trabalho considera continuar a colaboração com o GI-Grupo de Incerteza
da UFBA sobre o modelo desenvolvido em redes neurais. Nesta tese, o modelo se aplica
para a predição da carga (demanda) elétrica e para a análise de recursos renováveis
(eólico, ondas, solar) a partir de instrumentação (anemômetros, ondografos e
perfiladores acústicos, piranómetros). Propõe-se avançar no aprimoramento do modelo.
Em particular, as seguintes possibilidades são as mais viáveis:
(I) aplicar o modelo para o subsistema elétrico do Nordeste, aumentando sua
complexidade. A previsão da demanda global seria a soma da previsão da demanda dos
principais centros consumidores (regiões consumidoras e pólos industriais).
(II) ampliar o estudo do potencial da energia das ondas ao resto de estações de medição
disponíveis da Rede Ondas que usem perfiladores acústicos similares ao da estação de
medição de Praia do Forte.
(III) aplicar o modelo à avaliação do potencial eólico off-shore do trecho de costa
Ceará-Rio Grande do Norte.
Novos sistemas móveis de produção de biocombustíveis, mais adequados à logística
do Semiárido.
Estes sistemas consistiriam em unidades móveis (caminhões) com a capacidade de se
deslocar seguindo o ciclo agrícola ou a disponibilidade de recursos agroflorestais.
Teriam a capacidade de transformar a biomassa disponível no local em biocombustíveis
que atenderam os padrões da ANP. O biocombustível produzido poderia ser
comercializado ou estocado localmente, ou transferido para caminhões-tanque e
exportado. Na literatura científica, e também comercialmente, há vários exemplos de
unidades móveis de bio-óleo e biodiesel. Na área de etanol lignocelulósico, foram
propostas esquemas de microdestilerias que poderiam ser adaptadas para protótipos
móveis.

11

G. Moura and M. Howells, “SAMBA, The open source South American Model Base. A Brazilian
Perspective on Long Term Power Systems Investment and Integration.,” Royal Institute of Technology
(KTH), Sockholm, Work. Pap. Ser., n°. DESA /15/8/11, 2015.
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