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RESUMO

SACAROSE COMO PLATAFORMA PARA CULTIVOS HETEROTROFICOS
MICROALGAIS

AUTORIA: Stefania Fortes Siqueira
ORIENTADOR: Eduardo Jacob Lopes

As microalgas apresentam a capacidade de obtencéo de energia a partir do consumo
de substratos organicos na auséncia de luminosidade. O cultivo heterotrofico
suportado por uma fonte exdgena de carbono € uma importante forma de producao
de metabdlitos de interesse comercial. A escolha de insumos de baixo custo para a
formulacdo de meios de cultura é de grande importancia para a economia global de
processos biotecnoldgicos, uma vez que representam um percentual significativo no
custo final do produto. Em face disto o trabalho teve por objetivos: (i) formular um meio
de cultura sintético baseado em diferentes concentracfes de sacarose para uso em
cultivos heterotroéficos, (ii) avaliar a cinética de consumo de sacarose e producao de
biomassa, (iii) definir o perfil qualitativo da fragdo lipidica, (iv) caracterizar os
bioprodutos de natureza intracelular, (v) determinar a analise do ciclo de vida do
processo (balanco de energia, emissdes de CO:2 e balanco de agua. Os resultados
obtidos demonstraram que a microalga Phormidium autumnale teve melhor
desempenho no processo na relagcao C/N de 40, atingindo uma produtividade de 6leo
de 18,9 mg/L/h. Na melhor condi¢do, os resultados mostraram que a producéo de
biodiesel de microalgas tem uma producéo de energia positiva (50,59 MJ) associada
a um baixo consumo de agua (28,38 m?/ kg) e baixas emissées de CO2 (9,18 kg CO2-
eq / kg). A composicdo deste Oleo foi predominantemente saturada (45,20%),
monoinsaturados (34,70%) e poliinsaturados (19,90%), resultando em caracteristicas
de qualidade do biodiesel adequadas as normas nacionais (ANP 255) e internacionais
(ASTM 6751 e EN 14214).

Palavras chave: microalga, heterotrofico, biodiesel, analise do ciclo de vida



ABSTRACT

SUCROSE AS A PLATFORM FOR MICROALGAE HETEROTROPHIC
CULTIVATION

AUTHOR: Stefania Fortes Siqueira
ADVISOR: Eduardo Jacob Lopes

Microalgae present the capacity to obtain energy from consuming organic substrates
in the absence of luminosity. The heterotrophic cultivation supported by an exogenous
source of Carbon is an important form of metabolites production of commercial interest
and the choice of low-cost inputs to the formulation of culture mediums is of great
importance to the global economic of biotechnological processes since it represents a
significant percentual on the final cost of the product. In this sense, the aims of this
work were: (I) formulate a culture medium synthetic based on different concentrations
of sucrose for the use in heterotrophic cultivation, (Il) evaluate the kinetic of sucrose
consume and the biomass production, (lll) determine the qualitative profile of the lipid
fraction, (IV) characterize the bioproducts of intracellular nature, (V) determine the
analysis of the water cycle of the process (energy balance, CO2 emissions, and water
balance). The results obtained demonstrated that the microalgae Phormidium
autumnale had its best performance in the process in the relation C/N de 40, reaching
an oil productivities of 18.9 mg/L/h. On the best condition, the results showed that the
biodiesel production of microalgae has a positive energy production (50.59 MJ)
associated with a low water consumption (28.38 m?/ kg) e low CO2 emissions (9.18 kg
CO2-eq). The composition of this oil was predominately saturated (45.20%),
monounsaturated (34.70%) and polyunsaturated (19.90%), resulting in quality
characteristics of biodiesel adequate on the national (ANP 255) and international
norms (ASTM 6751 e EN 14214).

Keywords: microalgae, heterotrophic, biodiesel, Life cycle assessment
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INTRODUCAO

O crescente aumento da concentracdo de CO2 na atmosfera, associado ao
esgotamento dos combustiveis fosseis ndo renovaveis e a alta demanda energética,
tem aumentado o interesse comercial em desenvolver tecnologias para a producéo
de combustiveis alternativos e sustentaveis. Diante desse cenario, busca-se aliar o
desenvolvimento econémico com protecdo ambiental, desenvolvendo-se novos
produtos, novas alternativas de processos e técnicas eficientes no combate e
remediacao da polui¢cdo, tornando assim, a atividade industrial menos impactante ao
meio ambiente (SAINGER et al., 2017; TRIVEDI et al., 2015).

As microalgas possuem um grande potencial para a producdo de
biocombustiveis, como o biodiesel de 32 geracéo, devido a sua diversidade metabdlica
(autotrofico, heterotréfico e mixotréfico) e a possibilidade de acumularem lipidios que
vem sendo utilizado como ferramenta alternativa para a producao de 6leos e obtencéo
de biocombustiveis (QUEIROZ et al., 2011; RASHID et al., 2014). Esses recursos
permitem que as microalgas apresentem diversas vantagens sobre culturas
oleaginosas convencionais como o milho, soja e girassol (HLAVOVA et al., 2015).

Contudo, um fator determinante nos cultivos heterotréficos microalgais € a
escolha da fonte de carbono organico utilizada, que representa um dos principais
obstaculos para a aplicacao industrial. O substrato organico é estimado em cerca de
80% do custo total do processo, podendo inviabilizar economicamente 0 processo.
Uma alternativa aos elevados custos € a substituicdo de determinadas fontes de
carbono organico por substratos de baixo custo (WANG 2016). A sacarose constitui
até 60% da biomassa seca de algumas plantas como a beterraba e a cana de acgUcar,
e tém sido consideradas alternativas promissoras para a minimizagado do custo dos
meios de cultura para o cultivo de microalgas (PEREZ-GARCIA et al., 2011; QUEIROZ
et al., 2013).

Em contrapartida, o sucesso de qualquer sistema de produgcdo de
biocombustiveis dependera dos custos ambientais. Assim, a fim de avaliar o impacto
ambiental e viabilidade de tais empreendimentos dessa tecnologia, a metodologia de
Avaliacdo do Ciclo de Vida (ACV) é uma valiosa ferramenta para avaliar o
desempenho ambiental destes sistemas, procurando analisar o custo energético total

de um processo de producgéo, considerando as entradas de energia e 0 impacto
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ambiental de cada etapa. Quando combinado com outras analises, o ACV pode ajudar
a identificar areas de alto custo e determinar se uma estratégia de producdo de
biocombustiveis visando se o processo é sustentavelmente viavel (GUO, et al., 2017,
CHEW, et al., 2017; DUTTA, et al., 2016).

Neste sentido, a estratégia de suportar a geracao desta biomassa em meio de
cultivo sintético adicionado de uma fonte de carbono orgénico, economicamente
vidvel, podera contribuir para o avanco da viabilidade ambiental deste tipo de
processo.
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OBJETIVOS

Objetivo Geral

- Desenvolver biorrefinarias microalgais suportadas com sacarose de forma
economicamente sustentavel que sirva como alternativa para processos

convencionais de produgéo.

Objetivos Especificos

- Formular um meio de cultura sintético fundamentado em diferentes concentracées
de sacarose para uso em cultivos heterotréficos;

- Avaliar a cinética de consumo de sacarose e a producao de biomassa;

- Definir o perfil qualitativo da fracéo lipidica;

- Caracterizar bioprodutos de natureza intracelular

- Determinar a analise do ciclo de vida do processo (balan¢o de energia, emissdes

de CO: e balango de agua.



CAPITULO 1

REVISAO BIBLIOGRAFICA

13
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1 MICROALGAS

As microalgas sdo em grande parte um grupo diversificado de micro-
organismos que compreendem dois grupos: as do reino protistas, sendo
fotoautotréficos e eucaridticos e as cianobactérias procarioticas (SINGH e SAXENA,
2015). Microalgas sdo organismos microscopicos fotossintetizantes que crescem
rapidamente em diferentes condicbes ambientais devido a sua estrutura celular
simples, unicelular ou multicelular (MATA et al., 2010; SCOTT et al.,, 2010). A
fotossintese € a forma de obtencdo de energia mais utilizada, e em casos que ndo ha
contato com a luz, a obtencdo da energia ocorre por meio da respiracao.

O interesse por esses micro-organismos reside no seu potencial de utilizacao
de biomassa para alimentacdo, racdes, produtos quimicos finos, tratamento de
residuos e aplicacfes energéticas. Sob o ponto de vista de aplicacao biotecnoldgica,
sdo consideradas 0s organismos mais versateis, uma vez que podem mediar até trés
metabolismos em paralelo para a obtencdo de energia e manutencdo de suas
estruturas (QUEIROZ et al., 2013).

A principal vantagem do cultivo das microalgas é a obtencédo de seus produtos
metébolitos, que sdo utilizados na alimentacdo de organismos aquaticos e terrestres,
ou como suplementos alimentares para 0s seres humanos, ou para seu uso em
processos ambientais, como tratamento de aguas residuais, fertilizacdo dos solos,
biocombustiveis e fitorremediacdo de residuos toxicos (PEREZ-GARCIA et al., 2011).

A composi¢cdo das microalgas sdo fundamentalmente carboidratos, lipideos,
proteinas e acidos nucleicos, sendo que as proporcdes variam amplamente entre as
espécies e de acordo com as condicdes de cultivo. As proporcdes de lipideos presente
nesses microrganismos variam normalmente de 5% a 75% de biomassa seca,
dependendo da microalga em questdo, sendo que, as espécies estudadas em sua
maioria apresentam em torno de 20% a 50% de lipideos. Os triglicerideos das
microalgas conhecidas apresentam composi¢cdo em acidos graxos semelhante a dos
Oleos vegetais usados na producéo de biodiesel (MATA et al.,2010).

Muitas microalgas tém demonstrado facilidade em crescer rapidamente em
cultivos heterotréficos. Tais algas apresentam a capacidade de crescimento na
auséncia de luz, substituindo a fixacdo de CO2 atmosférico das culturas autotréficas
por consumo de substratos organicos dissolvidos no meio de cultura. Phormidium

autumnale é uma microalga filamentosa de 3 a 4 um de didmetro. Sua espécie é
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conhecida por viver em ambientes extremos, como fontes termais, solos de desertos
e lugares contaminados. Por esta razdo, apresenta grande potencial para o uso em
processos bioldgicos (KOLLER et al., 2014).

2 PROCESSOS BASEADOS EM MICROALGAS

A crescente demanda por produtos e servigcos tem elevado drasticamente a
atividade industrial, gerando cada vez mais residuos e elevando a utilizacdo dos
recursos naturais, os quais estao tornando-se escassos e muitas vezes encontram-se
poluidos e degradados (ONCEL, 2011). Diante desse cenario, busca-se aliar
desenvolvimento econémico com protecdo ambiental, desenvolvendo-se novos
produtos, novas alternativas de processos e técnicas eficientes no combate e
remediacdo da poluicdo, tornando assim, a atividade industrial menos impactante ao
meio ambiente.

Os processos biotecnoldgicos tornaram-se uma alternativa interessante no
combate a poluicdo e na geracdo de novos produtos, uma vez que esses processos
se utilizam do metabolismo microbiano para degradar e remover poluentes, bem como
para transformar matérias primas gerando produtos menos nocivos ao meio ambiente
(GADD, 2008). Nesses processos, existe uma gama de micro-organismos atuantes,
como bactérias fungos, algas e microalgas.

A utilizacdo de microalgas para tratamento de aguas residuais €
particularmente atraente devido as suas habilidades em assimilar nutrientes como
matéria organica, NO%*, PO4*>, NHs*, CO2 e metais pesados (PENA-CASTRO et al.,
2004). O bio-tratamento de efluentes liquidos se da em biorreatores heterotroéficos,
onde a matéria organica e nutrientes inorganicos sao simultaneamente convertidos
em biomassa na auséncia de luminosidade. Esses processos séo considerados uma
alternativa barata para as formas convencionais de tratamento de efluentes
secundarios e terciarios (QUEIROZ et al., 2013). Tem-se intensificado os estudos em
processos bioldgicos para tratamento de efluentes, surgindo assim, a biossor¢éo que
consiste na absorcdo de metais toxicos por microrganismos (QUINTELAS et al.,
2008). Esse processo apresenta-se como uma tecnologia promissora e em atual
expansao, apresentando vantagens como baixo custo e boa eficiéncia. Dentre os

micro-organismos utilizados na biossor¢cao, as microalgas possuem destague em
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funcdo da sua capacidade de retencdo e imobilizacdo de metais (MODENES et al.,
2009).

O dleo extraido de microalgas apresenta caracteristicas semelhantes as dos
Oleos de plantas oleaginosas e se enquadra dentro das principais caracteristicas
exigidas pela ANP (Agencia Nacional de Petréleo) para qualidade do biodiesel, como
o ponto de fulgor minimo de 115°C e baixo indice de acidez (menor que 0,8 mg KOH/q)
(TEIXEIRA, 2008). Entre as diversas matérias-primas para a producéo de biodiesel, a
biomassa de microalgas € aquela que apresenta a possibilidade de producdo de
biodiesel, que podera servir como uma alternativa ao diesel (cerca de 40 bilhdes de
litros por ano) e de modo ambientalmente sustentavel. As microalgas produzem
compostos poliinsaturados, o que leva a diminuicdo da estabilidade do biodiesel
produzido, entretanto, devido a presenca de &cidos graxos poliinsaturados, uma
vantagem apresentada pelo biodiesel de microalgas é o alto rendimento em
temperaturas baixas, caracteristica que ndo € apresentada pelo biodiesel de
oleaginosas convencionais, as quais apresentam pouco rendimento em temperaturas
relativamente baixas (KOLLER et al, 2014).

O acumulo de lipidios em microalgas para a producéo de biodiesel tem sido um
foco atual de trabalho de inUmeros pesquisadores em todo o mundo. A utilizacdo de
lipidios de microalgas, apresenta vantagens em comparacdo com as fontes
convencionais de lipidios, tais como a elevada produtividade em lipidios por area
cultivada, em comparacdo com culturas oleaginosas agriculturaveis; capacidade de
sintetizar e acumular grandes quantidades de lipidios neutros; elevadas taxas de
crescimento; crescimento em ambientes indspitos, 0s quais ndo sao agriculturaveis;
utilizacé@o de fontes de nutrientes, tais como nitrogénio e fésforo, de uma variedade de
fontes de aguas residuais, contribuindo para o tratamento destas aguas residuarias;
sequestro de COg; producéo de co-produtos de elevado valor agregado (por exemplo,
biopolimeros, proteinas, polissacarideos, pigmentos, alimentacdo animal, fertilizantes
e H2); crescimento em fotobiorreatores durante todo o ano com uma producao anual
de biomassa com produtividade, com base na superficie, superior ao dos
ecossistemas terrestres, por cerca de dez vezes (HU et al., 2008; WIJFFELS e
BARBOSA, 2010; SCOTT et al., 2010).

Finalmente, microalgas apresentam a capacidade de acumular substancias

poliméricas extracelulares (SPE) na superficie da célula, como uma forma de protecao
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para as mesmas. SPE’s sdo matrizes heterogéneas de polimeros de polissacarideos,
proteinas, acidos nucléicos e fosfolipidos (MCSWAIN et al., 2005). Os exopolimeros
microalgais tém multiplas aplicagfes industriais. Neste sentido, podem ser aplicados
na industria de alimentos como espessantes e gelificantes. Na industria farmacéutica,
podem ser empregados como matriz hidrofilica de libertacdo controlada de
medicamentos e no desenvolvimento de vacinas bacterianas e para aumentar a
imunidade inespecifica. Além disso, algumas SPE’s tém caracteristicas de
biosurfactantes e estdo sendo utilizados na biorremediacdo de &guas e solos
(MISHRA et al., 2011).

3 METABOLISMO HETEROTROFICO

O crescimento e a composi¢cao das microalgas séo definidos pelas condicbes
de cultivo, dependendo de sua espécie, apresentam trés tipos principais de
metabolismo: autotrofico, com utilizacdo da luz como fonte Unica de energia que é
convertida em energia quimica por meio de reacfes fotossintéticas; heterotrofico:
utilizacdo apenas de compostos organicos dissolvidos como fonte de carbono e
energia; e mixotrofico: conseguem simultaneamente realizar a fotossintese e consumir
carbono inorganico e organico, 0 que permite aumentar a sua produtividade.
(BRENNAN e OWENDE, 2010; MATA et al., 2010; PEREZ-GARCIA et al., 2011;
BHATNAGAR et al., 2011).

A principal caracteristica do metabolismo heterotréfico € a necessidade de uma
fonte organica externa para obtencéo de energia e carbono. Microalgas em cultivo
heterotréfico ndo realizam fotossintese, e por isto ndo necessitam de luz. Segundo
BUMBAK et al. (2011), o metabolismo heterotréfico das microalgas € semelhante ao
de outros microrganismos, como as leveduras utilizadas na producgéo da cerveja e de
etanol.

Segundo Azma et al. (2011), a capacidade de crescer heterotroficamente esta
presente em varios géneros de microalgas e tem relagdo principal com as seguintes
caracteristicas: (1) permeabilidade celular a fonte de carbono organica, (2) transporte
ativo da fonte de carbono orgéanico e (3) fatores enzimaticos presentes no interior da
célula. Assim, a maior parte das caracteristicas determinantes para o metabolismo
heterotréfico refere-se a entrada da fonte de carbono orgéanico na célula sendo as mais

empregadas sdo o acetato e a glicose.
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O metabolismo inicial da glicose nas microalgas ocorre pela via metabdlicas
das pentoses fosfatos e ocorre no citosol (PEREZGARCIA et al.,, 2011; YEH e
CHANG, 2012). A via das Pentoses € a rota inicial mais utilizada em cultivos de
microrganismos heterotroficos. Entre os produtos finais desta via destacam-se a
frutose 6-P e o gliceraldeido 3-P, que sdo compostos intermediarios da glicdlise via
Embden-Meyerhof. Percebe-se que a via das Pentoses pode ser considerada uma
preparacdo para gerar ATP pela via Embden-Meyerhof/ Ciclo do Acido Citrico
(PEREZ-GARCIA et al., 2011; YEH e CHANG, 2012).

Outro aspecto que se deve levar em consideracdo em sistemas heterotréficos
€ a relacdo carbono/nitrogénio (C/N), que podem influenciar o teor de lipideos
acumulados pela célula, controlando a sintese de lipidios (Gordillo, 1998). Altas taxas
de C/N favorecem a formacao de lipidios, decorrente do esgotamento de nitrogénio
na cultura (RATLEDGE, 1989).

Estudos com microalgas indicaram a glicose como a melhor fonte de carbono
em cultivos heterotréficos, atingindo altas concentracbes de biomassa e lipideos
(HUANG et al., 2012). No entanto a glicose é uma fonte carbono de custo elevado,
responsavel por 60-75% do custo total do biodiesel (CANAKCI, 2008).

A sacarose um dos produtos de armazenamento no citoplasma das células
vegetais constitui até 60% da biomassa seca de algumas plantas e pode ser obtida
principalmente a partir da cana de agucar e beterraba. Dentre as diversas finalidades
da sacarose, ela pode ser utilizada na producdo de etanol e em outros processos
fermentativos. A producédo de etanol a partir da cana de acucar promove a formacéo
de um residuo que contém sacarose, podendo ser utilizado em cultivos fermentativos
(WANG, et al., 2016).

4 BIOPRODUTOS DE ORIGEM MICROALGAL

A biodiversidade e consequente variabilidade na composi¢cdo bioquimica das
microalgas, aliada ao emprego de melhoramento genético e ao estabelecimento de
tecnologia de cultivo em grande escala, vém permitindo que as microalgas sejam
utiizadas em diversas aplicagbes (BOROWITZKA, 2013). Recentemente as
microalgas estédo recebendo uma atencgéo consideravel devido a sua capacidade de
sintetizar compostos valiosos (por exemplo, pigmentos), e por acumularem compostos

de alta energia (por exemplo, lipidios, carboidratos). Portanto, sendo consideradas
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como uma matéria-prima de terceira geracdo para a producdo de biocombustiveis.
(TRIVEDI, et al., 2015)

A conversao de biomassa de microalgas para biocombustiveis e produtos de
alto valor agregado estao globalmente ganhando um destaque significativo e tem sido
o principal foco de pesquisadores que buscam vencer as barreiras econémicas e
ambientais para o setor de energias renovaveis (HERRERO e IBANEZ, 2015). A
combinacdo da producdo de biocombustiveis de microalgas com as aplicacdes
convencionais é excelente para prosperar a industria de biorrefinaria microalgal de
forma sustentavel (MA, et al., 2015)

Finalmente, os sistemas globais usados na producdo de biocombustiveis
incluem primariamente a producéo de biomassa. Esta producéo pode ser mediada via
biotecnolégica, no qual cianobactérias e cloroficeas apresentam importante potencial
para a producao de 6leos, adequados a manufatura de biodiesel (CHISTI, 2007).

O histérico da producéo brasileira de biodiesel mostra que o setor esta em
crescente dependéncia de uma Unica matéria-prima, a soja, que se destaca como a
principal fonte de matéria-prima lipidica utilizada na producao de biodiesel no Brasil,
correspondendo a aproximadamente 80% do biodiesel produzido e comercializado
(ANP, 2016). Entretanto, alguns problemas vém sendo relatados quanto a utilizacéo
de fontes oleaginosas para a sintese de biodiesel. Um dos gargalos identificados é o
uso do solo, pois é preciso avaliar as extensfes de terras agricultaveis disponiveis
pois pode haver conflito com a producédo de alimentos, uma vez que muitos paises
enfrentam sérios problemas de fome e escassez, bem como a insuficiéncia de agua e
adubo (BRANDINI, 2016). Diante desse contexto pode-se observar, que 0 setor
energético exige uma grande demanda por recursos naturais, sendo de suma
importancia o uso de fontes renovaveis para geracao de energia. Assim, a busca pela
matéria-prima ideal tem se tornado constante e evoluido muito nos ultimos anos. O
cultivo de microalgas para a producdo de biocombustiveis tem se tornado uma
alternativa bastante promissora. O uso das microalgas como fonte viavel de biomassa
tem causado grande expectativa neste setor, apresentando vantagens como a nao
competicdo com alimentos, répidas taxas de crescimento, acumulo de 35 lipideos, alta
tolerancia as condi¢des extremas do meio ambiente, capacidade de serem cultivadas
de maneira intensiva e grande potencial no uso em biorremediacgéo e biofertilizagéo.

Além disso, tem a capacidade de produzir uma alta gama de bicombustiveis tais como:
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biodiesel, biohidrogenio, biogas e bioetanol, bem como a producdo de varios
bioprodutos onde, objetivam a estruturacdo de plantas comerciais no conceito de
biorrefinarias (CHISTI, 2007; GIRARD et al., 2014; ZHU, 2015).

5 BIORREFINARIAS MICROALGAIS

Diversos pesquisadores afirmam que para alcancar uma producao
economicamente vidvel de microalgas para biocombustiveis é necessario explorar o
completo potencial de produtos comerciais derivados da biomassa de microalgas por
meio de uma infraestrutura de biorrefinarias (WIJFFELS e BARBOSA, 2010; RAWAT
etal., 2013, YEN et al., 2013, ZHU et al., 2014).

Apesar das varias vantagens reivindicadas associadas com o desenvolvimento
de biorrefinaria & base de microalgas (como melhorias potencialmente significativas
na economia de biocombustiveis), existem ainda muitos desafios a serem superados
(RIZWAN et al., 2015). Ferramentas e conceitos sobre sistemas de processo de
engenharia podem ser aplicados para enfrentar esses desafios atraves do
desenvolvimento de um quadro de modelagem sistematica para determinar as
configuracbes ideais, em um custo eficaz, robusto e de forma ambientalmente
sustentavel (MATA et al., 2010).

A exploracédo comercial em larga escala das microalgas, segundo Spolaore et
al. (2006) € motivada pelo elevado teor de proteinas da biomassa para utilizagdo como
recurso alimentar alternativo, tendo um alto valor de qualidade protéica comparado
com fontes vegetais, como por exemplo, trigo, arroz e leguminosas, mas inferiores a
fontes animais, como leite e carne (MATA et al., 2010). Em virtude das caracteristicas
da biomassa, processos baseados em cianobactérias tém sido considerados nos
ultimos anos potenciais tecnologias para converter residuos industriais em insumos
proteicos usados na formulacéo de ragdes animais (JACOB-LOPES et al., 2010).

Tendo como objetivo a utilizagdo otimizada dos recursos disponiveis, as
biorrefinarias combinam rotas de conversdes quimicas, bioquimicas e termoquimicas
em um sistema de producéo integrado. Por meio de processos termoquimicos e
biolégicos (liguefacdo, pirdlise, gaseificacdo, extracdo e transesterificagéo,
fermentacdo e digestdo anaerdbia) microalgas podem ser convertidas em biodiesel,
bio-etanol, bio-hidrogénio e bio-metano (DEMIRBAS, 2011). Como exemplo dessa

versatilidade de usos da biomassa de microalgas, pesquisa sobre sua utilizacéo para
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a producéo de eletricidade, utilizando células combustiveis microbianas, gerou butanol
como um co-produto (LAKANIEMI e TUOVINENI, 2012). Células combustiveis
microbianas sdo —dispositivos capazes de converter energia quimica em energia
elétrica, por meio de reacdes quimicas catalisadas por microrganismos (RACHINSKI
et al., 2010). Diversas tecnologias sao utilizadas para separar 0s principais
constituintes da biomassa que podem ser posteriormente transformados em produtos
de alto valor agregado por meio de outros processos com redugdo ou auséncia de
geracao de residuos.

Dentre todas as tecnologias para transformacédo da biomassa de microalgas
em biocombustiveis, a que tem mais destaque, atualmente, € a que visa producéo de
biodiesel via transesterificacdo do Oleo das microalgas (DEMIRBAS, 2011;
GONZALEZ-FERNANDEZ et al., 2011). Todas elas, inclusive as de producdo de
outros biocombustiveis, no entanto, tem dois problemas cruciais: os custos do
aproveitamento da biomassa e a eficiéncia energética de sua cadeia produtiva
(HARWATI et al., 2012).

6 ANALISE DO CICLO DE VIDA

A Andlise do Ciclo de Vida (LCA) € uma ferramenta muito importante para
avaliacdo ambiental das cadeias de producdo e é dividida em trés partes: balanco
energético, balanco de agua e analise de gases de efeito estufa. Esta metodologia é
amplamente utilizada e reconhecida por um nimero cada vez maior de cientistas e
engenheiros em um numero incontavel de aplicacbes em todo mundo. Uma
sistematizacao abrangente de seus requerimentos e etapas esta contido nas normas
ISO 14040/1997 até 14043/2000 (ISO 14040, 1997; 1SO 14041, 1998; ISO 14042,
2000; ISO 14043, 2000).

As microalgas sdo consideradas uma das matérias-primas mais promissoras
para a producdo de biocombustiveis. Muitas espécies de algas apresentam alto
potencial devido ao seu rapido crescimento celular e por possuirem alto teor de
lipideos que apos esterificados sdo adequados para a produgdo de biodiesel, em
comparacao com biomassa terrestre (LOOR et al., 2016).

Esses recursos permitem que as microalgas apresentem diversas vantagens

sobre culturas oleaginosas convencionais como o milho, soja e girassol como alta
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produtividade lipidica e capacidade de duplicacdo da concentracdo celular em 24h
(RASHID, et al., 2014). No entanto, a producdo de biocombustivel a base de algas
ainda ndo € economicamente competitivo com as fontes de combustiveis fosseis
tradicionais.

A substituicdo das fontes de matéria-prima para a producdo de microalgas
implica em alteracdes na geracao de impactos ambientais nas varias fases associadas
a esse processo. Estas fases podem ser resumidas em: producdo da matéria prima,
producdo das microalgas e extracdo do biodiesel. De modo que o0s impactos
ambientais devem ser avaliados sob esta perspectiva, incluindo todas as fases
associadas ao seu simples uso. Neste sentido, a metodologia de Avaliacdo do Ciclo
de Vida (ACV) é particularmente interessante, visto que permite determinar 0s
impactos ambientais de todas as fases (ABU-GHOSH et al., 2015).

Esse método permite quantificar os fluxos de entrada e saida de matéria e
energia ao longo de toda a cadeia produtiva, associando esses fluxos a categorias de
impacto e apontando as etapas mais impactantes de cada processo (CHEHEBE,
1998). Também se podem indicar pontos da cadeia produtiva que poderiam ser
alterados de forma a reduzir os impactos ambientais gerados.

Todas as operacfes envolvidas na producdo de biocombustiveis a partir de
microalgas demanda altas intensidades energéticas. Muitos LCA (Analise de Ciclo de
Vida) com base em estudos de viabilidade, ja foram testadas para a producéo de
combustiveis liquidos a partir de microalgas, porém a maioria dos estudos
demostraram valores muito baixo ou valores negativos para o equilibrio de energia (
PRAGYA e PANDEV, 2016). Quanto a estudos referentes a Avaliacdo do Ciclo de
Vida de microalgas para biodiesel no Brasil, foi identificado apenas o trabalho de
Jorquera et al. (2010), que compara a producao de microalgas em lagoas abertas com
a producédo em fotobiorreatores. O estudo diz que ambos 0s processos podem ser
considerados economicamente viaveis para o cultivo em massa da microalga
Nannochloropsis sp., para fins de geracéo de biocombustiveis.

Avaliacdo do Ciclo de Vida (ACV) de biomassa de microalgas € de grande
importancia para permitir a inovacao tecnoldgica viavel, com intensidade energética

reduzida e melhor desempenho ambiental global (GIOSTRI et al., 2016).
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THIRD GENERATION BIODIESEL PRODUCTION FROM MICROALGAE
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THIED GENERATTON BIODIESEL PRODUCTION
FROM MICROALGAE Phormidium autunmale
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Aborratl - The gz of et wink sad 10 eveluale thend gensratin lodee] prodotaon By the mizealgag
Fhirmideee dulurenaly wong sudrine i eusjenoes culkn sounes, The dudy Nxued on oplindeaim ol te
dilTerenl N tafam anl o (e arslysi of Bialuc quality. The rewls mdicale tha 5 O edin of 30 ispmval
e performtinie of e sy das, eeaching single-cedl ol jeaductivies of 1859 mp. in dealy-siee condizos
Thzi il had & compueien palominanlly sabeala] (45.1%) anl mosuisunial 34T sdeble Do
bialice] syalbssis (eda ool of 9365, ccme nonbe of IR5%W, dodine salus of €72 g12100 g
urpturilion degree of T1.3% el 2 cald Ge plagging ol of £.7%7).

Kivwvndis Micrealyse\oyebacenis, Heteneophis culnetom, Susnss; Bralicsl 3G

INTRODUCTION

The [ast dacads kas sean an erermncg of hiofz-
%5 dne in part o social and polifical aclmomdedee-
mant that fossil fels 2w a fnife meomre. This is
wridinced by a mdnction i the discovery of new
fowdl fogl sowrmes and Be expleiaton of mom
RITTY rdmmn:ﬂ.nﬂ:.n.f.h.nmmﬂt'.r
samds {Bcaide v al., 2017, As 2 resnult of his malisy;
hinfoel reseach and developramt hos mogreeed
thrmagh sl stages glohally and within Baxil

Comotly, die biofxhs 2 clsifed fom £t o
foroth guertion (Pl of al, 2010; Bartn and
I:-‘:'I:ssmnu.il'.'llﬂ Tha thivd genamtion bicfiels are
obrizingd fromy micmaleas biomass that powiess high
prodoctify of 1pids, which after sxmacton ame
trmastarifed fo ofvain hicdicsel, fuming them inte

T mier cormmpeed e b el el drpnd

oms of the st promisimg feedstocks for hicfel pro-
doctien (WijHals and Barhesa, 20100,

Thare are twn posalble bechmelogical romies o
momoalzl hiceass produciom: p]:l.u"ur_'.'nﬂnjl: and
l'-:lmttrn]:]:m caltivatien. The phetoayathetc cultom
-:-flu:l:l:a.p_an, kazed o 0, copremion, is [mited
by anpinearng related factors, dnce design and weale-
T athedelegias mp:-:-:l]rd.m.'u.-:l,_:nd.l"a:h:r: such
&5 machy cordguration and matarial constuciom 2w
considered the mam difficulties, when cdosed photo-
bioreactors as used. Co the other hamd, open pond
wctoology s limited by biclegica] Sctor such 23
OIEzi :-:m'ra]. E:I.'I:I'I:'.J:I.. 0 orake, gk uiitizs-
Smm, seascnlity, arvest and kiosafety of emgan-
ics. Thase questicns 2w ehind mmly h:p]:.uh:lr_'.n
thetiic odl produrton. An alkmatie process is based
om hetererephic meahbalizm of micrealess, in which

Thin i an saendad versca of i work prasrasd o & X Dclien Coagrew af Cwnicsl Frpraerny CORR0-20 14, Rerisdpaiy Tzl

30



41§ i F.Sgain B C Fesmciwe, W | (usicar © E & Masom 1. 0 Tapksarsd F. lacedk-Lopsa

the orgamic cashom sourcs s comvered M the abeancs
of light Thewe processes can be conducied n oo
ventoml macior configurations wach a wiimed ok
and rebbls cohirn macion, elivvinatng some disad-
vanigw of e photonymthetic roee (Juedror of al.,
2011}

The micalgee it cultas, howwver, is
sovaraly hmited by orgamic carhon availsbiliy. The
organic subsieds is estiomied af abowt 0% of e
total cost of the proces: md ecomomically many mals:
it mifeazible. An alemative to the high cost & &
Tepiacument of cartain sources of orgamic carbom by
lowr-cost sotwirate, such as seoreee, which can -
docs costs by up to 4% e @, 3008). According
to Li er ol (2007), biodiews] 3G may i fum be pro-
ﬂnnd.h:."mii:rm]gu that wme moose 5 the wob-
iTe®, making it 2 mom profiztle alimmtie San
sitanc! foom mgar coe. Additionally, Franddso or
af. (2014 manmurdpdn:h.ﬂ.mh-mmmﬁ:-r
m.i-:r-:-a]p- identified mooee 8 A it
hle subwimate fo support beterstrophic micvalgse ol-
tation The beferotrophic micwalmss possess
structerally specific mechamizms for active transport
of smrrose int the cell This disacchanids is metabo-
lized w2 the cxdwitre patmway
afier Inpdrolysds o moncsaccharides (Foowles and
Phixton, 2003).

Thms, &% aim of this wak wm o et te
third pememation bicdiesel prodection from betaro-
t'uplur ulthaton of the odavcalgss Phormidism
aunenaly apploving noose a5 aogenous carhon
source. The sty fomused on opticdvation of e
arbon‘mirogen rio of the culitoe media, o &=
sialuation of difeest opamboml medes of &%
hioreactor and in e amakysiz of the hinfsal quality.

MATERTAL AND METHODS

Azanic cultures of Fhormidinm ounmnale W

originally solaed fom the Cwatro Cleoems desert
{2650, 10203 MEMexico). Stodk calmes wars
propageed and mainoingd in sclidifed agar-ager
{20 g'L) contxining synthatic BE1] medims (Bpka or
af., 1979). Tha moubation conditions wwed wans 25 °C,
a photon fhux dansity of 15 pmol'e’/s and a photo-
perind of 12:12 b (light-dark). To obtain the inoce-
iz in Bgwmd form, 1 ml of shle oyothedc me-
diney w3 mansiomed oo shom, de colomies wans
iu’ﬂpﬂdmﬂ.ﬂmhmmmimﬂ:ﬂuld-:-fa.
maptcally.

Biorescior

Meammmomerds ware mmds in 3 bubbls colemm
Tomactor. The sy em was built of bomstlicats gaw
and kod an imierml dizmater of 17 con and baight of
) cm, resmlting in 3 height'Eameter (Dl mtio equal
fo 1.33 and 2 moomiml warking woleme of 2.0 L. The
dizparsion sysiem of the machr oomdvied of & 2.3
om diameder aiv diffmar located imide the hicmacar
The i dow was monitored by a fow metar (EI-Eay
Insrumesis®, 'E'mu-'.n-l:h’;,ml"udﬂ:nmhtnfm
and ceflet of Sases weee fillemd trough fherng ot
mde = of polypropylens cembrane with a3 par
dinmgter of 022 pee and fotel dizmeber of 50 mm
llax FE, Billarica-MA USA} The baomeactor

inchding Shenng mnit wes sierilized by
aniocleving at 121 °C for 4) mim and than Sor 30 ein
comiainmg the syadsic mednm.

iDbrainimp Kimefic Dais in s Fxperimestal Bin-
Teacoer

Initi] expariments ware parfrmed in a bicrsactor
oparating wxder 2 bakch mpme, fed wrd 10 L of
ot medimm. Tha I comdifoms W 2
follows: imidal coocenimticn ofinominm of 100
mg'L, teperatms of 3 "C, pH adjusted © 7.6, ase-
atica of 1 VWM (volime of air par volems of calae
par mimes) and absence of light. The: oultmm medt=m
comsisted of BE1]1 synthetic modiem modified and
'qphmm.tndmﬂnﬂ:&mtmmmn.-:fmsn
fo obtain matics (C14) of 20, 30, &,
0, 60, 70 axd BD. The comcentbion of socmss Wi
adjusted stoichiomatrically (Francioo er al., H14)

b the confimuous cbfme, afer 120 b of batch
culurs, Ead colmre mediom was added o the Tbo-
macior at the dileion mie D=0.02 b, At the same
tima, egml vohmes of cell mepemsion were with-
dramm from the biorsactr. The sieady-vam was con-
wiared to kave bean establishod after at least three
voleme with a vadation of cell dry weight
Jass than Fia
deplicate for mch iondl mods. Themfors, k&
metic data refar to the mean vale of fiur repetiions.

Einetic Parameters

Biceas: dais wom mad fo caloulate the bionmass
productivity [Py = 030t meLAh] and the
lipid productivity [Py = Py Ly, mxgT/h], in which X
is the tdomass concenimtion at the time ¢ (mgL) a=d
X b ithe biommoss concemiration af the fme t
(e, 35 the resddance: Hme (k) and L s the lopsd

A bias berws! of Clasical Fagisidring
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commnt of the iomass (). The concenrations of o~
fal orgenic carton war med to caloulam the wobstas
consumption rabs (T=d5'dt, mg/Lh), and the bicmss
yisld coafficient (TomdE, muas M), whas
%, is the mitial substrate concamation (L), 5 i the
sihs 2% concandration (me L) and tis the tima (&),

% ampling and Ansbvtical Method:

sanples ware collected aseptically in a [aminar
floar hood. Tha cell biommss, the pt dyzamics and the
consumption of eranic carbon. were monfiored ey
22 hours dering the growth phaes of micToorganize

Tha cell hiomass was genvimsmcally eveiaied by
filfaring  knorwa volums of miltus modiom eongh a
0 45 ue mombrang Eter (Millex FG*, Billarica-MA,
UEA), drying 2 60 "Cfor M4 b

The cogemic carbon concenireton was sxpreed
mumdnhmra]mgn-fﬂmd[ﬂﬂﬂl]mﬂm-
alymed accerding to the clesed rfiex colorimednc
mathnd {APHA, 2005).

Thnhﬂhpﬂmmmmufﬂubmnwm
dewermined Fvimetmically by te Bligh ad Dye
(1954 mathod

The sapenification and ssoification (metirylation
meaction]) by the modified method of Haxizmn and
Lage (1976) was med with the dred Lipid sxmact to
obtain the fary acid methyl qetm (hiodiessl). An
amoemt of 250 mg of oil was added %o 5.0 2L of
0.50 malT. MaOH in meothamol The mixters was
than bexted mndar reflex for 5 min After adding 15.0
mL of the whaifction magest (pepasd fom a
mixtare of 2.0 g of smmomines chloride, 60.0 mL of
mathanel, and 3.0 mL of concenmated slfonic acid
for ciz. 1%min), the mixters was heated wxder redfhix
fior amother 3 min and ¥ trmfured o a
sepanton fomel confixing 250 ml of petmlam
wthar and 300 mL. of dedomized water. After stiming
the vt and phass separation, the aquecwss phass
was dscarded. Then 25.0 mL of deiomized wabar was
added to the organic phase. This mixtee wes stimed
axd, affer phase sepamation, S agueous phase was
discarded Thin procedsm was repeated. The oogesic
phess was collected, the sobmund wan svaporaed ma
Totary evaporater and the residnn was removed under
nitrogen fow. The methyl swsm were solubilized in
n-baptans bafor injectom in e gas chromatogaph
The sty acid composition ws determined ming a
VARIAN M400CK g chromaiograph (Varan, Pale
Ale-CA, UBA). The fty acid mednyl esten wars
idemtified by companison of the reenton Tmes with
thesa of e standend (Sapalen, 6 Londi-MO, USA)

The fal properties of biodies] (sster cont, EC;

Arcnilcn Ssamal " Chemicol Papoianiag Fod 10 Ma OF pp 407

dopes of maanmation, DU cetane mumsbar, CN; ic-
&0 value, IV and cold fltr phagging point, CFPF)
wrn deturmimed according o the methodalogy pro-
posed by Francisoo er ol (2010).

The cotane momber of the mixtore was estmaied
by ampirical eqmtioss. The cetne member, saponi-
fication vahe and iodne 1abm wwme calcelated
accordance with Eqs. (1}-(3)

I::.rq--ma% ~0.229V m

AV m—— 1
M '\-J
T340
M L)
whare (4 is the cetans mumbar, 5V 15 the saponifica-
tiom vakeg, IV is the indne valng, D i the membar of
dorabla bomds, M i the molecnlar mass and M is the
of sach fatfy acid
Tie demmes ufmmtmn-:a]rdmdﬁ'-:-m
-Inpn:.!lEq (), @king min account the amcmnt of

mozcemsahrated and polymsatmand methy] estar
{wita) presant i the micvalges oil

DU = (MUFA) + 2(PUFA) 0

Ve

whare DU is the unsatmmaton degmes (Ye), MUFA &
% mgh partantgs of the moncematirated Gty
acids {wthi).

Tka long-chain sahmated facter was obtained fem
ampirical Eq. (), aking imo account the commpeoni-
tion of fatty acids and msigning moms waight to the
composition of ftty acids with a long chain. This pa-
rametar was comalated with the cold Slter plagems
peint. ming Fg, (8}

LCEF = (0.1C16) +(0.5C18) {120
HLEI+ICE)
CFPP =3 A1 TLCSF-164T7 (£

whara LCSF is tha long-chain satmrated factor: C16,
1B C20, C22, ad O34 are the weight parcstags
of sack of s Sy acids (w's) amd CFPP is e cold

Etar phugging point
EESULTS AND DISCUSSION

The asseuement of suifible comcenmation of the

AIL Suky - Sgpenmdar, JIE
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hicmass and Wopreducts s 2 fimdamental soep o e
comsolidation of the process. The kisefic parameters
nsing diffarant TN mtios Sor heterotrophic cultrs of
Fhormidium qummnaale 2o showa in Table 1. The
st result were evidenced m the mmge of CN mtin
hetasan 30-3, with maxiorem kinetic performancs
at the C'N mtio of 40, In this condifion, 2 mancimmm
specific srowth mte of 002 &', guneretion dmes of
52.3 h, peorcimm cell density of 8170 mg'l., awrage
hicoass prodectiviy of 40.7 mgpLa a e of
suoss consumption of 42.3 mgT.h and & hicowss
yield cosfBcemt of 044 mME.sME .. TER ob-
tained. Thiz hiomaws had 2 lipid conteat of 307,
mesulting in an of productivity of 645 mg L
Arcording to Fay (1983), in peneral

zial culturs rogeis 2 minimuss C'N mtic of 2. Spe-
cifically for woooes, the resalts obtxined mdicats a
hell-skaped curve patiern i the rangs betasen 20 to
Bl Compamatively, the reeults obiained are highar than
those reperted by Madkon and Ceorzakalids (2011)
'H:ﬂ;n.hcﬂmmc-n]]-hn.ﬂmnf]lﬂl}mgl

for heterotmophic culture of Phormidfem sp. nsing
FLLCT05E 25 GEDFANONS CINn BOETe.

Sucross is metabolized by microalgee thovngh the
pantese-phosphate pathway (Somth 1380 These
INCTOOTEANIEmS. pottes siucmally specific mecha-
mizms for the adte of wecrowe o the cell
mambrng. The hateroirophic micwalgs have am in-
ducible acthve carholydate symport sysbem respon-
whle for uptake of these molecules from the cultem
medmes The mduction of thiz tamsport & ackiewed
by some specific semrs In general o culthatiom
with mitable concsnmaticn and e of weEm, the
noport system i indmced o the alio-
linizatica of the: cultere meda by 2 mot mxovement of
pootons accompamied by sumr uphie (Figew 1)
The miw of the mcrease in pi fondameedlly de-

oo the concentration and of smgar used
(Flong and Laee, 2007). Additicnally, the disaccha-
rides soch 3 swooss ame ooly nsed in the penioe
phosphate pathway, after a previows bydrobmds that
tansfores this segar in monosaccharides, pasticn-
barly fractose and ghcoss. Sevenl eorymes. specif-
cally irrarase, xm mvobmd o these macbon amd
borvs o idemtificd im microal oo caltures (Fuchs e
al, 1954 Gupia er ol 2011).

Table 1: Einetic parsmecers for different T rates nsime snorose a3 subsirute in batch oolfures.

Figure 1: Variation of e pk (closed circle) and
alnlar concemtmation (open cimls) w. Gme at a

C'N mto of 40.
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T further improe: bulk ofl production, contire-
ing cells in the sheady-sarte mimled in an oil prodoc-
tivity of 189 meLh am inowese of 1.1-60ld over
baich coltivations. A fswr prodnct formton i
inplies a higher productivity and comesponding re-
dnction: in plast operating tme and operatng cost,
fior an existing plant Cm the other kond, for & new
plazmt o ba bailt, the incruased mee insplics, in addi-
oo to imgweved productvity, 2 smaller reactor and
therufioms a lowsr capital imvestment cost. Likewts,
inproved productiitics Imply a Jower o moforial
pont and a lowsr capite] Imvestmant Sor sadsting and
new plants (Frandsco cral., 2015).

Becaleup projections. for these valees i the pre-
st soemerio ame linwited by the large-scale appli-
catice of heterotrophic pricroalgl biomactor:. How-
#var, In comparizon with & productivity tat can s
achioved with soybeans, &s Bmzlisn feedinck
oommnonly wed indusmially for hiodiesel, a sl
down projection anahysis indicates that, for &
Brazilian harvest of 2014, &% zrumge Epdd modne-
tivity of sovbeans was 0 46ga'm’ dry, comsidaring a
prosdection cycle of 100 days {CONAB, 2015). Each
hectare of amble Brazilan soil prodeces an awrmgs
of 2,700 kg of soybean, coniximng up o 207 oil. The

itz ohixinad for Ahormidium ausemmale indicate that
a oomtmoous biomachx wid 10 L'm® of wordng
volume, opemting oo a cycle of 120 dnysfysar, would
viald the same amoent of lipids & St produced by
wiybean. Thos conpanison indicaies that the of pro-
ductivity of Phormidiee anmncle can be memased
by semral fold by associving biomaciar optimal
dosign with an cpemting cyel of 33 doyw'year.
Finally, & tarms of oil composition amd foel
properiies of bicdesal (Table 3), the bpid Sacton of
biomzss ndicated sight different compounds, with
oleic acid (26.2%) being the major. The single-cell
il showed a profils predominasth; satomted (43.2%)
and momommsaterated (34.7%), which determine the
fusl properties of micmalzl bindiese] (Framcisco o
al, 2010, The teodissel prodoced fmm micealgal
ol bxd the fiolloaing fuel properties: sster confunt of
99.5%, cotane mmmbar of 58.1, inding wahe of 672
k100 g, degren of mnsateraticn of 71.3%, ad cold
filtar phigging poimt of 6.7 "C. All thews pammcters
comply with &e limst astablished by the U5, Emo-
pean, and Brasilion sandards (ASTML 2002, UNE-
EM, 2003, ANP, M3), besides being conpamshls
with sobean tiodiswel (Knoche, H007). These results
ndicate the potential for &% exploidton of this
Todstock for bioel prodocton.

Tshle I: Kimetic parsmeters of the sheady-state proces:.

Faramenior Valm

Ko il 3 SesiE
Pe (gLt AT
ry (gL SE1E02
L ™) a0
P gLk IR0

Table 3: Faity acid profile and fuel properties of biodiezel 30

Futh icid pritis
Launs S Fadrerss I"almbicdeic Lo e i Lmaki 7 liaplces
"'"ﬂl"'ﬂ'm {1240 (1 il | 1411 ikl | iciwiat | icike | (C1k S
p/litgl e 1l | T2 51§ S | s0f | iTROS | Lidslis
Vol progeriies
) EL fwi % 5] I fmt al IV ighiiig) | LOFS (wi %) CFFF FE)
Froeerhes
o Rt | 55 5241 9 TLixd £330 9 Tzl £ ML

Aremilon Sammal i el Fapmadring Fod 15 Ma 08 pp 407 - 400 July - Spsmdar, NUE

34



L iR & F.Sigeain L C Pescixe, M. 1. (usisaz © E SaMssom, 1. G Tapks el T Jazok-Lepan

CONCLUSION

The msnlt ohtained imdicaie that seoms is an
SEOEEnONs carfkon souwce Wit the potental o pre-
dura bulk oil and biodesal by Fharmidiue s
nai, lﬂhlmgaﬂpudn.mmd]!i.?m'lh.]hu

20 5% cotane mumhbar of 95 %, fodims value of £7.
gly 100z degros of unsammation of 71.3%, and cold
Eilvar phagging poimt of 6.7 °C.
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NOAENCLATURE
Acromyms

CH  Corbon'nitogen mtio

CFPE Cold Blter plaggrag potat (1)

CH  Cotang momber

COD Chapsical oxygen dezond (mgT.)

D Mumshar of double bonds

LU  Dops of msateration (%)

EC  Estrcontont %)

W Tnding valoe (gl 100g)

Lc Lipad contunt of the hiomass ()

LCEF  The long-chaim saberated Bctor

M Mol mass (g'mol)

MUFA Waight parcentage of the moncemsamrated
Sty acids (%3]

H Porrantage of sach ity acid conponant (*e)

PUFA  Wight parcentage of the pohramsanrated
Gty acida (%3]

8V Baponification vahe (¥

VWM Vobeme of air par vohume of cultms par
i i

T—-— ":l[a.nl:mm: qh:l:ﬁ.-: growth me (1h)

B Lipid roductivity (mgLi)

By Averagn calllar prodoctvity (mel)

Ty Substrabe comsemption rat (o L)
S‘u]:rlﬂ:nr-:-n:mh’atum[m‘l."

Yo  mammmm cell bocomss (mgL)
Voo  Biomass yiald cosfiicisnt (mp'ms)
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LIFE CYCLE ASSESSMENT OF THE THIRD-GENERATION BIODIESEL
PRODUCED HETEROTROPHICALLY BY Phormidium autumnale
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ABSTRACT: The aim of this work was to perform a prospective life cycle assessment
of the third-generation biodiesel (3G) produced from the heterotrophic cultivation of
Phormidium autumnale, using sucrose as the carbon source. The study focused on
evaluating the balance energy, water balance, CO2 emissions and the analysis of the
biofuel quality in diverse microalgae-based processes scenarios. In the best scenario,
the results showed that the production of microalgal biodiesel has a positive energy
production (50.59 MJ) associated with a low consumption of water (28.38 m3/kg) and
low CO2 emissions (9.18 kg CO2-eq/kg). The composition of this oil was predominantly
saturated (45.20%), monounsaturated (34.70%) and polyunsaturated (19.90%)

resulting in a biodiesel that complies with U.S, European and Brazilian standards.

Keywords: microalgae, heterotrophic, biodiesel, Life cycle assessment

1. Introduction
According to the International Energy Agency (IEA), more than 80% of the world

primary energy supply derives from fossil fuels [1]. The expansion of the energy
demand is associated to the growth of developing economies, which represents a
considerable increase in the consumption of transport fuels, driving a shift towards

biofuels. As a result of this reality, the biofuel research and development have
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progressed through several stages globally and within Brazil [2]. The microalgal olil
industry, though presently in its infancy, has a potential to provide future liquid
transportation fuels that can improve world energy security.

In addition, microalgae-based fuels are third-generation biofuels and it may be
a promising biofuel option. Their high growth rate and lipid content, after extraction,
are transesterified to obtain biodiesel, thus turning them into one of the most promising
feedstock [3,4]. In the heterotrophic culture of microalgae, glucose is the most
commonly used organic carbon source [5]. However, the high cost of glucose,
sometimes reaching up to about 80% of the total cost of the medium, makes the
heterotrophic cultivation of microalgae economically infeasible [6]. An alternative to the
high costs of production is the replacement of certain sources of organic carbon to low-
cost substrates, such as sucrose, which can reduce costs by up to 40% [7]. Therefore,
is important to know the life cycle performance of microalgae biodiesel production
systems in order to establish the environmental benefits over conventional products.

Currently, every activity involved in the production of biofuels from microalgae
is energy-intensive and it also produces greenhouse gases, besides having a high
consumption of water; thus, an evaluation of the energy balance, CO2 emissions and
the water balance of microalgal fuels are, of course, essential [8]. Many Life cycle
assessment (LCA) based viability studies, that use the net energy balance or net
energy ratio as the viability indicators, have already been attempted for the production
of liquid fuels from microalgae, but most studies have shown very low values or
negative values for the energy balance [9, 10, 11].

Life cycle assessment is divided into three sections: energy balance, water
balance and analysis of greenhouse gases. Worldwide, life cycle assessment (LCA) is

recognized as a standardized and structured method for evaluating the environmental
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impacts arising throughout the entire life cycle of a product, process or activity [12].
Finally, the biggest challenge faced in crafting an LCA is that it must address impact
categories during early stage processes while ultimately accounting for the whole
scope of product development. Additionally, the use of LCA is extremely helpful in
determining the energy products and co-products which will demonstrate higher
economic viability and environmental performances [13].

In this sense, the aim of this work was to perform a prospective life cycle
assessment of the third-generation biodiesel produced from the heterotrophic
cultivation of Phormidium autumnale, using sucrose as carbon source. The study
focused on evaluating the balance energy, the balance of water, CO2 emissions and
in the analysis of the biofuel quality.

2. Material and methods
2.1. Goal and scope definition

The technical framework for the LCA methodology, according to the
International Organization for Standardization (ISO) 14000 series [14], consists of
four phases: goal and scope definition; inventory analysis; impact assessment and
interpretation. The experimental data was obtained from laboratory experiments,
where it was selected the process requirements and the inventory. Subsequently, the
data was normalized for a functional unit of 1kg the biodiesel. The methodology was
used to estimate the energy balance, the CO2 emissions and the water balance.

Since microalgae biofuel industry is still a recent process, data on large scale
microalgae production is lacking. In the present study, laboratory observations
combined with published data of known industrial processes have been used and

extrapolated [15, 9, 16]. Furthermore, the calculation experimental is based on
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promising technologies which might be commercialized in the near future to determine
the development potential.
As shown in (Fig. 1), the proposed process of the microalgae biodiesel

production can be divided into nine sections.
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Figure 1. Flow diagram of the process microalgae biodiesel.
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2.2 Microalgae biomass cultivation and harvesting

Axenic cultures of Phormidium autumnale were originally isolated from the
Cuatro Cienegas desert (26°59'N, 102°03'W-Mexico). Stock cultures were
propagated and maintained in solidified agar-agar (20 g/L) containing synthetic BG11
medium [17]. The incubation conditions used were temperature of 25°C, a photon flux
density of 15 umol/m?/s and a photoperiod of 12:12 h (light: dark). To obtain the
inoculums in a liquid form, 1 mL of sterile synthetic medium was transferred to slants,
the colonies were scraped and then homogenized with the aid of a mixer tubes. The

entire procedure was performed aseptically.
2.3. Process description

Single-cell oil production was made in a bubble column bioreactor. The reactor
specifications were followed according to Francisco [18].

The experiments were performed in a bioreactor operating under a batch regime,
fed on 2.0 L of culture medium. The experimental conditions were as follows: initial
concentration of inoculum of 100 mg/L, temperature of 30°C, pH adjusted to 7.6,
aeration of 1 VVM (volume of air per volume of culture per minute) and absence of
light. The culture medium consisted of BG11l synthetic medium modified and
supplemented with different concentrations of sucrose to obtain carbon/nitrogen
ratios of 20 (C20), 30 (C30), 35 (C35), 40 (C40), 50 (50), 60 (C60), 70 (C70) and 80
(C80). The concentration of sucrose was adjusted stoichiometrically according to
methodology proposed by Francisco [19].

The experiments were performed twice and in duplicate. Therefore, kinetic data

refer to the mean value of four repetitions.

2.4. Microalgae oil extraction
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The lipid fraction was extracted from the biomass by the modified Bligh and Dyer
method [20], obtaining an immiscible system consisting of the sample water content
and a mixture of chloroform and water. The total lipid concentration was determined
gravimetrically from the chloroform extract by evaporating the chloroform in an

atmosphere of nitrogen and subsequently drying to constant weight in a vacuum oven.
2.5 Biodiesel production

The method of Hartman and Lago [21] was used to saponify and esterify the
dried lipid extract to obtain the fatty acid methyl esters (biodiesel). Fatty acid
composition was determined using a gas chromatograph. Fatty acid methyl esters
were identified by comparison of retention times with the authentic standards and
guantified through area normalization by the Chromatography Station T2100p (Plus
Edition) v 9.04 software.

The fuel properties of biodiesel (ester content, EC; cetane number, CN; iodine
value, Il; degree of unsaturation, DU; saponification value, SV; long-chain saturated
factor, LCSF; cold filter plugging point, CFPP; cloud point, CP; allylic position
equivalents, APE; bisallylic position equivalents, BAPE; oxidation stability, OS; higher
heating value, HVV; kinematic viscosity, m and kinematic density, p) were determined
for the best condition optimized of the study, and the properties of biodiesel were
calculated by the BiodieselAnalyzer© 1.1 software, which estimates properties based

on the fatty acid profile of the parent oil, through a system of empirical equations [22].

2.6 Life cycle inventory (LCI)

A summary of data sources and information obtained for process parameters

and energy requirements are presented in Table 1. These data were analytically
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evaluated in order to quantify and compile all the input and output flows for each stage

within the process chain.



Table 1

Inputs/outputs inventory the process to produce 1 kg of biodiesel.

44

Stages In/out Utilities/materials Base Amount (by scenarios)
= C20 C30 C35 C40 C50 Ce0 C70 C80
Cultivation Input Water (m?) 1
Electricity (kWh) 0.15
Output  Microalgal broth (kg) - 2,7 5.26 5.6 6.17 5.33 2.9 1.9 1.68
Harvest Input Electricity (kWh) 0.13
Centrifugal pump (kWh) 0.75
Microalgae broth (L) 0.86
Drum dryer (kWh) 4
Output  Dry microalgae (kg) - 2,7 5.26 5.6 6.17 5.33 2.9 1.9 1.68
Oil extraction Input Storage tank hexane (kWh) 0.38
Storage tank oil (kWh) 0.38
Centrifugal pump (kWh) 0.75
Evaporator/Stripper (kWh) 0.12
Centrifuge (kWh) 0.75
Desolventizer-Toaster-Dryer-  0.35
Cooler (DTDC) (kwWh)
Electricity (kWh) 0.13



Biodiesel
production

Output
Input

Output

Heat (MJ)
Microlgal oil (kg)
Microalgal oil (kg)

Storage tank Methanol (kWh)

Storage tank hydrochloric
acid (kwh)

Storage tank chloroform
(kwh)
Centrifugal pump (kWh)

Evaporator/Stripper (kwWh)

Desolventizer-Toaster-Dryer-
Cooler (DTDC) (kwh)

Electricity (kWh)
Heat (MJ)
Biodiesel (MJ)
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0.38
0.38

0.38

0.75
0.90
0.35

0.13
41

45

0.54 1.05 112 1.23 1.06 058 0.38 0.33
0.54 1.05 112 1.23 1.06 0.58 0.38 0.33

22.14 4511 4431 50.59 43.70 23.78 15.58 13.77
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2.6.1. Energy balance
The net energy ratio (NER) of a system is defined as the ratio of the total energy
produced (energy content of the residual biomass) over the energy required for all
plant operations [10]. Energy is reported in terms of mega joules(MJ) calculated

according to Eq. (2):
(1)

Where Eout is the renewable energy output and Ein is the fossil fuel energy input.
For the energy balance (EB) were considered all forms of energy of the system,
and were calculated according to Eq. (2):
EB = Zinputs - 2outputs (2)
The output energy was quantified by multiplying the energy potential of
microalgal biodiesel, express in MJ [23].
2.6.2. Balance water
The water balance (WF) is determined by the sum of the water used in the
system during all the stages of the process of microalgae biodiesel, express in m3/kg
the biodiesel.
2.6.2.1. Water balance blue
The WF blue refers to the amount of water incorporated in the product. It was
determined by the evaporation rate  according to Eq. (3):

WHFp|ye = Bluewater evaporation + incorporation + return flow (3)
2.6.2.2. Water balance green

The green WF refers to the volume of water consumed in a production process,

plus the water incorporated into the harvested crop according to Eq. (4):
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WFgreen = Greenwater evaporation + incorporation + return flow  (4)

2.6.2.3 Evaporation rate

The evaporation rate of the process was calculated accordingly to Eqg. (5) where
the loss of mass (m) is obtained per unit time at a given temperature (°C).

_Am

ER=—-H
At

(5)

In this study, the water balance associated with the culture process is caused
by evaporation and considering that microalgae have the pollution load removal
capacity of water that will be thrown in the watershed, thus, were considered as the

green and blue water balance.
2.6.3. Emissions greenhouse gases

The emission gas is calculated according to Eq. (6)

E= Z Mi. Pi (6)

Where Mi is the mass of substance i which contributes to impact E, and Pi are the
characterization factors of substances i, express in kg CO2-eq.

2.7. Statistical analyses

Analysis of variance (one-way ANOVA) and Tukey’s test (p<0.05) were used to

test differences between scenarios. The analyses were performed with the software
Statistica 7.0 (StatSoft, Tulsa-OK, USA).

3. Results and discussion

3.1. Energy balance

To assess the sustainability of biofuel production system, the energy input

analysis of the life cycle is needed. In this sense, biomass production, oil production
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and the energy balance of the biodiesel 3G production from heterotrophic cultivation

by Phormidium autumnale were examined. The results are summarized in Table 2.

Table 2

Production of biomass and single-cell oil, and analysis of the net energy ratio
(NER) for production of 1kg of biodiesel.

Balance energy

Biomass Oil Fossil energy Produced Energy Energy
Scenario  (kg/m?®) (kg/m?3) input’ energy ratio balance
(MJ) output (MJ) (MJ)
C20 2.72£0.03 0.542+0.01 27.213 22.142+0.01 0.812+0.01  5.072+0.01
C30 5.26°+0.03 1.05°+0.01 27.2123 45.11°+0.01 1.65°+0.01 -17.90°+0.01
C35 5.6°¢0.03 1.12°+0.01 27.213 44.31°£0.02 1.62°£0.01 -17.10°+0.01
C40 6.179+0.03 1.239+0.01 27.213 50.599+0.01 1.859+0.01 -32.389+0.01
C50 5.33°+0.03 1.06°+0.02 27.2123 43.70°+0.01 1.60°+0.01 -16.49°+0.01
C60 2.9°+0.03  0.58+0.01 27.213 23.78+0.01 0.87°+0.01 3.43'+0.01
C70 1.9+0.03 0.389+0.02 27.213 15.589+0.02 0.577+0.01 11.639+0.01
C80 1.689+0.03 0.33"+0.01 27.212 13.77"+0.02 0.509+0.01 13.44"+0.01

Within the same column, means with different superscripts are significantly different (p<0.05)
by Tukey’s test.
“The energy input was considered the equal for all experiments.

The best performance of the process was evidenced in between scenarios 30-
50, with maximum biomass production and oil at the scenario C40. In this condition,
average biomass production was 6.17 kg/m? resulting in an oil production of 1.23
kg/m3. These results show that in the heterotrophic metabolism, the production of
intracellular oils by Phormidium autumnale is critically affected by the carbon/nitrogen
ratio in the culture medium.

As shown in Table 2, the energy balance is a function of the oil production. The
condition that presented the best performance was the scenario C40, with higher

values fossil energy input (27.21 MJ), energy output (50.50 MJ), energy ratio (1,85
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MJ) and energy balance (-32.38 MJ), followed by the scenarios C30, C35 and C50.
These results show that primary energy contained in the biomass is greater than the
primary energy input in all the system (NER>1), demonstrating that these processes
have a great potential for energetic exploitation.

The other scenarios (C20, C60, C70 and C80) the balance energy was
unfavorable. There is a linear behavior between biomass production and oil
production and energy ratio. This is associated with the metabolism of microalgae;
these microorganisms possess structurally specific mechanisms for the active
transport of sucrose into the cell membrane. The heterotrophic microalgae have an
inducible active carbohydrate symport system responsible for uptake of these
molecules from the culture medium. The induction of this transport is achieved by
some specific sugars. Where the concentration and type of sugar are in adequate
amounts in the culture the symport system is induced to promote greater cell growth
and consequently it will be possible to obtain higher yields of biomass and oll
production [24].

Comparatively, the soybean oil is one of the most used oil crop for the production
of biodiesel. According to Fore [25], to the production of biodiesel of soybean, are
necessary the energy input of 4588 MJ, generating a fossil energy output of 21.401
MJ. In addition, with biodiesel 3G was possible to get on the best scenarios an energy
input of 27.21 MJ, generating a fossil energy output of 50.50 MJ. This value of the
energy produced by microalgae is twice as large when compared to the biodiesel
produced by soybean.

On the other hand, the biodiesel 3G may be produced by microalgae that use
sucrose as the substrate, making it a more profitable alternative than bioethanol from

sugar cane. In sugarcane biorefinery, the bioethanol production requires a fossil
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energy input of 1.92 MJ per kilogram of sugar cane, which generates 0.0083 MJ of
output energy per kilogram of bioethanol produced. These values reached an
unfavorable energy of 0.0043 MJ [26]. Moreover, it was considered that the total
energy yield (bioethanol and bagasse) is 2.185 MJ per kg of cane, if consider only
11% of the total energy of bioethanol production using the microalgae, it is possible
to achieve 3.52 MJ per kg of the sugar-cane. This value is larger compared to the
total of energy (bioethanol) produced by sugarcane [27]. The microalgae biodiesel
demonstrated a high potential of energetic exploration since the final yield of the
process exceeded the demand for energy in the system input, promoting the

sustainability of this technological route.
3.2 Life cycle CO2 emissions

The environmental impact of converting sucrose to oil is analyzed based on the
emissions during the complete life cycle. It is important to consider the CO2 emission
per unit of energy output, from products since the principal objective of the biodiesel
system is to produce an energy carrier. Table 3 shows the CO2 emissions of the eight

scenarios calculated per unit of mass and energy output (MJ/kQ).
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Table 3

Comparison of CO2 emissions from the scenarios C20, C30, C35, C40, C50, C60,
C70, and C80 calculated per unit of energy from the biodiesel.

Scenario Emissions by CO: (kg

CO;-eqg/kg biodiesel)
C20 6.582+0.01
C30 8.23+0.01
C35 27.12°+0.01
C40 18.099+0.01
C50 7.71°+£0.01
C60 10.51+0.01
C70 10.629+0.01
C80 16.47"+0.01

Within the same column, means with different superscripts are significantly different (p<0.05) by
Tukey'’s test.

As shown in Table 3, CO2 emissions per kg of biodiesel were the lowest in
scenario C20, followed by C50. The higher emissions of CO2 were achieved by
scenarios C35 followed by C60 and C80. However, the scenario C20 was the one
which obtained the least emission of CO2, but in energetic questions, it was the one
which less produced energy. These results suggest that the less sucrose is added to
the culture the less energy is required for the conversion of carbon from microalgae.
Thus, during respiration, there will be less CO:2 liberation, since the use of
carbohydrates in heterotrophic cultivation serves as the sole source of energy [28].
Furthermore, Posada [29], report that the energy demand required to supply the input
of a lower emission of CO2 achieves a higher energy expenditure than to emit a higher
amount of CO2. Under these conditions, the C40 scenario would still be the best result

in energy balance and CO2 emissions. These results are in accordance with the study



52

of Khoo [30], where it was observed that higher emissions of CO2 will have a higher
energy production, because it will lead to a greater final yield of microalgal biomass.

Comparatively, the emission of greenhouse gases from soybeans biodiesel
varies between 51-101 kg CO2-eg/kg, considering CO2 emissions during the
extraction of soybean oil and in the transesterification to obtain biodiesel [31].
Considering a higher CO2 emission, which is observed in scenario C35, (27.12 kg
CO2-eg/kg) this value is still much lower than the achieved by soybean in the
production of biodiesel.

On the other hand, the bioethanol utilization in Brazil must include the whole
agro-industrial system. Essentially, a portion of fossil fuel is used for yielding
bioethanol as biofuels for external use in addition to a proportion of the bagasse for
sugar production [27]. According to Khatiwada [2] the CO2 emissions of are estimated
at 19.1 kg CO2-eg/kg of bioethanol. These data were also supported by Souza [32]
whom conducted an LCA of an integrated Brazilian sugarcane biorefinery with a
similar framework. The results of CO2 emissions presented were between 20 kg CO2-
eg/kg and 37 kg CO2-eq/kg. These CO2 emissions values are the highest when
compared to all the scenarios under study.

3.3. Water balance

In additional, the water balance includes the inventories of the process water
consumed, the water consumption associated with process energetic, of material
inputs for each stage of the fuel cycle, and the water credits associated with the

coproducts. In this sense, were calculated the green water balance, the blue water
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balance and evaporation rate of the whole production process of biodiesel from

microalgae and the results are summarized in Table 4.

Table 4

Life cycle of the water balance (WF), and the total evaporation (TE) of the
biodiesel production from microalgae.

Scenarios TE Green WF Blue WF Total WF
m?3 per kg of m?3 per kg of m?3 per kg of m? per kg of
biodiesel biodiesel biodiesel biodiesel

C20 0.14422 +0.01 14.192+0.01 3.95x10°2+0.01 14.192+0.01

C30 0.2163° +0.01 21.28+0.01 7.68x10°P+0.01 21.28°+0.01

C35 0.2523° £0.01 24.82°+0.02  8.19x10°°+0.01 24.82°+0.01

C40 0.28859 +0.01 28.389+0.01 9x10°°+0.01 28.389+0.01

C50 0.3607¢ £0.01 35.48°+0.01 7.75x10°°+0.01 35.48°¢+0.01

C60 0.4328f +0.01 42.57+0.01 4.24x10°2+0.01 42.577+0.01

C70 0.5050¢ £0.01 49.689+0.01 2.7x10°9+0.01 49.689 +0.01

c80 0.5721M +0.01 56.28 " +0.01 2.41x10°9+0.01 56.28"+0.01

Within the same column, means with different superscripts are significantly different (p<0.05) by Tukey’s

test.

The blue WF represents the local water requirements for the microalgae-to-

biofuels process. The blue WF varies between the scenarios; the lower consumption

of blue water is represented by C80, C70 and C20, with 2.41x10° m3kg, 2.7x10°

m3/kg and 3.95x10°° m3/kg, respectively. In addition, for the balance of green water,

the scenarios that demonstrated lower water consumption are C20 (14.19 m?/Kkg),

C30 (21.28 m3/kg), C35 (24.82 m3/kg) followed by C40 (28.38 m3/kg).

Moreover, the total WF is the sum of blue and green WFs, representing the

balance between them. In all the scenarios, total water balance increases with

increase in sucrose concentration used during the process, as expected. The

scenario that presented the lowest water consumption was the C20 (3.95x10-° m3/kg),

followed by C30, C35 and C40. However, the scenario C40 was the best scenario in
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energy balance and CO2 emission, considering a long-term process, this scenario
becomes highly sustainable by having a low water consumption and positive energy
balance associated with low CO2 emissions.

The water balance of microalgae biodiesel was compared with the water
balance (WF) for the production of bioethanol. According to [33], for the bioethanol,
the total water balance produced from sugarcane is 7700 m3/kg, or 4600 m3/kg of
green water, 2500 m3/kg blue water, considering irrigation needs, and 500 m3/kg of
gray water. The microalgal biodiesel has a small water balance compared to
bioethanol, because the microalgae have no gray WF, due the heterotrophic
metabolism of these microorganisms have the capacity to the simultaneous
conversion of the pollutants present in wastewater.

On the other hand, the water balance of biodiesel from soybean is much larger
than the microalgae, because it requires relatively large amounts of irrigation in
combination with smaller biodiesel yields per unit of crop [34]. Water balance for
biodiesel from soybean is about 42x10° m® per kg of biodiesel producing this value
is much higher when compared at the best scenario C40 (28.38 m3/kg) of biodiesel
microalgae. Thus, the microalgae biodiesel becomes a competitive alternative
source, since it uses less water to 3G biodiesel compared to other conventional

feedstock.
3.4. Oil composition and biodiesel properties

Finally, besides the environmental issues established by the life cycle analysis,
the quality of biodiesel will determine the applicability of microalgal biodiesel. Thus,
the properties of biodiesel from microalgae were evaluated. However, to ensure a

final product of high quality, biodiesel must meet the EN 14214, ASTM 6751 or ANP
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255 specifications in Europe, USA and in Brazil, respectively. The fatty acid profile
and the combustion properties of the biodiesel in the best performance C40 are

represented in Tables 5 and 6.

Table 5

Fatty acid composition of biodiesel microalgal in the C40 scenario.

Fatty acid profile Methyl esters (%)
Lauric (12:0) 4.9+0.1
Myristic (C14:0) 7.3+0.1
Palmitic (C16:0) 22.5+0.5
Palmitoleic (C16:1) 8.5+0.1
Stearic (C18:0) 10.5+0.2
Oleic (C18:1n9c) 26.2+0.8
Linoleic (C18:2n6c¢) 17.8+0.5
y-Linolenic (C18:3n6) 2.10+0.03
> Saturated 45.2

> Monounsaturated 34.7

> Polyunsaturated 19.9
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Table 6

Properties of microalgal biodiesel in the scenario C40 and its comparison with
soybean and the standards used in the US (ASTM 6751), Europe (EN 14214) and
Brazil (ANP 255).

Properties Microalgae Soybean® ANP 255 ASTM 6751 EN 14214

EC (%) 99.8 96.9 min 96.5
CN 56.31 49.0 min 45 min 47 min 51
IV (gl2100g7) 70.04 128 - - max 120
DU (%) 74.5 143.8 - - -

SV 211.8 - - - -
LCSF (%) 7.5 1.6 - - -
CFPP (°C) 7.09 -5.0 max 19 - -

CP (°C) 6.87 - - - -
APE 66.0 - - - -
BAPE 22.0 - - - -
oS (h) 8.52 1.3 - min 3 min 6
HVV 39.5 - - - -

i (mm?s?) 4.68 4.2 - 1.9-6.0 3.5-5.0
p (g cm) 0.87 - - - -

EC: ester content; CN: cetane number; 1V: iodine value; DU: degree of unsaturation; SV: saponification value; LCSF: long-chain
saturated factor; CFPP: cold filter plugging point; CP: cloud point; APE: allylic position equivalents; BAPE: bis-allylic position
equivalents; OS: oxidation stability; HVV: higher heating value; m: kinematic viscosity; r: kinematic density. ®Knothe (2017).

The composition of this oil (Table 5) indicated eight different compounds, with
oleic acid (26.2%) being the main one. Microalgal oil showed a predominantly
saturated (45.20%), followed by monounsaturated (34.70%) and polyunsaturated
(19.90%) profile. This profile demonstrates the application potential of this type of
biomass as an input for biodiesel production since oils with predominantly saturated
and monounsaturated composition are the most suitable for biodiesel synthesis [35].

The biodiesel produced from microalgal oils has the following fuel properties
(Table 6): ester content of 99.8%, cetane number of 46.31, iodine value of 70.04 gl
100g?, degree of unsaturation of 74.5%, saponification value of 211.8, long-chain
saturated factor of 7.5%, cold filter plugging point at 7.09°C, cloud point at 6.87°C,
allylic position equivalents of 66.0, bis-allylic position equivalents of 22.0, oxidation
stability of 8.52 h, higher heating value of 39.5, kinematic viscosity of 1.28 mm?s, and

kinematic density of 0.87 g cm=. All these parameters, comply with the limits
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established by U.S., European, and Brazilian standards [36, 37, 38], and are
comparable to soybean biodiesel [35]. These results indicate the potential of the use

of microalgal biomass as a suitable lipid input for biodiesel manufacture.

4. Conclusions

Under the various scenarios tested, the best scenario for microalgae biodiesel
production was ratio of C/N 40 which values for biomass production and oil production
were 6.17 kg/m3 and 1.12 kg/m?3, respectively. Life cycle assessment of the third-
generation biodiesel produced from the heterotrophic cultivation of Phormidium
autumnale in the best scenario showed a positive energy production (50.59 MJ)
associated with a low consumption of water (28.38 m3/kg), and a low CO2 emission
(18.09 CO2-eq/kg). The high lipid production capacity potential obtained is interesting
for the generation of quality biodiesel that meets or surpasses the most stringent US,

European and Brazilian fuel standard requirements.
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CONCLUSAO GERAL

O estudo empregando diferentes quantidades absolutas de nutrientes
demostrou melhor eficiéncia do processo na relacdo C/N de 40, alcancando uma
produtividade de 6leo de 18,9 mg/L/h.

Na razdo C/N otimizada, a microalga Phormidium autumnale apresentou a
capacidade de assimilar sacarose como fonte de carbono organico demostrando ser
um potencial para a producao de biodiesel de 3° geracéao.

Considerando a analise do ciclo de vida, o cultivo heterotréfico de Phormidium
autumnale demostrou um balanco energético positivo na razdo C/N de 40, associado
a baixas emissfes de CO2z e um baixa demanda agua.

Em termos de aplicabilidade do biodiesel, a composicdo do 6leo microalgal
cumpriu com as caracteristicas de qualidade do biodiesel adequadas as normas
nacionais (ANP 255) e internacionais (ASTM 6751 e EN 14214).

Ao comparar os resultados com o processo de producao do biodiesel de soja e
com o etanol da cana de acUcar, a producdo de biodiesel 3G de Phormidium
autumnale confirma a viabilidade do uso deste biodiesel como uma alternativa para a
mitigacdo das emissfes de gases de efeito estufa, balanco energético e na demanda
de 4gua, contribuindo assim para o0 avanco da viabilidade sustentavel deste tipo de
processo.
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