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Resumo

O aumento na demanda por biocombustiveis motivou a producao de bioetanol a par-
tir de materiais lignocelulosicos (etanol de 2* geracao). Bioetanol é produzido em larga
escala no Brasil a partir da cana-de-agucar (etanol de 1* geragao) ha mais de trinta anos.
Grandes quantidades de materiais lignoceluldsicos (bagaco e palha) sdo geradas durante
o processamento da cana-de-agiicar; o bagaco é queimado para producao de energia, e a
palha é queimada para facilitar a colheita ou deixada no campo. Buscou-se neste estudo
determinar as melhores condi¢oes para insercao da producao de etanol de 2* geracao no
Brasil a partir das fragoes lignocelulosicas da cana-de-actcar, que possibilita o aumento da
producao de etanol usando a mesma area cultivada e permite o uso de parte da infraestru-
tura do processo convencional. Neste sentido, sao estudadas tecnologias que maximizam a
producao de etanol, incluindo aquelas que diminuem o consumo de energia do processo con-
vencional. Além disso, diferentes tecnologias para producao de etanol de segunda geracao
foram comparadas, incluindo diferentes tipos de pré-tratamento e condicoes de hidrolise
enzimatica. Simulagoes computacionais foram desenvolvidas para comparar as tecnologias;
os resultados mostram que: a otimizacao do consumo de energia do processo convencional
de producao de etanol e o uso de parte da palha sao essenciais para aumentar significati-
vamente a producao de etanol a partir da cana-de-agicar; o teor de s6lidos utilizado nas
reacoes de hidrolise apresenta um grande impacto na producao de etanol total; ganhos
podem ser obtidos ao se integrar a producao de etanol de 2% geracao e eletricidade em uma

destilaria autoénoma convencional.
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Abstract

Increase on biofuels demand has motivated the production of bioethanol from ligno-
cellulosic materials (2°¢ generation ethanol). Bioethanol has been produced in large scale
in Brazil from sugarcane (1% generation ethanol) for more than 30 years. Large amounts
of lignocellulosic materials (bagasse and trash) are generated during sugarcane processing;
bagasse is burnt for production of energy, while trash is burnt in the field to improve the
harvest or left in the field. The best conditions for insertion of 2°¢ generation ethanol
production in Brazil using sugarcane lignocellulosic fractions as feedstock were investi-
gated in this study, leading to an increase on ethanol production using the same cultivated
area and part of the infrastructure already available at the conventional process. In this
way, technologies for maximization of ethanol production from sugarcane, including those
that decrease energy consumption of the conventional ethanol production process were
evaluated. In addition, different technologies for production of 2° generation ethanol
were compared, including different pretreatment methods and conditions for enzymatic
hydrolysis. Simulations were developed to compare these technologies; results show that
optimization of the energy demand of the conventional ethanol production process and use
of part of the trash in the industry are crucial in order to increase ethanol production from
sugarcane; solids content of hydrolysis reactions presents an important impact on overall
ethanol production; significant gains can be obtained when 2"d generation ethanol and

electricity production are integrated in an autonomous distillery.
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Capitulo 1

Introducao

Um aumento significativo na demanda por bioetanol é previsto nos proximos anos
(HEINIMO; JUNGINGER, 2009), devido a um conjunto de fatores: as mudancas climati-
cas, que levam a busca por fontes de energia com menor emissao de gases causadores do
efeito estufa, tais como os biocombustiveis (KUMAR et al., 2010); as flutuagdes no prego
do petroleo, que motivaram a busca por combustiveis alternativos, sendo que o bioetanol
de 2* geragdo (produzido a partir de materiais lignoceluldsico) recebeu grande atencio, de-
vido aos baixos custos da matéria prima e & possibilidade do uso do bioetanol em mistura
com a gasolina (JIMENEZ-GONZALEZ; WOODLEY, 2010); o aumento na demanda por
bioetanol para utilizacdo em motores flex (SOCCOL et al., 2010), que compdem a maior
parte da frota de veiculos leves no no Brasil (LEITE et al., 2009); a busca pela indepen-
déncia energética, tendo em vista a instavel situacao politica dos maiores produtores de
petroleo no mundo, e a prevista exaustao dos recursos de origem fossil (NIGAM; SINGH,
2011). Além disso, tem se buscado a utilizagao de etanol como matéria prima na industria
quimica, para producao de diferentes materiais de origem renovavel visando a substituicao

de recursos fosseis na rota petroquimica (BREHMER et al., 2009).

O processo convencional de producao de etanol a partir do caldo da cana-de-agtcar (1*

geragao) comumente empregado na induastria é composto pelas seguintes etapas: recepgao,



limpeza e preparo da cana-de-acticar; extracao dos acucares; tratamento e concentragao do
caldo; fermentacao, destilacao e desidratacao. Energia elétrica e térmica necessaria para
suprir o processo é produzida na prépria usina, utilizando o bagaco, um subproduto do

processo gerado nas moendas, como combustivel em sistemas de cogeracao.

Além de servir como combustivel, o bagaco também pode ser transformado em etanol
(22 geragao) por meio de processos de hidrolise, no qual a celulose e potencialmente a hemi-
celulose do bagaco sao convertidas a agicares fermentesciveis que podem ser fermentados a
etanol. Como o combustivel utilizado para producao de energia é também consumido como
matéria prima, torna-se necessario reduzir o consumo de energia do processo de producao

de etanol de 1* geracao, de forma a produzir maiores excedentes de bagaco.

Assim, neste trabalho busca-se a representacao de processos de producao de etanol de
1% e 2* geracao de forma a apontar os principais gargalos e pontos que devem ser estudados
para viabilizar a producao de etanol de 2* geragao no Brasil. Para atingir os objetivos desta
tese, diferentes ferramentas sao empregadas: dois simuladores computacionais, SuperPro

Designer e Aspen Plus, e planilhas eletronicas.

1.1 Objetivos

Os objetivos gerais deste projeto de doutorado sao:

e Desenvolvimento da simulacao do processo convencional de producao de etanol de
primeira geracao e eletricidade, a partir da cana-de-acucar;

e Estudo de melhorias no processo convencional de producao de etanol de primeira
geragao,visando a produ¢ao de maiores excedentes de energia elétrica e/ou de bagago;

e Desenvolvimento de simulagoes do processo de producao de etanol de segunda geragao
utilizando bagaco e palha da cana-de-agticar como matéria prima;

e Estudo do processo integrado de producao de etanol de 1* e 2%geracao;



e Estudo de melhorias no processo de producao de etanol de 2* geracao.

1.2 Organizacao da tese

No Capitulo 2 é apresentada a descricao de processos de producao de etanol de 1? e 2?2

geracao, sendo apresentados dados obtidos na indtustria e na literatura.

O Capitulo 3 apresenta a metodologia utilizada na simulacao dos processos de producgao
de etanol de 1* e 22 geracdo. E apresentado em detalhe o procedimento utilizado para
realizar as simulacoes usando o software Aspen Plus, além de algumas consideragoes sobre

o software SuperPro Designer.

No Capitulo 4 sao apresentados trabalhos desenvolvidos utilizando-se o simulador Su-
perPro Designer. Estes trabalhos tratam da producao de etanol e eletricidade em destilarias

autonomas, integradas ou nao a producao de etanol de 2* geracao.

Melhorias no processo convencional de producao de etanol de 1* geracao, visando a
maximizacao da producao de eletricidade ou de material lignocelulésico excedente, sao
apresentadas no Capitulo 5, sendo analisado também o aumento na producao de etanol

quando ¢ integrada ao processo otimizado uma planta de producgao de etanol de 2 geracao.

Um estudo de diferentes configuragoes do processo de fermentagao alcoolica, compa-
rando fermentacao convencional (batelada alimentada com reciclo de células), fermentagao
a baixa temperatura utilizando agua gelada produzida em sistema de absorcao com bro-

meto de litio e fermentacao extrativa a vacuo é apresentado no Capitulo 6.

A comparacao entre o processo independente de producao de etanol de 2* geracao e
processos integrados com a planta de 1* geracdo, para diferentes niveis tecnologicos na

hidrélise, é apresentada no Capitulo 7.

Diferentes condicoes dos processos de pré-tratamento e hidrélise do material lignoce-

lulésico sao analisadas em um processo integrado de producao de etanol de 1* e 2* geragao



no Capitulo 8, sendo apontadas as condicoes nas quais a producao de etanol ¢ maximizada.

Anaélise técnico-econdémica do processo integrado de producao de etanol de 1* e 2% gera-
cao considerando-se diferentes configuracoes de processo, tais como vérios pré-tratamentos,
condic¢oes de hidrolise, uso das pentoses e diferentes sistemas de cogeracdo, sdo apresenta-

das no Capitulo 9.

As conclusoes e sugestoes de trabalhos futuros sao apresentadas no Capitulo 10.

1.3 Contribuicoes da tese
Dentre as contribuicoes desta tese, destacam-se:

e Desenvolvimento da simulacao do processo de producao de etanol de primeira e se-

gunda geracao e eletricidade, a partir da cana-de-actcar;

e Avaliacao do impacto de melhorias no processo convencional de producao de eta-
nol e da insercao do processo de producao de etanol de segunda geragao na planta

otimizada;

e Avaliacao do impacto da insercao de processos alternativos de fermentacao no pro-

cesso completo de producao de etanol em uma destilaria autonoma;

e Avaliacao dos impactos do uso de diferentes sistemas de cogeracao no processo inte-
grado de producao de etanol de primeira e segunda geragao, mostrando que pequenos
ganhos na producao de etanol podem ser obtidos quando caldeiras de baixa pressao

(22 bar) sao empregadas, porém com diminui¢do na producao de energia elétrica;

e Avaliacao da producao simultanea de etanol de segunda geracao e eletricidade em
destilarias de cana-de-acticar, mostrando que a producao de eletricidade aumenta a

rentabilidade do processo;



e Comparacao entre o processo integrado de producao de etanol de primeira e segunda
geragao, € o processo independente de segunda geracao, a partir da cana-de-agucar,

mostrando que o processo integrado apresenta vantagens sobre o independente;

e Analise técnico-econdmica de diferentes configuracoes do processo de producao de
etanol de primeira e segunda geracao, indicando as melhores condi¢oes para insercao

da producao de etanol de segunda geracao em destilarias de cana-de-a¢icar no Brasil.



Capitulo 2

Revisao da literatura

2.1 Cana-de-acguicar

A cana-de-agticar pertence ao género Saccharum, da familia das gramineas. A planta
da cana-de-acucar, representada na Figura 2.1, pode ser dividida nas seguintes partes:
pontas, folhas (verdes e secas), colmos (que armazenam a maior parte da sacarose) e

sistema radicular.

Os colmos da cana sao utilizados como matéria prima para producao de agiicar e etanol,
pois sao ricos em sacarose. O bagaco da cana-de-acticar é constituido por uma fracao dos
colmos e é obtido como subproduto do processamento da cana. As pontas, folhas verdes
e secas compoem a palha da cana-de-agiicar, majoritariamente queimada ou deixada no
campo (DIAS, 2008; PIPPO et al., 2011a), mas que vem sendo cada vez mais utilizada na

industria como combustivel em caldeiras.

A composicao da cana-de-ac¢ucar varia em funcao da variedade de cana, do solo, do
clima, da disponibilidade de agua e da época na safra, dentre outros aspectos. A cana-
de-agticar é essencialmente uma mistura de caldo (solugdo aquosa de agiicares e outras

substancias orgénicas e inorganicas) e fibra (material insolavel). A composigao basica da



cana-de-actcar é apresentada na Tabela 2.1.
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Figura 2.1: Partes da planta da cana-de-acucar (adaptado de Hassuani et al. (2005)).

A quantidade de soélidos soluveis é geralmente expressa em Brix, que representa a
concentragao massica (%) de solidos soltveis totais aparentes. A quantidade de sacarose
disponivel na cana-de-agticar é muitas vezes medida utilizando-se um polarimetro, e a
sacarose medida desta forma é chamada de pol. Um exemplo do teor de agiicares e fibras
presente na cana, obtido na safra 2006/2007 da Usina da Pedra, é apresentado na Tabela

2.2.



Tabela 2.1: Composicao basica da cana-de-agicar (COPERSUCAR, 1987).

Componente Teor (% em massa)
Solidos Totais 24 a 27
Solidos Soluveis 10 a 16
Fibras (base seca) 11 a16
Agua 73 a 76

Tabela 2.2: Fracao média de sacarose (pol), fibra e agucares redutores na cana-de-agucar
(safra 2006/2007 da Usina da Pedra).

Componente Teor (% em massa)
Pol 14,02
Fibra 13,21
Acticares redutores 0,62

Os acticares redutores sao compostos principalmente por glicose e frutose, e as fibras
representam a maior parte do bagaco e da palha. O bagaco da cana-de-acicar possui
cerca de 40 a 50% de celulose (polimero cristalino de glicose) e de 25 a 35% hemicelulose
(polimero amorfo contendo geralmente xilose, arabinose, galactose, glicose e manose); o
restante ¢ composto majoritariamente por lignina, mas também por tracos de minerais,
ceras e outros compostos (SUN et al., 2004). Maiores informagoes sobre a composi¢ao do

bagaco e da palha sao apresentadas na secao 3.3.1.

2.1.1 Colheita da cana-de-acgucar

Tendo em vista a producao de etanol de segunda geracao ou bioeletricidade, deve-se
priorizar a colheita mecanizada da cana crua, isto é, sem a queima da palha no canavial;
assim, parte da palha produzida no campo pode ser transportada até a usina e utilizada
como insumo ou combustivel. Tecnologias visando o aumento da eficiéncia do transporte
de palha do campo para a usina estao sendo estudadas (PIPPO et al., 2011b; HASSUANI
et al., 2005).



2.2 Producao de etanol de 12 geracao a partir da cana-

de-actcar

As seguintes operacoes sao comumente empregadas na industria para producao de
etanol a partir do caldo da cana-de-acucar (etanol de 1* geragdo): recep¢ao, limpeza e
preparo da cana-de-agiicar; extracao dos aguicares; tratamento e concentracao do caldo;
fermentacao; destilacao e desidratacao; producao de energia elétrica e térmica. A seguir
a descricao destas etapas, bem como alguns dados necessirios para a representacao do

processo por meio de simulacao computacional, sao apresentados.

2.2.1 Recepcao e limpeza da cana-de-acgucar

O teor de terra (impurezas minerais) arrastada com a cana-de-a¢iicar varia entre 0,3 e
1,6% (COPERSUCAR, 1984); na safra 2006/2007 da Usina da Pedra verificou-se o valor
médio de 0,6%. Usualmente a cana descarregada nas mesas ou esteiras de alimentacao da
unidade de extragao do caldo passa por um sistema de limpeza que utiliza 4gua em circuito
fechado, o que promove a remocao de certa quantidade de terra da cana, e apds decantacao
dos solidos essa agua é utilizada novamente na limpeza. A principal desvantagem da
utilizagao de dgua na limpeza da cana é a ocorréncia de perdas consideraveis de aglicares,
e o fato de que nao deve ser empregada na lavagem da cana colhida mecanicamente (tanto

cana verde ou queimada).

Um estudo detalhado do processo de lavagem da cana-de-agiicar com agua foi conduzido
por Birkett e Stein (apud REIN, 2007), que verificaram grandes perdas de agticar (média
de 3,2 kg/TC para cana picada, com redugdo de 25% para cana inteira). Além de diminuir
as perdas de agicar, a eliminacao da lavagem com &gua fornece uma série de vantagens
(MONGE; SCHUDMAK, 2002 apud REIN, 2007), tais como redugao da quantidade de cal
necessaria na etapa de clarificacao e controle do pH do caldo, aumento na pureza do caldo,

aumento na eficiéncia de extracdo e aumento na recuperacao de actcares; no entanto, a



quantidade de cinzas no bagaco aumenta, com conseqiiente diminuicao na eficiéncia da

caldeira e desgaste do equipamento, além de ocorrer maior arraste de solidos no caldo.

O uso de agua de lavagem no Brasil varia entre 1,4 a 8,26 m3/TC, nas usinas conve-
niadas ao Centro de Tecnologia Canavieira (CTC) (ELIA NETO, 2008), sendo observado
o valor médio de 2,2 m3/TC (ELIA NETO, 2009); a eficiéncia de remogao de terra é da
ordem de 90% (BNDES; CGEE, 2008), e cerca de 7,5 t/100 TC de agua de lavagem sao
perdidos na cana-de-acticar (BIRKETT; STEIN, 2008 apud REIN, 2007).

O tratamento da agua de lavagem de cana consiste na adicao de polimero floculante
e cal, na propor¢ao aproximada de 2 ppm e 100 g/m3, respectivamente. A eficiéncia de
remocao de particulas solidas da agua é de 99%, e a perda de adgua no lodo é da ordem de

2,5% (MANTELATTO, 2010).

Para contornar alguns destes problemas, o uso de um sistema de limpeza a seco da cana-
de-acticar vem sendo estudado. Um exemplo seria a utilizacao de um sistema de limpeza
a seco que consiste de ventiladores, que promovem a separacgao de particulas vegetais
(palhico), e um sistema de agdo mecanica, que promove a separagao de particulas minerais
por meio de separadores ou mesas com fundo perfurado nos quais a cana é revolvida.
Eficiéncia de remocao de terra da ordem de 70% pode ser obtida em um sistema como
esse. As perdas de aglcares, neste caso, seriam correspondentes a perdas de pedacos de

cana na esteira, e sao da ordem de 0,5%.

2.2.2 Preparo da cana e extracao dos acgucares

Previamente a alimentagao no sistema de extracao dos agiicares, as células da cana pre-
cisam ser rompidas, de modo a aumentar a recuperacao dos acticares na etapa de extracao.
O preparo da cana-de-acticar é realizado por meio de niveladores, picadores e desfibrado-
res: a cana limpa passa por uma série de niveladores (facas giratorias), picadores (facas
oscilantes) e desfibradores (martelos giratorios) que tém como objetivo a diminuigao do

tamanho da particula e a uniformizacao do material a ser alimentado na etapa de extracao
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dos acucares. Nestes equipamentos, a cana-de-agiicar é esmagada e picada, o que aumenta
a eficiéncia de extragao na etapa posterior do processo. A porcentagem de células abertas
da cana-de-agtcar é chamada de indice de preparo, e deve ser igual ou superior a 82% no

caso da utilizacdo de moendas e superior a 92% no caso de difusores (LEAL, 2005).

A extracao dos acucares é feita principalmente utilizando-se moendas, mas os difusores
também podem ser utilizados. A performance dos dois sistemas é semelhante, mas os
difusores apresentam algumas vantagens em relacao as moendas. A seguir informacoes

sobre estes dois sistemas sao detalhadas.

2.2.2.1 Moendas

As moendas sao empregadas na maior parte (98%) das usinas brasileiras (LEAL, 2005).
Usualmente sao utilizados entre 4 e 6 ternos de moendas em uma unidade de extracao, e
é utilizada dgua de embebicdo para aumentar a extracao dos aglicares. A taxa de agua
de embebicao empregada é da ordem de 280 kg agua/TC (de acordo com dados da safra
2006,/2007 da Usina da Pedra). O sistema de embebi¢do normalmente empregado é o
composto, no qual agua de embebicao é alimentada antes do ultimo terno de moendas; o
caldo obtido neste terno é utilizado como embebicao do penultimo e assim sucessivamente
até o segundo terno. No primeiro terno nao ha embebicao, e o caldo obtido no primeiro e
segundo ternos é enviado para as peneiras com o objetivo de remover as fibras arrastadas;
o teor de bagacilho no caldo varia entre 0,1% e 1% (COPERSUCAR, 1989). As fibras
retiradas nas peneiras sao alimentadas novamente nas moendas, logo apds o primeiro terno.
No tltimo terno é obtido o bagaco da cana-de-acticar, que contém cerca de 50% de umidade.
O caldo misto é obtido nas peneiras e armazenado, antes de ser enviado a um tanque
pulmio. A extragdo dos agicares nas moendas é da ordem de 96% (WALTER et al.,
2008), mas pode atingir valores de até 98 % (LEAL, 2005). Um esquema do processo é

apresentado na Figura 2.2.
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Figura 2.2: Esquema do processo de recepcao, limpeza, preparo da cana e extracao do
caldo usando moendas com sistema de embebi¢ao composta (IGLESIAS, 2009).

A 4gua utilizada para embebicao é normalmente proveniente dos condensados dos
evaporadores empregados na concentracao do caldo, e esta disponivel a uma temperatura
da ordem de 50°C. Os acionamentos das moendas, picadores, niveladores e desfibradores
sao usualmente feitos por acionamento direto: a pressao usual do vapor de alimentacao
das turbinas de acionamento é de 22 bar, e a temperatura de 300°C (é utilizado vapor
superaquecido); a pressao do vapor de escape é igual a 2,5 bar, e este é utilizado para suprir
necessidades térmicas do processo. O consumo de energia mecanica para acionamento é de
cerca de 16 kWh/TC (ENSINAS, 2008). A eletrificagdo dos acionamentos promove uma
redugao no consumo de energia priméaria, ja que este tipo de acionamento permite um uso

mais eficiente do vapor de alta pressao (LEAL, 2005).

2.2.2.2 Difusores

O difusor é outro equipamento que pode ser utilizado para extrair os aclicares presentes
na cana. No difusor, caldo é retirado da cana em contracorrente com agua (70 a 80°C), que
é bombeada utilizando-se bombas centrifugas. O bagaco obtido ao final do difusor possui
umidade relativamente elevada, da ordem de 80%, e deve passar por um ou dois ternos de

moenda para retirada da dgua e agicares carregados (LEAL, 2005).

No difusor, o leito de cana com uma espessura de 1 a 1,5 m, é levado ao longo do

comprimento do difusor sobre uma placa perfurada; o conteido do caldo dentro do difusor
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deve ser suficiente para que o nivel do liquido seja igual ao nivel da cana, mantendo o leito
saturado com liquido e evitando misturas indesejaveis e a formagao de bolsoes de ar, que

prejudicariam o contato entre as duas fases (LEAL, 2005).

O caldo é separado das fibras por meio de processos de difusao e lixiviacao. Neste pro-
cesso é necessario que a cana apresente elevados indices de preparo, e portanto o preparo
da cana precisa ser mais rigoroso. O uso de difusores permite a obtencao de eficiéncias
de extracao superiores a 98% e um caldo mais limpo, quando comparado ao caldo pro-
duzido nas moendas. Além disso, o difusor trabalha com vapor de baixa pressao (REIN,
2007). No entanto, o bagago produzido nos difusores contém maior teor de cinzas do que
aquele produzido nas moendas, o que exige alteracoes no projeto das caldeiras ou maior
manutengao (LEAL, 2005). Além disso, ocorre maior formagao de cor do caldo produzido
nos difusores, o que é uma desvantagem quando o objetivo do processo é a producao de
acucar branco (REIN, 2007). Como vantagens do difusor em relagdo as moendas podem
ser citados também menor consumo de poténcia (REIN, 2007), menores indices de infec-
¢ao, menor desgaste, menores quantidades de so6lidos no caldo e nivel de extragao igual ou

superior aquele das moendas (MODESTO et al., 2006).

Apesar das vantagens do difusor em relacdo as moendas, as tltimas sao utilizadas
na maioria das usinas brasileiras, devido principalmente ao conservadorismo do setor e a
possibilidade de investimento gradual contando com a aquisi¢ao inicial de apenas 4 ternos
de moendas. No caso do difusor o investimento inicial consiste na compra de todo o

equipamento (difusor e pelo menos um terno de moenda).

2.2.3 Tratamento do caldo

O caldo obtido nas moendas ou difusores deve passar por uma etapa de tratamento
que visa remover as impurezas que podem prejudicar o processo fermentativo, preservando

(O] agﬁcares redutores e a sacarose.

O caldo misto é uma solugao aquosa de agicares (sacarose e agucares redutores), mine-
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rais e impurezas organicas e inorganicas. Na Tabela 2.3 é apresentada a faixa de composicao

tipica dos caldos da cana-de-agtucar.

Tabela 2.3: Composi¢ao média dos caldos de cana-de-agticar (COPERSUCAR, 1987).

Componente Teor (% em massa)
Agua 75 a 88
Sacarose 10 a 21
Acucares redutores 0,3a25
Nao-agticares organicos 0,0al5
Nao-ac¢ticares inorganicos 0,2a0,7
Solidos totais (brix) 12 a 23

Os solidos totais (brix) presentes no caldo sao detalhados na Tabela 2.4, que apresenta

o teor de acdcares, acidos, proteinas e outros componentes e na Tabela 2.5, onde o teor de

minerais dentre os solidos soliiveis nao-agicares é apresentado.

Tabela 2.4: Teor médio de solidos soluveis nos caldos de cana-de-agticar (MANTELATTO,

2005).

Componente Teor (% em massa)
Actcares 75 a 93

- Sacarose 70 a 91

- Glicose 2 a4

- Frutose 2a4
Sais 3ab
Acidos inorganicos 1,5a4,5
Acidos organicos la3

- Acidos carboxilicos 1,1 a3,0

- Aminoacidos 0,5a25
Proteinas 0,5 a 0,6
Amido 0,001 a 0,05
Gomas 0,3a0,15
Ceras e graxas 0,05 a 0,15
Corantes e outros Jab

A primeira etapa do tratamento do caldo consiste de um tratamento fisico que visa

a remocao de fibras arrastadas no caldo durante a etapa de extracao dos acucares. Esta

etapa ¢ realizada na industria empregando-se principalmente peneiras rotativas, que se

baseiam na separacao de solidos insoluveis, determinada pela abertura da tela utilizada na
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peneira, seguida de peneiras estaticas autolimpantes (DSM).

Tabela 2.5: Concentracao de minerais dentre os so6lidos soliiveis nao-agicares no caldo
misto (CHEN, 1993).

Mineral Teor dentre os sé6lidos soliiveis
nao agucar (% em massa)

Potéassio (K>0) 0,4 -2

Sodio (NaO) 0,3 - 0,10

Sulfato (SOs) 0,11 - 0,52

Cloreto (C1) 0,1-0,29

Calcio (CaO) 0,17 - 0,32

Magnésio (M gO) 0,2 - 0,33

Silica (S10,) 0,06 - 0,71

Fosfato (P,0y) 0,01-0,4

Ferro (Fes0Os3) 0,06 - 0,14

Cinzas (sulfato) 3,6 -4,4

Cinzas 3.4 -44

Porcentagem dos solidos totais 8,41 - 13,61

Outro equipamento que pode melhorar a qualidade do caldo por meio da remocao das
particulas insoliveis é o hidrociclone, no qual as particulas mais pesadas (terra e areia) sao

removidas por meio do principio de separagao centrifuga.

O caldo obtido ao fim das peneiras é encaminhado ao tratamento quimico, no qual
sao removidas do caldo outras impurezas, na forma de compostos soliveis ou insoliveis,
particulas coloidais e suspensoes; ocorre também a neutralizacao do caldo, para evitar a
inversao e decomposigado da sacarose. Dias (2008) apresenta os aspectos mais importantes

do tratamento do caldo em maiores detalhes.

Em muitas usinas brasileiras o tratamento de caldo para producao de etanol é feito
de forma menos rigorosa do que aquele para producao de acticar. Durante a safra de
2006/2007, a Usina da Pedra realizou um pré-tratamento consistindo das seguintes etapas:
peneiramento do caldo, pré-aquecimento do caldo por meio de contato direto (APCD)
até cerca de 70°C, aquecimento em trocadores de calor até cerca de 110°C, remocao de
gases por meio do tanque flash, adicao de polimero floculante, decantagao, peneiramento,

concentracao em evaporador simples efeito, mistura com melaco e dgua. Em 1990, o
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[PT recomendou que o tratamento de caldo para producao de etanol fosse composto por
peneiramento, calagem, aquecimento, decantagao e concentragao (esta tltima operacdo, no
caso de destilarias auténomas; no caso de destilarias anexas é possivel obter a concentragao
de agticares adequada no mosto por meio de mistura entre caldo e melago) (CAMARGO,

1990). Estas operagoes sao descritas a seguir.

2.2.3.1 Aquecimento do caldo

O aquecimento do caldo é feito com o objetivo de evitar perdas de acucares durante
o tratamento, ja que baixas temperaturas favorecem a proliferacao de microorganismos;
assim, o aquecimento visa a destruicao de bactérias, a degradacao de amidos e proteinas,
além de facilitar a remocao de gases na etapa de degasagem e catalisar a reacao entre
hidroxido de calcio e acido fosforico (MANTELATTO, 2009). O caldo ¢ aquecido até
temperaturas entre 103 e 105°C (COPERSUCAR, 1989), realizando-se ou nao a calagem a

temperaturas intermediarias.

Uma opcao de processo consiste na realizacao de duas etapas de aquecimento do caldo:
na primeira, o caldo é aquecido até 70°C e recebe adicao de leite de cal; posteriormente, é
aquecido até 105°C. Caso o aquecimento seja feito a temperaturas inferiores, podem ocor-
rer problemas na clarificacao como formacao deficiente de flocos, coagulacao e eliminacao
incompleta de gases. No caso de temperaturas elevadas podem ocorrer destruigao e perdas
de actcares, além de haver consumo excessivo e desnecessario de vapor de aquecimento.
O primeiro aquecimento pode ser feito por meio de trocadores de calor por contato direto,
onde o caldo misto a 30°C é misturado ao vapor obtido por meio do flasheamento do caldo
clarificado em multijatos (PIZATA et al., 1986); alternativamente, o aquecimento pode ser
feito utilizando-se trocadores de calor regenerativos, no qual o caldo quente obtido apos
os evaporadores troca calor com o caldo misto. O segundo aquecimento (até 105°C) deve
ser feito utilizando-se vapor de escape das turbinas ou vapor vegetal (purgas do primeiro

estagio do evaporador miultiplo efeito).
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A utilizacao do APCD, apesar de diluir o caldo que posteriormente serd concentrado,
apresenta uma série de vantagens em relagao ao trocador de calor por contato indireto
operando com vapor de escape das turbinas, tais como: menores problemas de limpeza e
menores custos de investimento, em comparacao com trocadores de tubos e de placas; a
possibilidade de uso de vapores menos nobres; menor probabilidade que ocorra bloqueio do
trocador, ja que este lida com s6lidos; menor espaco necessario para construcao do equipa-
mento, que também nao precisa ser limpo freqiientemente ja que nao ocorrem incrustacoes
(REIN, 2007). A principal desvantagem do trocador por contato direto nesse caso é a
necessidade de remocao da agua adicionada nos estagios posteriores de concentracao do
caldo, o que eleva o consumo de vapor nestas etapas, e o resfriamento do caldo clarificado
antes do etapa de concentracao, ja que a temperatura do caldo concentrado em evaporado-
res miltiplo efeito é muito baixa (da ordem de 60°C) para que seja feito o aproveitamento

de seus vapores em um flash.

2.2.3.2 Adigao de cal

A adicdo de cal elimina a maior parte dos acidos orginicos, ja que os sais formados
com estes acidos sdo insoluveis (p. ex. oxalato de cdlcio, tartarato de calcio, etc); a
matéria protéica (albumina) é coagulada, e parte da pectina e agentes que conferem cor
ao caldo sao destruidos ou se tornam insolaveis. No entanto, a pureza do caldo calado
¢ aproximadamente igual aquela do caldo antes do tratamento. A purificacdo ocorre na
etapa de decantacdo, com a retirada do material precipitado (HUGOT, 1986). Para um
melhor desempenho do processo de calagem, este deve ser realizado a quente: o caldo é
aquecido a uma temperatura intermediaria (70°C), sendo realizada a adigao de cal seguida
de um aquecimento final até a temperatura de alimentagdo no flash (103 a 105°C). E
importante ressaltar que o pH do caldo caleado utilizado para producao de etanol deve
ser um pouco menor do que aquele utilizado na fabricacao de agiicar (7 a 7,2), pois a cal
pode promover uma impermeabilizacao na parede celular, prejudicando a fermentacao e

também induzindo a floculacao e favorecendo a formacao de incrustacoes nas colunas de
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destilacao (COPERSUCAR, 1987).

2.2.3.3 Degasagem (flash)

Gases incondensaveis que prejudicam a etapa de decantacao sao removidos do caldo
utilizando um tanque flash, o que faz com que o caldo atinja uma temperatura de cerca de
98°C. Esta etapa promove a reducao de bolhas de ar, que de outra forma permaneceriam
aderidas aos flocos, dificultando a remogao de impurezas na etapa de clarificacao (COPER-
SUCAR, 1989). Assim, o caldo quente (103 a 105°C) é enviado a um baldo de flash que

opera a pressao atmosférica para uma completa eliminacao do ar.

2.2.3.4 Decantacao e filtracao do lodo

O caldo obtido no flash recebe polimero floculante, geralmente um copolimero de acri-
lamida de alto peso molecular (COPERSUCAR, 1987), que tem como objetivo a promog¢ao
da formacao de particulas maiores e mais densas na etapa de decantagao. Durante as rea-
coes de calagem e como conseqiiéncia da adigao do polimero floculante, ocorre floculagao
das impurezas do caldo, que tendem a se depositar no decantador. A eficiéncia do de-
cantador depende principalmente do pH do caldo apos a calagem, temperatura do caldo,
vazao uniforme do caldo, remocao de gases incondensaveis no flash, quantidade de fosfato
no caldo, adi¢do de polimero floculante e da propria qualidade da cana (COPERSUCAR,
1989).

O decantador trabalha com temperaturas de cerca de 98°C; temperaturas menores
na alimentacao do decantador levam a menores velocidades de decantacao das particulas
em suspensao e coagulacao incompleta. A queda de temperatura no decantador deve ser
pequena, pois temperaturas muito baixas levam a perdas de acgticares devido & acao de
microorganismos, e o tempo de decantacao nao deve ser muito longo: a faixa recomendada
éde 2,5a3,5h (COPERSUCAR, 1989). Estas impurezas sdo removidas no lodo, enquanto

o caldo clarificado é obtido no topo. A quantidade de lodo produzida no decantador
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representa entre 15 e 20% do caldo que entra no decantador, e a concentracao de solidos

no lodo varia entre 8 e 12 % (COPERSUCAR, 2008; MANTELATTO, 2010).

O lodo obtido no decantador é filtrado normalmente em filtros rotativos a vacuo para
recuperagao do aclicar arrastado, em uma operagao que emprega agua de lavagem da torta
e adicao de bagacilho para aumentar a eficiéncia da recuperacao dos acicares. O filtrado
é reciclado ao processo, sendo misturado ao caldo antes da adicao de leite de cal. Entre
30 e 40 kg de torta sao produzidos para cada tonelada de cana moida (CORTEZ et al.,
1992); a agua de lavagem do filtro deve ter vazao equivalente a 150% da quantidade de
torta produzida (COPERSUCAR, 1989), e sua temperatura deve ser da ordem de 80°C de
forma a facilitar a filtracao, promovendo a redu¢ao da viscosidade da mistura (CAMARGO,
1990). Bagacilho é utilizado no filtro na razao entre 0,5 e 0,7 t/100 TC (MANTELATTO,
2009) de forma a melhorar a retenc¢ao de flocos no filtro. A torta deve conter teor de dgua

entre 75 e 80% (COPERSUCAR, 1989).

2.2.3.5 Concentracao do caldo

O caldo é concentrado em evaporadores, com o objetivo de obter a concentracao de agi-
cares adequada para o processo fermentativo. Diferentes arranjos de evaporadores podem
ser empregados, em simples ou miiltiplo efeito, sendo os de simples efeito mais comuns na
indastria brasileira. Evaporadores miltiplo efeito com quatro ou cinco estigios operando
de forma co-corrente também sao encontrados; nesses equipamentos o caldo, que apresenta

inicialmente concentracao de 14 - 16 °Brix, ¢ concentrado a 55 - 65 °Brix nos evaporadores.

2.2.3.6 Correcao do teor de fosfatos

A adicao de acido fosférico é comumente empregada para melhorar o tratamento do
caldo. O acido fosforico é adicionado com o objetivo de aumentar o teor de fosfatos do
caldo, ja que na etapa posterior de calagem o sal fosfato de calcio é produzido e precipitado,

aumentando a eficiéncia da remoc¢ao de impurezas na etapa de decantacao. Teor minimo
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de fosfato no caldo de 250 ppm é recomendado para que seja obtida uma boa clarificacao

(CAMARGO, 1990).

2.2.4 Fermentacao alcodlica

A fermentacgao alcoolica é o processo mais empregado para producao de etanol. A fer-
mentacao alcoolica pode ser definida como a acao de leveduras sobre acticares fermentaveis
contidos em uma solugao ou suspensao; ¢ um processo biologico no qual a energia formada
por reacoes de oxidacao pode ser utilizada para o crescimento, e a oxidacao parcial anae-
robia da d-glicose produz etanol e diéxido de carbono, além de liberar calor. Dessa forma,
a levedura realiza a fermentacao do acticar com o objetivo de obter a energia necessaria

para sua sobrevivéncia, sendo o etanol apenas o subproduto do processo.

Dentre as matérias agucaradas, costuma-se distinguir entre as fermentesciveis (mo-
nossacarideos) e as nao-diretamente fermentesciveis (dissacarideos). Os dissacarideos sao
fermentados ap6s uma reacao de hidroélise, na qual sao formados monossacarideos. No caso
de materiais amilaceos, tais como o milho, é necesséario realizar a sacarificacao quimica
ou enzimatica do material previamente a fermentacao. No caso da utilizagao de materiais
lignoceluldsicos, como o bagaco da cana-de-acticar, é necessario realizar pré-tratamento do

material e hidrolise da celulose para obtencao de monossacarideos.

O processo fermentativo global é resultado de uma série de reagoes parciais sucessi-
vas, com formacao de varios compostos intermedidrios em reagoes que ocorrem em alta
velocidade. Estas reacoes sao catalisadas por um microorganismo, sendo o mais comum a

levedura Saccharomyces cerevisiae.

As reacoes realizadas pelos microrganismos vivos sdo, na sua grande maioria, cata-
lisadas por enzimas sintetizadas por estes microrganismos, o que torna a velocidade das
reagoes compativeis com as exigéncias metabolicas. As leveduras produzem as invertases,
que catalisam a hidrolise da sacarose formando os monomeros glicose e frutose (PUGLIA,

2006), representada pela equagao 2.1:
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012H22011 + HQO — 20@H1206 (21)

As hexoses (glicose e frutose) geradas sdo convertidas a etanol e dioxido de carbono:

C6H1206 — 202H5OH + 2002 (22)

A equacao 2.2 foi descrita primeiramente por Gay-Lussac em 1810 (GLAZER; NI-
KAIDO, 2007). A partir desta equacao é possivel calcular o rendimento estequiométrico

da produgdo de etanol (eq. 2.3):

92 g etanol |
= —————— = 0,511y etanol/y gl )5
" 180q glicose J g etanol/q glicose (2.3)

No entanto, como o etanol é um subproduto do crescimento da levedura, uma parte
do substrato é utilizada para produzir mais células. Além de etanol e didxido de carbono,
a fermentagao de um mol de glicose produz 2 mols de ATP, que sao utilizados para manu-
tencao das funcgoes celulares e producao de novas células; outros subprodutos sao formados
em reagoes adicionais, sendo os principais o glicerol, &lcoois superiores (alcoois amilicos,

butanol), 4cidos organicos (acético, succinico e latico), etc. (BASSO, 2006).

Dentre os subprodutos gerados na fermentacao alcodlica, o glicerol é aquele formado
em maior quantidade. A formacao de glicerol na fermentacao alcodlica esta acoplada ao
crescimento, a formacao de acidos e a situacoes de stress para a levedura, tais como stress
osmotico causado por elevadas concentragoes de agiicares ou sais no mosto, contaminac¢ao
bacteriana, presenca de sulfito no mosto e temperatura elevada (BASSO, 2006). Quando a
levedura Saccharomyces cerevisiae cresce em meio com elevadas concentragoes de acucares,
a maior razao de producao de glicerol em relacao a etanol ocorre no inicio da fermenta-
¢ao, quando a pressao osmotica e a taxa de fermentacao sdo mais elevadas (GLAZER;

NIKAIDO, 2007).
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O oOleo fasel ¢ uma mistura de alcoois superiores, principalmente alcoois amilicos e
butilicos, que sao produzidos a partir da degradacao de aminoacidos, que por sua vez sao
oriundos de reagoes de quebra de proteinas presentes na matéria prima. O caldo da cana-
de-agiicar possui baixos teores de proteinas, portanto a quantidade de 6leo fisel formada
na fermentacgao é menor do que no caso de outras matérias primas, principalmente quando

sao utilizados graos (GLAZER; NIKAIDO, 2007).

A producao de acidos lacticos é favorecida quando o pH da fermentagao atinge valores
superiores a b, o que favorece o crescimento de Lactobacillus. Estas bactérias fermentam
a glicose, produzindo acetatos e lactatos, além de etanol. Para evitar a contaminacao do

reator, a fermentacao deve ser conduzida a pH inferiores a 5 (GLAZER; NIKAIDO, 2007).

2.2.4.1 Efeitos inibitdrios

O primeiro fator que foi reconhecido como causador de inibicao da levedura foi o etanol.
Os fatores que influenciam a sensibilidade do microrganismo ao etanol sao a temperatura,

a aeragao e a composi¢ao do meio (ATALA, 2004).

As membranas citoplasmaticas de leveduras e bactérias consistem de uma bicamada
lipidica com complexos protéicos, que servem de canais através dos quais ocorrem interacoes
entre os meios interior e exterior a célula, ou que atuam como mecanismos reguladores dos
gradientes idnicos existentes nestes meios. Assim, a membrana citoplasmatica atua como
uma barreira a difusao de protons e outros fons e & passagem de pequenas moléculas da

célula para o meio externo e vice-versa (GLAZER; NIKAIDO, 2007).

A membrana citoplasmatica permite que moléculas de etanol passem através dela livre-
mente, e conseqiientemente a concentracao de etanol dentro das células esta em equilibrio
com aquela do meio externo. Um aumento na concentracao de etanol altera a estabiliza-
¢ao da camada lipidica, perturbando interacoes lipideo-lipideo e lipideo-proteina. Assim, a
membrana nao atua de forma eficiente e pode sofrer um colapso, permitindo que moléculas

pequenas escapem da célula (GLAZER; NIKATIDO, 2007).
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O etanol apresenta um efeito significativo sobre a velocidade de crescimento celular
em concentragoes acima de 15 g/L; a méxima concentracdo de etanol a partir da qual as
células cessam o crescimento é da ordem de 100 g/I. (LUONG, 1985), mas a temperatura

da fermentacao pode aumentar ou diminuir esse valor.

2.2.4.2 Processos industriais de fermentacao alcoédlica

Dois tipos de processos sao mais freqiientemente empregados nas unidades industriais
no Brasil para produgao de etanol: Melle-Boinot (batelada alimentada com reciclo de célu-
las) e continuo com reciclo de células. Uma descri¢ao destes dois processos é apresentada

a seguir.

Processo Melle-Boinot O processo batelada alimentada com reciclo de células (Melle-
Boinot) é o processo mais comumente empregado nas usinas brasileiras, sendo utilizado em
cerca de 85% das unidades industriais filiadas ao CTC (Centro de Tecnologia Canavieira).
O emprego deste processo na indiustria se generalizou a partir da década de 1960, e somente
a partir da década de 1980 outros processos, como o continuo, consolidaram-se como uma
alternativa vidvel, j& que grandes investimentos eram necessarios para promover pequenos

ganhos de produtividade no processo batelada alimentada.

Neste processo, uma suspensao de leveduras chamada de “pé-de-cuba”, que contém
cerca de 30% de células em volume, ¢ alimentada a uma dorna de fermentacao até completar
cerca de um quarto de seu volume. A fonte de agticares (mosto, composto por caldo de
cana-de-agicar puro ou em mistura com o melago) é alimentada em seguida; o tempo
total de enchimento de uma dorna é de cerca de Hh, dependendo do tamanho da dorna,
e o tempo total de fermentacao varia entre 8 e 13h, dependo das condi¢oes do processo.
Durante o enchimento da dorna, a velocidade da fermentacao ¢ maior, e conseqiientemente
a liberacao de energia, ja que a reacao de conversao de aglcares a etanol é exotérmica. O

resfriamento da dorna é usualmente feito por meio de serpentinas ou trocadores de calor
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a placas, até temperaturas de cerca de 30 a 35°C. Nestas temperaturas, o vinho obtido ao

fim da fermentacdo contém teor de etanol entre 8 e 12°GL (teor de etanol em volume).

Industrialmente se determina o fim da fermentacao alcodlica como o tempo no qual a
concentragao de agicares na dorna, medida em termos de “Brix (teor de solidos soltveis),
nao varia apos o intervalo de uma hora. Apoés o fim da fermentacao, as dornas sao esvaziadas
e o vinho levedurado, que contém cerca de 10% (massa) de levedo, é neutralizado por meio
da adicao de soda, sendo em seguida encaminhado as centrifugas, onde ocorre a separacao
do fermento. Este fermento é recuperado e encaminhado &4 unidade de tratamento de
fermento. O vinho delevedurado obtido nas centrifugas é encaminhado para a unidade de

destilacao, onde é realizada a purificagao do produto.

Processo continuo com reciclo de células Na fermentacao continua ocorre adigao de
meio de cultura e retirada de vinho de forma continua e constante do reator, mantendo-se
assim o volume reacional constante. Este é um processo que vem sendo cada vez mais
utilizado na induastria brasileira. Maiores informacgoes sobre a fermentacao continua estao

apresentadas em Andrietta (1994), Dias (2008) e Gouvéia (2000).

2.2.4.3 Processos fermentativos com remocao continua de etanol

Como o etanol produzido durante o processo fermentativo inibe a atividade metabolica
da levedura, a utilizacao de técnicas de extracao do etanol do meio fermentativo simulta-
neamente a sua produ¢ao melhora o desempenho do processo (ATALA, 2004). Diferentes
processos lidando com a remocao do etanol durante a fermentacao sao encontrados na li-
teratura; existem aqueles baseados na fermentacao sob vicuo (CYSEWSI; WILKE, 1978;
RAMALINGHAM; FINN, 1977), em técnicas de pervaporacao (CHRISTEN et al., 1990),
na integracao de um sistema de extracao liquido-liquido ao reator de fermentacao (DAU-
GULIS et al., 1994) ou de um sistema de destilagao flash ao processo (ISHIDA; SHIMIZU,
1996; MAIORELLA et al., 1984).
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O processo fermentativo extrativo a vicuo apresenta a maior quantidade de aspectos

positivos quando se considera a realidade brasileira (SILVA, 1997).

Processo fermentativo extrativo a vacuo No processo fermentativo extrativo um
processo de fermentacao continua é acoplado a um sistema de extracao a vacuo, o que
faz com que o etanol seja retirado ao mesmo tempo em que é produzido, permitindo que
sua concentracao no reator permaneca em niveis baixos ao longo do processo fermenta-
tivo. Assim, a inibicdo da levedura pelo produto diminui, aumentando a produtividade
do processo. O etanol é removido utilizando-se um evaporador flash a vacuo, e é possivel
operd-lo em uma temperatura que elimine o trocador de calor na dorna de fermentacao, ja
que uma parte da fase liquida obtida no flash a baixa temperatura é reciclada ao reator.
Desta forma, seria possivel diminuir os custos fixos e de manuten¢ao do processo (ATALA,

2004).

Uma das principais vantagens deste processo é a possibilidade do emprego de subs-
trato com elevada concentracdo de agicares, ji que o principal produto inibidor (etanol)
é removido continuamente e sua concentragao permanece em baixos niveis dentro do re-
ator. Dessa forma, a producao de vinhaca, que ¢ o principal residuo gerado na etapa da
destilagao, é muito menor do que aquela dos processos convencionais de fermentacao, que

utilizam baixas concentracoes de substrato.

Utilizando melago como matéria prima, Atala (2004) obteve teor alcodlico no fermen-
tador de 5 °GL, valor que é pouco inibitorio para a levedura mesmo em face de maiores
concentragoes de substrato, e alcool evaporado (vinho) com cerca de 50 °GL. Assim, o vinho
¢ alimentado na unidade de purifica¢ao do produto (colunas de destilagdo) com maior teor
de etanol, o que leva a producao de menor quantidade de vinhaca e, conseqiientemente,

menores perdas de etanol na vinhaca.

Um esquema representativo do processo de fermentagao extrativa a vacuo é apresentado

na Figura 2.3.
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Figura 2.3: Esquema do processo fermentativo extrativo a vacuo (adaptado de Maugeri e
Atala (2006)).

2.2.5 Destilacao alcooélica

Na destilacao é feita a purificacdo do vinho, que contém teor de etanol entre 7 ¢ 10%
em massa. Na configuracao mais freqiiente do processo de destilacao alcodlica utilizado
nas usinas brasileiras existem 5 colunas: A, Al, D, B e B1, conforme mostrado na Figura
2.4. A coluna A é conhecida como coluna de esgotamento do vinho, A1 de epuragao do
vinho e D de concentragao de alcool de 2*. O conjunto destas trés colunas é chamado de
coluna de destilacdo. A coluna B é a coluna de retificacao, e a coluna B1, de esgotamento.

Este segundo conjunto é chamado de conjunto de retificacao, e nele obtém-se o AEHC,
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com teor de etanol entre 92,6 ¢ 93,8% em massa. Mais informacoes sobre o processo de

destilacao alcodlica podem ser encontradas em Dias (2008) e Junqueira (2010).
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Figura 2.4: Esquema simplificado da configuragao das colunas empregadas no processo de
destilacao alcodlica.

Podem ser destacados como opgoes de melhoria do processo de destilagao empregado
na indastria: otimizagao do nimero de pratos das colunas (MEIRELLES, 2006), utilizagao
de vinhos de maiores teores alcodlicos (DIAS, 2008), estudos de internos de torres e de
configuragoes duplo e maultiplo efeito, otimizagao da posicao de alimentagao e da razao de

refluxo das colunas.

A utilizacao de colunas de destilacao em diferentes niveis de pressao permite a reducao
do consumo de vapor nos refervedores, ja que sao obtidos diferentes niveis de tempera-
tura nas colunas, o que permite a recuperacao da carga térmica de vapores obtidos nos

refervedores de colunas operando a menores pressoes.
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2.2.6 Desidratacao

Para sua utilizagdo como aditivo na gasolina, o AEHC produzido na destilacao deve
ser desidratado de modo a atingir teor alcodlico de, no minimo, 99,3% em massa. Ja que
etanol e agua formam um azedtropo com concentracio de etanol igual a 95,6% (massa,
correspondente a 89% mol), ndo é possivel obter etanol anidro por meio de destilagao
convencional do AEHC. No Brasil os principais métodos de desidratacao utilizados na
indastria alcooleira sao: destilagao azeotropica heterogénea com cicloexano, destilagao
azeotropica homogénea com MEG e adsor¢ao em peneiras moleculares. Informagoes sobre
os principais métodos de desidratacao de etanol encontrados na industria ou com potencial

de aplicagdo industrial sdo apresentadas por Dias (2008) e Junqueira (2010).

2.3 Producao de etanol de 2?2 geracao a partir do bagaco

e da palha da cana-de-aciicar

Dentre as diferentes opgoes para otimizagao do processo de producao de bioetanol,
destacam-se a proposicao de diferentes configuragoes de processo e o aproveitamento da
cana integral, principalmente do bagaco e da palha da cana-de-agicar, para produgao de
bioetanol. No processo empregado atualmente, a maior parte destes dois importantes sub-
produtos sao queimados, seja para facilitar a colheita, no caso da palha, seja para produc¢ao
de energia térmica e elétrica em sistemas de cogeracdo, no caso do bagaco (ENSINAS et
al., 2007). No entanto, estes materiais lignocelulésicos podem ser utilizados para produgao
de bioetanol por meio de processos de pré-tratamento e hidroélise, que permitem a obtencao
de acticares fermentesciveis a partir dos polimeros de carboidratos celulose e hemicelulose
(RABELO, 2007), presentes na estrutura do bagago e da palha. Na hidrolise da celulose se
obtém glicose, que é facilmente fermentescivel empregando-se microrganismos comumente
empregados na indtustria, enquanto que a hidroélise da hemicelulose gera pentoses, que ainda

nao possui tecnologia de fermentacao a etanol em nivel comercial.
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O uso de materiais lignoceluldsicos como matéria prima para producao de bioetanol
tem sido investigado com grande interesse nos tltimos anos, mas seu uso em processos de
escala industrial ainda nao se tornou viavel (BALAT et al., 2008). Estudos considerando
diferentes configuragoes e o consumo de energia do processo integrado de producao de
etanol, utilizando tanto o caldo quanto o bagaco da cana-de-agiicar como matéria prima,
ainda sao necessarios para promover a viabilizagao técnica e econdmica da tecnologia de
hidrolise. Além disso, é essencial otimizar o processo de producao de etanol de 1* geragao
visando a obtencao de maiores fracoes de bagaco excedente, de forma a disponibilizar a
maior quantidade possivel deste produto para o processo de producao de etanol de 2* gera-
¢ao. Neste cendario, a simulacao de processos é uma importante ferramenta, pois permite o
estudo relativamente rapido de diversos tipos de processos e o levantamento do respectivo
consumo de energia. A simulacdo do processo pode fornecer bases para a definicao da
configuragao a ser testada em escala piloto, além de ser utilizada para validar dados expe-
rimentais, obtidos em escala laboratorial ou piloto, que por sua vez podem ser utilizados

na simulagao do processo industrial.

O bagaco é um material muito promissor para a producao de bioetanol: ele esta dis-
ponivel na unidade industrial de producao de etanol de primeira geragao (1G), ja que é
um subproduto do processamento da cana-de-agucar, e melhores tecnologias de cogeragao
permitem a geracao de maiores quantidades de bagaco excedente. Além disso, a producao
de etanol a partir do bagaco (2G) pode compartilhar operacoes unitarias do processo de
producao convencional de etanol da cana-de-ac¢icar, tais como fermentacao e destilacao, o
que promove uma diminuicao nos custos de equipamentos. O licor de actlicares obtido na
hidroélise pode ser diluido no caldo da cana-de-actucar, diminuindo desta forma o impacto
de inibidores da fermentacao eventualmente formados na etapa de pré-tratamento, tais

como furfural e seus derivados.

A eliminacao gradativa da queima da palha, que ja vem sendo implantada no estado de
Sao Paulo e deve ocorrer de forma semelhante em outros estados, aumenta a disponibilidade

deste importante residuo lignocelulésico. Uma fragao da palha deve ser deixada no campo,
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de forma a contribuir para o controle de doencas e evitar o crescimento de outras espécies,
além de formar uma camada protetora do solo. Estima-se que cerca de 60% da palha
deve ser deixada no campo (HASSUANT et al., 2005); a fracdo remanescente pode ser
transportada para a usina e utilizada como matéria prima da producao de etanol e/ou

eletricidade.

Para permitir o aproveitamento do material lignocelulésico como fonte de acicares
para producao de etanol, a resisténcia da parede celular da planta a deconstrucao biolégica
ou enzimatica (recalcitrancia da biomassa) deve ser considerada. Esta resisténcia afeta
o transporte de massa e a assessibilidade de catalisadores as estruturas da biomassa, o
que prejudica a conversao do processo (HIMMEL et al., 2007). Desta forma, é necessario
realizar um pré-tratamento do material previamente & sua sacarificacao. Nas secoes a

seguir é feita uma revisao dos principais métodos de pré-tratamento disponiveis.

2.3.1 Pré-tratamento do material lignocelulésico

O objetivo do pré-tratamento do material lignocelulésico é remover ou modificar a
estrutura da lignina e das hemiceluloses para facilitar a hidrolise da celulose, mantendo
preservada sua estrutura. Os processos empregados podem ser fisicos, quimicos, bioldgicos
ou combinados. Esta é uma etapa fundamental do processo de transformacao do material
em etanol, visto que pode consumir grande quantidade de energia e ocasionar perdas de

celulose.

E desejavel que uma etapa de deslignificacao simultanea ou seqiiencial ao pré-tratamento
seja conduzida, de forma a aumentar os rendimentos da etapa posterior de hidrolise enzi-

matica.

Um resumo de alguns processos de pré-tratamento é apresentado a seguir.
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2.3.1.1 Explosao a vapor

No processo de pré-tratamento por explosao a vapor o material lignocelul6sico é sujeito
a tratamento a vapor a temperaturas na faixa de 180 a 200°C por alguns minutos, etapa
posterior ou nao & impregnagao por catalisadores como acido sulfirico e diéxido de enxofre.
Na auséncia de catalisadores, ocorrem reacoes de autohidrolise, nas quais o acido acético
proveniente da biomassa age como catalisador das reagoes de hidrolise da hemicelulose por

meio da diminui¢do do pH do meio (CARRASCO et al., 2010).

Diferentes trabalhos envolvendo o tratamento do bagaco da cana-de-actcar por explo-
sdo a vapor podem ser encontrados na literatura (CARRASCO et al., 2010; KAAR et al.,
1998; MARTIN et al., 2002; SILVA, 1995).

2.3.1.2 Explosao com amoénia

O processo AFEX (Ammonia fiber expansion) é um processo de pré-tratamento alcalino
no qual amdnia concentrada entra em contato com o material lignocelulosico sob tempera-
turas moderadas, aumentando a susceptibilidade da celulose a hidrolise enziméatica (DALE
et al., 2010) sem remover a lignina ou a hemicelulose do material (CHUNDAWAT et al.,
2011). E um processo adequado para o pré-tratamento de gramineas e residuos agricolas,
mas nao para madeira. Novas configuragoes estao sendo desenvolvidas para permitir o uso
de elevado teor de so6lidos no pré-tratamento e recuperacao de grande parte da amonia,

com baixos custos de operacao (DALE, 2011).

2.3.1.3 Processo hidrotérmico

Neste processo o material lignocelulésico ¢ submetido a agao de agua quente liquida
pressurizada sob elevadas temperaturas (entre 150 e 230°C) por curtos periodos, o que
promove a remoc¢ao da maior parte da hemicelulose e de parte da lignina. Neste caso, o

acido acético formado a partir da biomassa atua como catalisador das reacoes de hidrolise,
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promovendo a despolimerizagdo da hemicelulose (SILVA et al., 2011). Assim, é possivel
obter uma fase liquida composta essencialmente de derivados da hemicelulose e uma polpa
solida composta por celulose e lignina (BOUSSARSAR et al., 2009). De forma a obter
maiores rendimentos na etapa posterior de hidroélise enziméatica da celulose, a remocao de

lignina em uma etapa posterior de deslignificagdo deve ser conduzida (REZENDE, 2010).

A auséncia de catalisadores acidos previne a ocorréncia de corrosao e a necessidade de
etapas de neutralizacao e recuperagao de catalisador, sendo uma vantagem do tratamento
hidrotérmico em relagao a outros processos de pré-tratamento (BOUSSARSAR et al., 2009;
SILVA et al., 2011).

2.3.1.4 Processos oxidativos

Estes processos podem ser conduzidos de diferentes formas; a mistura de agua e ar
ou oxigénio, por exemplo, a elevada pressao e temperatura promove a mudanca de fase
da hemicelulose (da fase solida para liquida), sem catalisar as moléculas liberadas de he-
micelulose (CARDONA et al., 2010). O peroxido de hidrogénio alcalino, utilizado sob
condicdo ambiente de pressao e temperatura, é um agente efetivo na deslignificagdo e so-
lubilizacao da hemicelulose, aumentando a susceptibilidade do material lignocelulésico a
hidroélise enzimética. Neste caso, o material lignocelulésico é submetido a solucoes com
baixa concentracdo de HyOy (entre 1 e 10%), por periodos relativamente curtos (até 24h) e
temperaturas amenas (20 a 60°C). O processo com peroxido de hidrogénio apresenta como
vantagem menor consumo de enzimas na etapa posterior de hidrolise enzimatica, em com-
paragao a outros processos de pré-tratamento como o catalisado por cal (RABELO, 2010).
Uma desvantagem dos processos oxidativos ¢ a oxidacao parcial da lignina, que promove

uma reducao no seu poder calorifico.
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2.3.1.5 Pré-hidroélise com acido diluido

A preé-hidrolise é a hidrolise da fracao hemicelulésica do material lignoceluldsico a tem-
peraturas moderadas (100 a 150°C) sob a presenga de acidos diluidos (sulfirico, cloridrico,
acético, fosforico e nitrico, principalmente) por periodos que variam de alguns minutos a
poucas horas. As baixas concentracoes de dcido permitem que as fracdes lignina e celulose

permanecam inalteradas na fase solida (CARDONA et al., 2010).

2.3.1.6 Deslignificacao

A deslignificacao do material é obtida usualmente por meio da acao de agentes alcalinos
(deslignificagao alcalina) (RUEDA, 2010), como hidréxido de célcio e sodio, e de solventes
organicos (deslignificagao organosolv) (RABELOQO, 2010). Nestes processos sao empregadas
baixas relagoes solido/liquido e as temperaturas sdo moderadas (da ordem de 100°C para
deslignificagao alcalina e 180°C para organosolv), por periodos da ordem de horas (RUEDA,
2010; MESA et al., 2010).

2.3.2 Hidroélise

O material lignocelulésico pré-tratado contém celulose mais acessivel & acao de catalisa-
dores de reacoes de hidrolise, usualmente acidos ou enzimaticos, que permitem a producao
de acicares fermentesciveis. Na hidrolise a celulose é convertida a glicose, conforme indi-

cado pela equacao 2.4.

(C6H1005)n + TLHQO — n06H1206 (24)

Trés diferentes processos podem ser empregados para produzir tais aciicares a partir

da biomassa: hidrolise com acido concentrado ou diluido e hidrélise enzimética.
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2.3.2.1 Hidroélise com acido diluido

O processo de hidrolise com acido diluido foi o primeiro processo implantado para con-
verter celulose a etanol. A hidroélise da fracao celuldsica ocorre sob temperaturas relativa-
mente elevadas (da ordem de 200°C) e baixas concentragdes de acido (0,4%), normalmente
depois de uma etapa de pré-tratamento com &cido diluido (pré-hidrélise) com separagao
do licor hidrolisado de pentoses para evitar a decomposicao dos acticares gerados na pré-
hidrélise a furfural (HAMELINCK et al., 2005). No entanto, as elevadas temperaturas
empregadas na hidrolise da celulose levam a perdas consideraveis de agicares e lignina,

gerando compostos inibidores da fermentagdo como hidroximetilfurfural (RABELO, 2010).

Zhang et al. (2009) afirmam que o processo de hidrolise com acido diluido é o mais
proximo da escala comercial; além disso, o pré-tratamento com acido diluido pode ser
empregado como pré-tratamento de processos enzimaticos, e elevados rendimentos e con-
centragoes de agucares podem ser obtidos. Rendimentos de glicose da ordem de 50% séo
obtidos apos cerca de 3 minutos de reagao catalisada por acido sulftrico diluido (HAME-

LINCK et al., 2005).

2.3.2.2 Hidroélise com acido concentrado

Neste processo elevados rendimentos (da ordem de 90% para glicose) podem ser ob-
tidos, mas o uso de solucoes aquosas de acidos em elevada concentracao requer o uso de
equipamentos altamente resistentes a corrosao (RABELO, 2010). A reacao é relativamente
rapida (10 - 12 horas) e a degradacdo dos agicares é baixa, mas o custo de recuperagao

dos 4acidos ¢ elevado (HAMELINCK et al., 2005).

2.3.2.3 Hidrélise enzimatica

A hidroélise enzimatica tem apresentado melhores resultados do que a hidrélise com

acidos, ja que nao sao gerados neste processo compostos inibidores da etapa posterior de
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fermentacao, apesar de o processo ser mais longo (CARDONA et al., 2010). As condigoes
empregadas no processo sdo brandas (pH 4,8, 45 - 50°C) (RABELO, 2007); o tempo de
reacao, a quantidade de enzimas e a relacao soélido-liquido dependem do substrato, do
tipo de pré-tratamento e das caracteristicas do complexo enzimatico utilizado (RABELO,

2010).

Historicamente, o uso de enzimas na producao de etanol apresenta custo proibitivo,
mas os custos de equipamentos e de utilidades é menor do que aqueles de processos aci-
dos (BALAT et al., 2008). As celulases empregadas na hidrdlise enzimatica constituem
uma mistura de grupos de enzimas como endoglucanases, exoglucanases e [3-glicosidases
que interagem com a estrutura cristalina da celulose, removendo a celobiose da cadeia e

hidrolisando-a a glicose (KUMAR et al., 2010).

A 4rea superficial e a cristalinidade sao os fatores estruturais que mais influenciam a
hidroélise enzimatica; além destes, a inibicao das enzimas pelo produto final e desativacao

devido a agitacao mecanica reduz a taxa de reacao e conseqiientemente, o rendimento da

hidrolise (RABELO, 2010).

2.3.3 Fermentacao

A fermentacao do licor de glicose (C6) produzido na hidrolise enzimatica da celulose
a etanol é relativamente simples, contanto que nao existam no meio grandes quantidades
de substancias inibitorias como furfural e hidroximetilfurfural. A inclusao da fermenta-
¢ao das pentoses (Ch) geradas a partir da hemicelulose, no entanto, ainda nao é possivel
utilizando os mesmos microrganismos empregados na fermentacao da glicose, apesar dos
grandes avancos no desenvolvimento de microrganismos modificados (SIMS et al., 2010).
A fermentacao dos hidrolisados da hemicelulose é vista como fundamental para o sucesso
econdmico da producdo de etanol a partir de materiais lignocelulésicos (GIRIO et al.,

2010).

Como as pentoses representam uma elevada fracao dos agiicares disponiveis, sua fer-
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mentacao a etanol representa um importante fator na viabilizacao do processo de producao
de etanol de 2* geracao; a formagcao de etanol a partir da xilose é representada pela equagao

2.5 (HAMELINCK et al., 2005):

3C5H1()O5 — 5CQH5OH + 5C02 (25)

Atualmente, maiores rendimentos em etanol podem ser obtidos considerando-se a fer-
mentagao de C5 e C6 em separado, do que a co-fermentacao (fermentacao simultanea de Ch
e C6) (KAZI et al., 2010). A selecao e melhoria de leveduras que fermentam naturalmente
as pentoses a etanol e o desenvolvimento de linhagens recombinantes de Sacharomyces cere-
visiae tém sido foco de estudos nos ultimos anos (RABELO, 2010). No entanto, acredita-se
que a co-fermentacdo com a fracio celulésica seja a configuragdo mais adequada (GIRIO

et al., 2010).

2.3.4 Processo consolidado

O processo consolidado (CBP, consolidated bioprocessing) é a configuragdo do processo
de transformacao do material lignoceluldsico a etanol realizando todas as etapas (produgao
de enzimas - celulases e hemicelulases; hidrolise dos carboidratos presentes no material pré-
tratado a agucares; fermentacao das hexoses - glicose, manose e galactose; fermentacgao das
pentoses - xilose e arabinose) em uma tnica operagao, utilizando para tanto microrganismos
geneticamente modificados. Fste processo apresenta potencial de reducdao de custos e
aumento da eficiéncia, em comparacao com processos envolvendo a producao isolada de
enzimas celuloliticas (LYND et al., 2005). No contexto brasileiro, uma barreira ao uso deste
processo seria a impossibilidade de compartilhar parte dos equipamentos (concentra¢ao e
fermentacao) com a infraestrutura existente no processo convencional de producao de etanol
de 1* geragao, mas as vantagens em se utilizar o CBP para producao de etanol a partir do

bagaco ainda devem ser estudadas.
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2.4 Utilidades

As unidades produtoras de etanol a partir da cana-de-a¢icar sao auto-suficientes em
sua producao de energia, pois utilizam o bagago produzido nas moendas como combustivel
em sistemas de cogeracao, gerando vapor para acionamentos diretos e aquecimento, além
de energia elétrica em turbogeradores (PALACIO, 2010). No caso do uso de equipamentos
de elevada eficiéncia, excedentes (de bagaco ou de eletricidade) podem ser produzidos.

Além de vapor e eletricidade, pode ser produzida também agua gelada para resfriamento.

2.4.1 Cogeragao

Cogeracao é um termo empregado para designar processos de producao conjunta de
energia térmica e energia elétrica ou mecanica a partir de uma tnica fonte combustivel,
apresentando maior eficiéncia que aquela obtida em sistemas de geracao exclusiva de vapor

ou poténcia (WALTER, 1994).

Os sistemas de cogeracao existentes hoje nas usinas de cana-de-acticar sao baseados em
ciclos Rankine, e sao ilustrados na Figura 2.5. O vapor gerado nas caldeiras ¢ expandido em
turbinas, gerando energia elétrica e produzindo vapor de escape para atender & demanda

térmica do processo de producao de etanol.

No caso em que nao ocorre aproveitamento do bagago para producao de etanol (2G),
todo o material lignoceluldsico pode ser queimado, como mostrado na Figura 2.6, em que
o excedente de vapor gerado é condensado usando-se turbinas de extragao e condensagao;
no caso em que ocorre producao de etanol 2G, somente a quantidade de vapor necessaria
para atender a demanda térmica do processo é gerada, sendo utilizadas somente turbinas
de contra-pressao (Figura 2.5), limitando a producdo de vapor a demanda do processo

(PALACIO, 2010).
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Figura 2.5: Sistema de cogeragao baseado no ciclo Rankine empregado no processamento
da cana-de-acucar (adaptado de Dias et al. (2011)), turbinas de contra-pressao.

I Caldeira

I Turbogerador
Il Processo
IV Bombas

V  Desaerador
VI Condensador

= = Vapor
== (Condensados

Cana-de-agticar

Bagaco
= Etanol
Eletricidade ' Vinhaga
B
i Etanol
1T
Vinhaca

Cana-de-agucar

Figura 2.6: Sistema de cogeragao baseado no ciclo Rankine empregado no processamento
da cana-de-acucar (adaptado de Dias et al. (2011)), turbinas de condensagao.

Devido ao fato que materiais lignocelulosicos (bagaco e palha) sao utilizados tanto como

matéria prima para producgao de etanol quanto como combustivel para geracao de energia,
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a quantidade de material lignoceluldsico disponivel para ser utilizado como matéria prima
em um processo de producao de etanol de 2* geragao, integrada ao processo de produgao de
etanol de 1* geragao, é proporcional ao consumo de energia do processo; este, por sua vez,
também ¢ afetado pela quantidade de material lignocelulésico hidrolisado ja que residuos
deste processo (por exemplo, lignina e celulose nao consumida) podem ser utilizados como
combustivel, além do fato que o etanol produzido a partir da celulose aumenta o consumo

de vapor do processo.

Assim, a quantidade de material lignocelulésico disponivel para ser utilizado na hidré-
lise é calculada iterativamente, considerando a demanda de energia do processo produtivo

(1G e 2G) e da unidade de cogeragao.

2.4.1.1 Eficiéncia da producao de energia

O aumento dos parametros de vapor utilizado em sistemas de cogeracao leva ao au-
mento da eficiéncia do ciclo. A auto-suficiéncia em energia da planta é atingida com
sistemas de cogeracao baseados em caldeiras para produgao de vapor a 21 kgf/cm? e 300°C
(ARNAO, 2007); atualmente, caldeiras para produgao de vapor a 120 kgf/cm? e 530°C
estao disponiveis, permitindo a producao de grandes excedentes de energia elétrica (PA-
LACIO, 2010). No entanto, como caldeiras e turbinas tém vida ttil acima de 25 anos,
muitas usinas ainda empregam caldeiras para producao de vapor de baixa pressao, sem
producao de excedentes de energia elétrica. Na verdade, somente a partir de 1999, apos a
desregulamentacao do setor elétrico, gerar excedentes de energia elétrica passou a ser uma
meta no setor (SEABRA, 2008). A decisao entre investir ou nao em sistemas de cogeracao
avancados para producao de excedentes de energia elétrica deve ser baseada nos pregos da
energia elétrica e no mercado existente na regiao onde se localiza a usina, dentre outros

fatores.

Atualmente, as caldeiras fabricadas no Brasil apresentam eficiéncia entre 80 e 89%

(base PCI). Caldeiras antigas, no entanto, ainda sdo amplamente encontradas nas usinas
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brasileiras, e possuem eficiéncia mais baixa (entre 65 e 80%) (MANTELATTO, 2010).

2.4.2 Producgao de agua gelada

Algumas operagoes do processo de produgao de etanol podem requerer agua gelada
como utilidade para manter a temperatura em niveis inferiores aqueles possiveis de serem
obtidos utilizando-se dgua de resfriamento comum (produzida em torres de resfriamento).
Uma das formas de se produzir dgua gelada é o processo de absorcao com brometo de
litio, que vem sendo estudado em uma planta demonstragao semi-industrial pela Dedini
em uma usina do grupo Cosan (OLIVERIO et al., 2010) para produzir 4gua gelada usada

no resfriamento de dornas de fermentacao.

Os sistemas de refrigeracao por absorcao utilizam uma fonte de calor para seu fun-
cionamento, e apresentam consumo de energia mecanica menor que aqueles de sistemas
de compressao de vapor, além de baixo consumo de energia elétrica. Um dos tipos mais
comuns de sistema de absorcao é o sistema de simples efeito, no qual calor ingressa no
sistema no gerador, onde ¢ alimentada a fonte de energia, e no evaporador, onde é retirado
calor da corrente que se deseja resfriar. OQutros componentes do sistema sao o condensador

e o absorvedor, onde o calor é removido do sistema (PALACIOS BERECHE, 2007).

O coeficiente de desempenho (COP) de sistemas de refrigeracdo por absorgao é definido

de acordo com a equagao 2.6:

Fluxo de calor no evaporador

COP = (2.6)

Fluzo de calor no gerador

A 4gua gelada pode ser empregada para resfriar dornas de fermentacao ou condensado-
res das colunas de destilagdo multiplo efeito, aumentando a eficiéncia do processo (DIAS,

2008).

Outros sistemas de producao de agua gelada que podem ser considerados na inddstria
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sucroalcooleira podem ser baseados em ejetores ou tanques para acimulo de agua resfriada

em torres de resfriamento eficientes (DIAS et al., 2007).

2.5 Simulacao de biorrefinarias

Ferramentas de simulacao computacionais tém sido cada vez mais utilizadas no de-
senvolvimento de biorrefinarias nos dltimos anos, para representar a transformacgao da
biomassa a biocombustiveis e outros produtos quimicos. Nesta secao sao apresentados

alguns trabalhos relacionados ao assunto disponiveis na literatura.

2.5.1 Uso do simulador Aspen Plus

A producao de etanol foi estudada por meio de simulagao usando Aspen Plus por varios
autores (ADEN; FOUST, 2009; ALZATE; TORO, 2006; DUTTA et al., 2010; FOUST et
al., 2009; KAZTI et al., 2010; LEIBBRANDT et al., 2011; OJEDA et al., 2011b; PALACIOS
BERECHE, 2011; PICCOLO; BEZZO, 2009; SASSNER et al., 2008; TAO; ADEN, 2009),
cada um considerando situagoes especificas e com diferentes niveis de detalhamento. Alguns

exemplos sao mostrados a seguir.

Em 2006, Alzate e Toro (2006) analisaram diferentes configuragoes do processo de pro-
dugao de etanol a partir de madeira do ponto de vista energético, empregando o simulador
Aspen Plus e um software desenvolvido pelo proprio grupo para célculo da desidrata-
cao do etanol. Foram comparadas 7 configuracoes, que combinaram pré-tratamento com
acido diluido, detoxificacao, hidrolise enzimatica e fermentacao das pentoses e hexoses em
operagoes separadas, SSE (hidrolise e fermentagao simultaneas) ou SSCE (hidrolise e co-
fermentacao simultaneas), destilagdo azeotropica ou pervaporagao para desidratacao do
etanol, etc. As simulagoes permitiram a avaliagao da producao de etanol e do consumo de
energia em cada caso, mas a quantidade de eletricidade produzida foi calculada a partir de

informacoes disponiveis na literatura. Os autores concluem que o procedimento adotado
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(desenvolvimento de diferentes simulagoes, combinando véarias opgoes tecnologicas para
cada etapa do processo) foi eficiente na analise conduzida, permitindo o desenvolvimento
de melhorias no processo global. Além disso, concluem também que o balanco de energia
da producao de etanol lignocelulésico é mais favoravel do que aquele oriundo de cana-de-
acgucar ou milho, principalmente se sao considerados processos integrados (SSF, reciclo de

correntes de efluentes, cogeragio).

A comparagao entre custos de producao e demanda de energia da producao de etanol
a partir de diferentes matérias primas foi conduzida por Sassner et al. (2008), também
empregando o simulador Aspen Plus. O modelo é focado nas operacoes de pré-tratamento
e SSF, e demonstra a importancia que elevados rendimentos a etanol e baixa demanda de

energia apresentam na anilise economica do processo.

Um modelo técnico-econdémico da producao de bioetanol a partir de corn stover tem
sido desenvolvido e aprimorado pelo NREL (National Renewable Energy Laboratory) nos
altimos anos, sendo publicados relatorios detalhados em 2011 e 2002 (ADEN et al., 2002;
HUMBIRD et al., 2011). O modelo descreve a producao de etanol por meio de pré-
tratamento da biomassa com &cido diluido, seguido por hidrolise enziméatica da celulose e
fermentacao da xilose e das hexoses a etanol. Este modelo é baseado no simulador Aspen
Plus, e faz uso de parametros determinados experimentalmente, tais como conversoes dos
reatores, ou fornecidos por fabricantes de equipamentos, como aqueles necessarios para
representar equipamentos de separacao soélido-liquido. Parametros necesséarios para esti-
mar o custo de aquisicao de cada equipamento foram obtidos a partir de cotacoes com
fornecedores de equipamentos e sao apresentados nos relatorios. Os relatérios apresen-
tam como principal resultado o preco minimo de venda (MESP) do etanol lignoceluldsico,
considerando-se uma “n-ésima” planta de producao, que representa uma planta que sucede

a instalacao de "n” plantas bem sucedidas.

Outros trabalhos também desenvolvidos pelos pesquisadores do NREL estao disponiveis
na literatura. Tao e Aden (2009) abordam a producao de biocombustiveis atualmente em

escala comercial (etanol de milho e de cana-de-agiicar, biodiesel de soja), comparada a
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producao de biocombustiveis que estdo ainda por se tornar comerciais (etanol celulosico
e biobutanol). No caso dos biocombustiveis comerciais, os autores mostram que uma
parcela significativa do custo de producao deve-se & matéria prima, mas o investimento em
equipamentos é muito maior no caso dos biocombustiveis que ainda nao sao produzidos
em escala comercial. Foust et al. (2009) também fazem uma comparagao entre diferentes
processos de producao de etanol; o primeiro é baseado na rota bioquimica e utiliza corn
stover como matéria prima, enquanto o segundo é baseado na rota termoquimica e utiliza
lascas de madeira. Além de realizar andlise técnico-econdmica, baseada em simulacoes
em Aspen Plus e analise de fluxos de caixa em planilhas eletronicas, os autores também
analisam as emissoes de gases causadores do efeito estufa, dentre outros fatores. Os autores
ressaltam a importancia de se utilizar as mesmas bases (produto, dimensées da planta,
consideragoes economicas) quando sdo comparadas diferentes tecnologias, e mostram que
dentro das consideragoes das anélises, os dois processos estudados fornecem resultados

similares.

2.5.2 Uso do simulador SuperPro Designer

Além do simulador Aspen Plus, também sao encontrados na literatura trabalhos re-
lacionados a simulacao de biorrefinarias baseados no software SuperPro Designer. Klein-
Marcuschamer et al. (2010) disponibilizaram na internet ' um modelo de avalia¢ao técnico-
economica desenvolvido com o simulador SuperPro Designer. O modelo inclui todas as
operacoes unitarias presentes no processo de conversao de corn stover a etanol, dados de
custos e investimento em equipamentos. Neste trabalho, os autores estudaram diferentes
cenérios considerando alteracoes na qualidade da matéria prima, na atividade enzimatica,
na fermentacao das pentoses e na tolerancia das leveduras ao acido acético e etanol. Utili-
zando o modelo, os autores estimaram o custo minimo de produgao de etanol (MESP), além
da producao de etanol, investimento e custos operacionais em cada cenério. Além disso,

o modelo permite a realizacao de analises de sensibilidade, visando direcionar a pesquisa

!Disponivel no site http://econ.jbei.org
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relacionada & producao de biocombustiveis.

Um processo alternativo (moagem umida enzimatica) a produgao convencional de eta-
nol de milho (moagem timida) foi estudado por meio de simula¢ao usando SuperPro Desig-
ner por Ramirez et al. (2009). Neste trabalho os autores construiram um modelo ténico-
econdmico capaz de predizer o impacto de modificagoes nos precos do milho e de enzimas
nos custos operacionais do processo. O mesmo grupo desenvolveu também estudos rela-
cionados ao processo convencional de moagem tmida do milho para produgao de amido,

utilizando o mesmo simulador (RAMIREZ et al., 2008).

A producao de etanol e arabinoxilano, dentre outros produtos, em uma biorrefinaria
que utiliza trigo como matéria prima também foi estudada utilizando o simulador SuperPro
Designer (MISAILIDIS et al., 2009). Neste trabalho sao analisadas trés configuragoes: o
processo base de etanol a partir de trigo, e dois processos de co-produgao de arabinoxilano
baseados em diferentes tecnologias. Os autores concluem que co-produtos, tais como o

arabinoxilano, sao cruciais para a viabilidade econémica de biorrefinarias.

Outros trabalhos baseados em simulagdes usando SuperPro Designer estao disponiveis

na literatura; grande parte ¢ relacionada a processos biotecnologicos, como a producao de
farmacos e biomateriais (BIWER; HEINZLE, 2004; LIMA et al., 2008) e tratamento de
residuos (KOTOUPAS et al., 2007; ACOSTA-ESQUIJAROSA et al., 2006).

2.5.3 Simulacao de biorrefinarias baseadas em cana-de-actcar

A maior parte dos trabalhos apresentados nas secoes anteriores foi conduzida por pes-
quisadores estrangeiros e estd relacionada principalmente a utilizacao do milho como ma-
téria prima. Andlises do uso da cana-de-ac¢iicar como materia prima em biorrefinarias
também encontram-se disponiveis na literatura; alguns trabalhos relacionados a simulagao

do processamento da cana-de-aciicar sao apresentados nessa secao.

Um estudo recente sobre a integracao do processo de producao de etanol de segunda ge-
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racao utilizando bagaco da cana-de-acticar com a primeira geragao foi realizado utilizando-
se o simulador Aspen Plus (PALACIOS BERECHE, 2011), considerando redugao do con-
sumo de vapor do processo por meio de aplicacao da metodologia Pinch-Point, com énfase
na modelagem do sistema de cogeragao. O autor mostra que a minimizacao do consumo
de utilidades quentes do processo leva a um aumento significativo da producao de etanol
no processo integrado. Além disso, o autor também avaliou o uso de membranas para con-
centracao do licor hidrolisado, que apresenta consumo de energia consideravelmente menor

do que evaporadores, permitindo assim ganhos na producao de etanol.

Seabra et al. (2010) compararam o processamento das fracoes lignocelulésicas da cana-
de-agiicar por meio das rotas bioquimica e termoquimica em plantas adjacentes a unidades
de processamento de cana-de-actcar no Brasil, do ponto de vista técnico-economico. Os
modelos empregados foram baseados em modelos desenvolvidos pelo NREL em Aspen Plus
e em destilarias autonomas otimizadas (eficiente sistema de cogeracdo, com consumo de
vapor reduzido e de capacidade de processamento elevada - 1000 TC/h). Foram compara-
das plantas isoladas e clusters de destilarias, nos quais 2 ou 3 plantas fornecem material
lignoceluldsico para a producao de etanol de segunda geracao em uma planta adjacente a
destilaria. A producado de etanol pode aumentar significativamente quando além do ba-
gaco for utilizada também a palha como matéria prima, tanto na rota bioquimica quanto
termoquimica. Nas duas rotas a eletricidade é um co-produto importante, mas maiores
excedentes foram obtidos quando a rota bioquimica foi considerada. Anélise econémica foi
conduzida para estimar o preco minimo de venda do etanol, que foi semelhante para as

duas rotas.

Considerando-se que atualmente a fragao lignoceluldsica da cana-de-acticar é utilizada
como combustivel para produgdo de eletricidade, Seabra e Macedo (2011) compararam
o uso da fracao lignocelulésica excedente para geracao de eletricidade ou de etanol de
segunda geragao em plantas adjacentes a unidades convencionais de producao de etanol de
primeira geragao, do ponto de vista técnico, economico e ambiental. Os autores mostram

que as analises sao fortemente dependentes das consideracoes técnicas e da regiao na qual

45



a planta esté inserida, e por isso avaliagoes especificas devem ser conduzidas para avaliar
o uso do bagago no Brasil. Os modelos foram baseados em simulagoes desenvolvidas em
Aspen Plus e incluem também o uso de parte da palha produzida no campo. Para a
rota bioquimica considerou-se o modelo utilizado por Seabra et al. (2010), baseado no
modelo desenvolvido pelo NREL (ADEN et al., 2002). Os autores verificaram que dentro
das consideragoes assumidas no estudo, a producao de etanol de segunda geragao leva a
conversao mais eficiente da energia e menores emissoes de gases causadores do efeito estufa,
quando comparada a producao de eletricidade, mas atualmente a producao de eletricidade

¢ mais rentavel.

Walter e Ensinas (2010) também analisaram a produgao de eletricidade e biocombus-
tiveis de segunda geracao a partir de residuos da cana-de-acticar, mas o modelo compu-
tacional empregado foi desenvolvido pelos autores. As rotas termoquimica e bioquimica
foram analisadas em plantas adjacentes a destilarias auténomas processando dois milhoes
de toneladas de cana por ano. Dentro das condicoes do estudo verificou-se que a rota
termoquimica, baseada em gaseificagdo da biomassa e conversao de Fischer-Tropsch (pro-
dugao de diesel e gasolina), é mais eficiente, do ponto de vista de conversao de energia, do

que a opcao bioquimica.

Melhorias no processamento da cana-de-acticar para producao de acicar, etanol e ele-
tricidade foram propostas por Ensinas et al. (2009) e Serra et al. (2009) usando simulagoes
e analises exergéticas, utilizando para tanto o software EES. O foco destes trabalhos foi
apontar os pontos de maior potencial de melhoria, com aumento da eficiéncia energética
do sistema. Os autores verificaram que a indtstria brasileira de processamento de cana-de-
aglcar apresenta um potencial significativo para reducao do consumo de energia e recursos
naturais. Outros trabalhos disponiveis na literatura mostram a producao de etanol de se-
gunda geracao a partir do bagaco da cana-de-ac¢icar, mas nao sao relacionados & producgao
de etanol de primeira geragao. Ojeda et al. (2011a), Ojeda et al. (2011b) comparam dife-
rentes opgoes tecnologicas para a producao de etanol de segunda geragao a partir do bagaco

excedente de uma planta de primeira geracao, mas sem integragao a essa planta. Modelos
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baseados em Aspen Plus foram construidos para representar o pré-tratamento, hidrolise,
fermentacao e purificacao. Softwares desenvolvidos pelos autores foram empregados para

realizacao de andlise exergética, e SimaPro para analise do ciclo de vida.

2.5.4 Simulacao do processo integrado de producao de etanol de

1* e 2® geragao

Além dos trabalhos relacionados & producao integrada de etanol de 1* e 2% geracao
citados anteriormente (PALACIOS BERECHE, 2011; WALTER; ENSINAS, 2010), outros
trabalhos relacionados estao disponiveis na literatura usando outras matérias primas além
da cana-de-acucar. Cucek et al. (2011) realizaram a simulacao de uma biorrefinaria baseada
em milho usando o simulador MIPSYN (Mized-Integer Process SYNthesizer) produzindo
etanol a partir do grao e a partir da gaseificacao do corn stover. Os autores realizaram
estudos de integracao méssica, energética e otimizagao do uso de agua, além de anélise
economica de duas alternativas de processo (gaseificagido seguida de fermentagao do gas de
sintese ou sintese catalitica), verificando que os melhores resultados foram obtidos para o

processo integrado com a rota catalitica.

Um estudo de viabilidade da integracao do processo de producao de etanol a partir do
amido de milho e de materiais lignocelulosicos também foi conduzido pelo NREL (WAL-
LACE et al., 2005) considerando diferentes cenarios. Os autores verificaram que o processo
integrado apresenta beneficios econémicos intermedidrios entre a planta independente de
producao de etanol lignocelulésico a partir do corn stover e a planta independente de

producao de etanol a partir do amido do milho.
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Capitulo 3

Metodologia de simulacao

As simulagoes foram conduzidas utilizando-se diferentes simuladores comerciais: inici-
almente foi utilizado o simulador SuperPro Designer, v. 7.5 (INTELLIGEN, INC., 2009);
por tltimo, foi utilizado o Aspen Plus v. 7.1 (ASPENTECH, 2010).

3.1 Simulagao com SuperPro Designer

O simulador SuperPro Designer pode ser empregado em uma variedade de indistrias
(quimica, farmaceéutica, alimentos, tratamento de residuos, etc). E um simulador de rapido
aprendizado que realiza balancos de massa e energia de processo, além de dimensionamento
de equipamentos e estimativas de investimentos, de forma rapida e pratica, apresentando
também capacidade de lidar com componentes sélidos e processos batelada. No entanto,
na versao utilizada neste trabalho (7.5) nao estavam disponiveis as ferramentas para repre-
sentar operagoes unitarias como colunas de destilacao complexas, turbinas, etc, exigindo o
uso de planilhas eletronicas para completar a simulacao do processo de producao de eta-
nol incluindo o sistema de cogeracao. Estes e outros problemas, como a falta de modelos
termodinamicos, tornaram necessario o uso de simuladores mais complexos, como o Aspen

Plus. No entanto, verificou-se que o simulador SuperPro Designer é adequado para fazer
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estimativas iniciais de rendimento de processos e dimensionamento de equipamentos; além
disso, apresenta geralmente rapida convergéncia, exigindo menor tempo do que simuladores

como Aspen Plus.

No capitulo 4 sao apresentados alguns trabalhos desenvolvidos com o simulador Super-

Pro Designer.

3.2 Simulacao com Aspen Plus

O Aspen Plus é o simulador de processos mais utilizado no mundo, também em varias
indtustrias; apresenta um pacote de propriedades termodinamicas e métodos de estimativas
bem mais completo do que o software SuperPro Designer. Além disso, possui algumas
operacoes unitarias que permitem representar o processo de forma mais realista, como
colunas de destilacao complexas, e modelos que predizem o comportamento termodinamico
de misturas de forma acurada. A execucao de problemas de anéilise de sensibilidade e
de otimizacao também é possivel, facilitando a comparacao de diferentes cenérios. No
entanto, o usuario precisa de um tempo maior de aprendizado em comparacao com o
SuperPro Designer, principalmente se forem utilizados outros programas da AspenTech
em conjunto, como Aspen Economic Analyzer, que faz estimativas de dimensionamento e
custos de equipamentos, e Aspen Energy Analyzer, que faz o projeto de rede de trocadores
de calor para integracao energética. Uma das principais desvantagens da versao 7.1 do
Aspen Plus em relacao ao SuperPro Designer é a falta de estimativa de dimensionamento
de equipamentos na simulacao, sendo necessario utilizar outro software para realizar tal

atividade.

Levando-se em conta as vantagens do simulador Aspen Plus, este foi o simulador em-
pregado na maior parte do trabalho. Nas proximas se¢oes sao apresentados detalhes sobre

as simulagoes desenvolvidas com este software.
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3.3 Insercao de componentes no simulador

Nenhum dos dois simuladores utilizados neste trabalho apresenta em sua base de dados
os componentes do material lignocelul6sico, além de outros componentes importantes para

representar a biorrefinaria de cana-de-acucar.

A insercao de componentes no simulador deve levar em conta a complexidade da maté-
ria prima, a cana-de-acticar, que apresenta composicao variavel, sendo afetada pelo clima,
tipo de solo e época da safra, dentre outros fatores. Na secao 3.3.1 é apresentado o processo
para definicdo da composi¢ao da matéria prima (cana-de-agtcar e suas fragoes lignocelu-

losicas) utilizada nas simulagoes.

3.3.1 Definicao da composicao da matéria prima

As caracteristicas mais importantes da cana-de-acticar para o processo de producao
de etanol e eletricidade sao o teor de acucares e de fibras. Visto que a composicao da
cana-de-actcar varia ao longo do tempo, das condicoes de clima e solo e da regiao, dentre
outros fatores, diferentes valores sao encontrados na literatura e na indistria para estas
importantes varidveis. Seabra et al. (2010) afirmam que em uma tonelada de colmos de
cana-de-agucar estdo presentes cerca de 150 kg de agucares e 125 kg de fibras (base seca),
alem de 140 kg de folhas e pontas (palha) por tonelada de colmo. O teor de fibras nos colmos
varia entre 11 e 16%, e o de solidos soluveis totais, que incluem os actcares e impurezas,
varia entre 10 e 16% (MORANDIN et al., 2011). Na Tabela 3.1 sao apresentados valores

médios e projegoes para teor de sacarose e de fibra na cana-de-acticar no Brasil.

Tabela 3.1: Teor de sacarose e fibra da cana-de-a¢icar (MACEDO et al., 2008).

Componente Média em 2002 Média em 2005 Projecao para 2020
Sacarose (% da cana) 14,53 14,22 15,25
Fibra (% da cana) 13,46 12,73 13,73

Na Tabela 3.2 ¢ apresentada uma compilacao de dados de teor de sacarose e de fibra
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nos colmos da cana-de-agicar disponiveis na literatura.

Tabela 3.2: Teores médios de fibra e de sacarose (pol) na cana-de-agicar considerados por
diferentes autores.

Teor de fibra na cana (% massa) Pol da cana (% massa) Referéncia
14,0 14,0 Ensinas (2008)
13,0 14,5 Seabra (2008)
14,0 14,0 Ensinas et al. (2007)
13,5 15,0¢ Leal (2008)
12,9 14,0 Leal (2005)
12,7 14,2 Finguerut (2006)
12,0 13,3 Dias et al. (2009)

®Inclui também outros agtcares

Assim, teores de fibra entre 12 e 14%, e de sacarose entre 13 e 14,5% sao freqiientemente

adotados em estudos e trabalhos na area.

As fibras da cana sao compostas por celulose, hemicelulose e lignina, além de outros
compostos que compoem as cinzas. As fibras sao os principais componentes do bagaco;
valores para a composicao do bagaco e de suas fragoes encontrados na literatura sao apre-

sentadas na Tabela 3.3.

Tabela 3.3: Composi¢ao do bagago da cana-de-agticar e de suas fra¢oes (CGEE, 2009).
Fracao (% base seca)

Componente Bagaco Fibra Medula
Celulose 46,6 477 41,2
Pentosanos 25,2 25,0 26,0
Lignina 20,7 19,5 21,7
Organosoliveis 2-3

Aquosoluveis 2-3

Cinzas 2-3

Diferentes autores compilaram informacoes sobre a composicao do bagaco encontrada
na literatura, em termos do teor de celulose, hemicelulose e lignina; alguns valores estao

apresentados na Tabela 3.4.
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Tabela 3.4: Valores para composicao do bagaco (% em massa) - coletanea de dados dispo-
niveis na literatura (MACHADO, 2009).
Fragdo - % (base seca)
Celulose Hemicelulose Lignina

37 ND 24.6
32 a 48 19 a 24 23 a 32
46,86 27,5 26,27
38,6 23 23
34,4 22,4 20,3
54,55 26,75 10,44
41 a 44 25 a 27 20 a 22
43,8 25,8 22,1
46,6 25,2 20,7

Resultados de analise composicional do bagaco estao também disponiveis, como mos-

trado nas Tabelas 3.5 e 3.6.

Tabela 3.5: Resultados médios obtidos na analise composicional do bagaco por diversos
autores (CTC, 2010).
Fragado - % (base seca)

Celulose Hemicelulose Lignina Cinzas Referéncia
37 28 21 ND Bon (apud CTC, 2010)
26 a 47 19 a 33 14 a 23 lab Paturau (apud CTC, 2010)
38 33 22 3 Walford (apud CTC, 2010)

Tabela 3.6: Valores para composi¢ao do bagaco (% em massa) (GOUVEIA et al., 2009),
(ROCHA; SILVA, 2006 apud GOUVEIA et al., 2009).
Fracao - % (base seca)
Celulose Hemicelulose Lignina Cinzas Extrativos
128 95.8 22.1 1.4 6.1
43,9 26,4 92,9 ND ND

Rabelo (2007) apresenta resultados da analise da composi¢do quimica do bagago pe-

neirado e nao peneirado, como mostrado na Tabela 3.7.

Outros resultados obtidos para analise quimica do bagaco da cana-de-acticar sao mos-

trados na Tabela 3.8.
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Tabela 3.7: Composi¢ao quimica do bagago ndo peneirado e peneirado (RABELO, 2007).
Composi¢do Bagago nao peneirado (%) Bagago peneirado (%)

Extrativos 0,6+£0,3 2,3+0,1
Cinzas 3,8+0,1 5,3£0,1
Lignina total 25,8+0,2 29,3+1,6
Celulose 39,6+1,6 34,1+0,9
Hemicelulose 19,740.6 17,7+0,5
Grupos acetila 2,540,2 2,4+0,1

Tabela 3.8: Resultados obtidos para anélises quimicas do bagago (% em massa, base seca).

Celulose Hemicelulose Lignina Cinzas Extrativos Outros Referéncia

37,35+0,5  23,66+0,9  25,1040,5 1,79+0,02  3,25+0,2 ND  Garcia (2009)
37,35 23,65 25,09 1,55 3,25 9,11  Fuentes (2009)
43,7+0,7 21,840,2 28,0+2,0 ND ND ND  Ruzene (2005)

Rocha et al. (2010) analisou a composicao de 50 fracoes de bagago obtidas em dife-
rentes usinas, épocas da safra, condi¢oes de operacao, etc. Os resultados obtidos para a

composi¢ao média, padronizados para 100%, sao apresentados na Tabela 3.9.

Tabela 3.9: Composicao do bagago da cana-de-agicar (base seca) - padronizac¢ao do valor
médio para 50 amostras (ROCHA et al., 2010).
Componente Teor (% massa)

Celulose 43,38
Hemicelulose 25,63
Lignina 23,24
Cinzas 2,94
Extrativos 4,82

Considerou-se que estes resultados representariam adequadamente a composicao média

do bagaco, e os valores apresentados na Tabela 3.9 foram utilizados como base na simulacao.

Considerou-se que 2/3 das cinzas obtidas nas analises de bagago sao inerentes a fibra,
e a fracao restante é oriunda da planta da cana-de-agicar. Além das fibras e agucares,
a cana-de-acicar ¢ composta por adcidos organicos, sais, minerais e outras impurezas. Na
definicao da composicao da cana-de-a¢ucar, considerou-se que cerca de 13% da cana-de-

acucar limpa (sem terra) é composta por bagaco (celulose, hemicelulose, lignina e cinzas),
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produzindo aproximadamente 130 kg bagaco/TC (base seca), ou 260 kg/TC de bagaco
(umidade de 50%). Definiu-se a fragio de agticares como 15,3% de ART (14% de sacarose).
A composicao do colmo da cana-de-agtcar (sem terra) e da cana recebida na usina (com

terra) é apresentada na Tabela 3.10.

Tabela 3.10: Composi¢ao (% em massa) da cana-de-agticar considerada na simulacao.
Fragao na cana Fracao na cana recebida

Componente sem terra na usina (com terra)
Acidos organicos 0,56 0,56
Glicose 0,6 0,6
Minerais 0,2 0,2
Sais 1,31 1,3
Fosfato 0,03 0,03
Terra 0 0,6
Sacarose 14,00 13,92
Agua 70,29 69,87
Celulose 5,99 5,95
Hemicelulose 3,54 3,52
Lignina 3,21 3,19
Cinzas (do bagaco) 0,27 0,27

3.3.2 Insercao de componentes da biomassa

A base de dados para componentes de biomassa desenvolvida pelo NREL (WOOLEY;
PUTSCHE, 1996), disponivel em NREL (2007) foi utilizada como base para inser¢ao dos
componentes lignocelulésicos (celulose, hemicelulose e lignina). Para verificar se os resul-
tados fornecidos pelo simulador estavam corretos, foi feita a avaliacao da estimativa do

poder calorifico superior (PCS) destes combustiveis.

3.3.2.1 Verificagdo do Poder Calorifico Superior (PCS) — simula¢ao de um

calorimetro

Para representar um calorimetro, foi simulada a combustao completa de 1 kg/s de

material com a quantidade estequiométrica de oxigénio necessaria, ambos a 25°C, em um
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reator estequiométrico com conversao de 100%. Os produtos da reagao (gases de combus-
tao) sao resfriados em um trocador de calor até 25°C. A energia liberada neste trocador de

calor é correspondente ao PCS do material queimado.

Um exemplo da simulacao do calorimetro para a celulose é mostrado na Figura 3.1:

QUEIMA

CELULOSE
OXIGENIO

Figura 3.1: Esquema da simulacao do calorimetro para determinacao do PCS da celulose.

Considerou-se a unidade repetitiva da celulose (CgH1005) e o valor de entalpia de
formacao da celulose fornecido pelo NREL (-976362000 J/kmol) (WOOLEY; PUTSCHE,
1996). 1 kg/s de celulose corresponde a 22,202 kmol/h de celulose. Considerando-se a

estequiometria da reacao de combustao:

06H1005 + 602 — 5HQO + 6002 (31)

Sao necessarios 133,2 kmol/h de oxigénio. A entalpia da reacdo de combustao da
celulose calculada pelo simulador (Heat of Reaction) é igual a -2594398 kJ/kmol, o que
corresponde a -16000 kJ /kg. A energia liberada no trocador de calor TC é igual a 17299127

W. Logo, o PCS da celulose ¢ igual a:

17299127.] /s

P pum—
©s lkg/s

= 17299, 127k.J /kg = 4131, 825kcal kg (3.2)
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Segundo Domalski et al. (1986), o PCS (Gross Heat of Combustion) da celulose (avicel)
determinado a 28°C é igual a 17340,76 kJ/kg; da celulose de algodao (cotton linter) e de
polpa de madeira a 30°C, igual a 17426 e 17455 kJ/kg, respectivamente. Logo, conclui-se
que a energia liberada na queima da celulose é bem representada pelo simulador Aspen

Plus, com parametros determinados pelo NREL (WOOLEY; PUTSCHE, 1996).

Similarmente, foram feitos calculos para determinacao do PCS da hemicelulose, lignina
e bagago. No caso da hemicelulose, também foi utilizada sua unidade repetitiva (CsHgO,)
e o valor de entalpia de formagdo calculado por Wooley e Putsche (1996): -762416000
J/kmol. 1 kg/s de hemicelulose correspondem a 27,2 kmol/h; de acordo com a reacao de

combustao:

C5H804 + 502 — 4HQO + 5002 (33)

Sao necessarios 136,2 kmol/h de oxigénio. A entalpia da reacdo de combustao da
hemicelulose calculada pelo simulador (Heat of Reaction) é igual a -2172899 kJ/kmol, o
que corresponde a -16446 kJ /kg.

A energia liberada no trocador de calor TC é igual a 17719548 W. Logo, o PCS da
hemicelulose é igual a 17719 kJ /kg. Na literatura (DOMALSKI et al., 1986) é apresentado
o valor de 16666 kJ/kg para o PCS da hemicelulose extraida de madeira (northern red oak)
determinado a temperatura ambiente - como a estrutura da hemicelulose difere de acordo
com o tipo de planta, e a diferenca entre o valor obtido no simulador e na literatura nao
¢ muito elevada, assumiu-se que a energia liberada na queima da hemicelulose também ¢é

bem representada pelo simulador Aspen Plus, com parametros determinados pelo NREL

(WOOLEY; PUTSCHE, 1996).

No caso da lignina considerou-se alteracao nas propriedades determinadas por Wooley
e Putsche (1996), ja que a lignina selecionada pelo NREL representa ligninas de madeira,

com formula béasica C73H1390;13. Assim, buscou-se na literatura informagoes sobre a
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formula da lignina do bagago de cana-de-agiicar; Marabezi (2008) afirma que a formula
Cy0s9Hs 6(OCH3) representa adequadamente a lignina da cana de agicar. Assim, foi
necessario estimar novo valor para a entalpia de formacao da lignina, considerando sua
nova massa molecular. Para tanto, considerou-se valor de PCS para a lignina do bagaco
de cana-de-agticar disponivel na literatura de 27000 kJ/kg (TURNS, 2000; STANMORE,
2010).

A massa molecular da lignina do bagago ¢ igual a 194,2 kg/kmol; assim, a entalpia de
combustao da lignina ¢ igual a -5243313 kJ/kmol. A entalpia de formagao da lignina pode

ser determinada considerando-se sua reacao de combustao:

090279H876<OCH3) + 10, 9509 — 0, 8H50 + 10C O, (34)

Como:

A}]’combJigm’na = 57 8AHc{gua,l + 10AH£OQ B AHf

lignina

(3.5)

E a entalpia de formacao da agua liquida e do COs sao iguais a -68,3174 e -94,052
kcal/mol (SANDLER, 1989) (que correspondem a -285840002 e -393513568 J/kmol, res-
pectivamente), a entalpia padrao de formacao da lignina é calculada como -349695061

J/kmol.

Substituindo-se este valor na entalpia de formacao da lignina na base de dados desen-
volvida pelo NREL, assim como o valor sua massa molecular, obtém-se o valor de 26924596
W para a energia liberada no trocador de calor TC; logo, o PCS da lignina calculado pelo
simulador ¢ igual a 26924,596 kJ/kg; proximo, portanto, do valor tedrico. O valor calculado

para a entalpia da reagao de combustao da lignina é igual a -25689 kJ/kg.

Por fim, foi feito o calculo do PCS do bagago com composi¢ao considerada na simulacao,

que foi apresentada na Tabela 3.9.
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Considerando-se uma unidade produtora de etanol de primeira geracao, com moagem
de 500 TC/h, a vazao de bagaco produzido nas moendas é igual a 36,86 kg/s. Além das
reagoes de combustao descritas anteriormente (equagoes 3.1 a 3.4), foram incluidas também
as reacoes de combustao de sacarose (equacao 3.6), glicose (equacao 3.7) e acidos organicos

(equagao 3.8), que representam os extrativos:

C1oH2011 + 1209 — 11H50 + 12C 0, (36)
CGHlQOG + 602 — 6HQO + 6002 (37)
Acidos + 4,505 — 6C Oy + 3H,0 (3.8)

A energia liberada no trocador de calor TC éigual a 352004362W para a energia trocada
no trocador TC, durante a queima de 36,86 kg/s de bagaco imido, sendo obtido o valor de
9550 kJ /kg para o PCS do bagaco timido. Para o bagaco seco, obtém-se PCS igual a 19105
kJ/kg, valor proximo, portanto, daquele disponivel na literatura (4600 kcal /kg (HUGOT,
1986), o que corresponde a cerca de 19250 kJ/kg).

Conclui-se entao que o simulador é capaz de estimar com precisao a energia liberada na

queima dos componentes lignocelulosicos que ocorre no processamento da cana-de-agicar.

3.3.3 Componentes usados na simulagao

Na Tabela 3.11 sao apresentados os componentes utilizados na simulagao do processo

de produgao de etanol de 1* e 2% geragao.
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Tabela 3.11: Componentes utilizados na simulacao do processo integrado de 1* e 2 geragao.

Componente Férmula Estado fisico © Banco de dados °
Acido aceético CyH,04 Convencional Aspen Plus
Aconitato de célcio Solido Hipotético
Acidos organicos CeHgOg Convencional Aspen Plus
Hidroxido de célcio Ca(OH), Convencional Aspen Plus
Dioxido de carbono COy Convencional Aspen Plus
Etanol CoHgO Convencional Aspen Plus
Glicose CeH12056 Convencional Aspen Plus
Glicerol C3HgO3 Convencional Aspen Plus
Minerais K,O Convencional Aspen Plus
Sais KCI Convencional Aspen Plus
Acido sulfarico H,SO, Convencional Aspen Plus
Hidroxido de aménio NH,OH Convencional Aspen Plus
Terra SiO, Convencional Aspen Plus
Sacarose C12H9201; Convencional Aspen Plus
Agua H,0O Convencional Aspen Plus
Celulose CeH 1005 Solido Hipotético
Hemicelulose CsHOy Solido Hipotético
Lignina CQOZQH&G(OCH:;) Solido HlpOtéthO
Levedura CH17800’9N0,145 Solido HlpOtéthO
Floculante Solido Aspen Plus
Oxigénio 04 Convencional Aspen Plus
Nitrogénio No Convencional Aspen Plus
Cicloexano CeH1o Convencional Aspen Plus
Dioxido de enxofre SO, Convencional Aspen Plus
Isobutanol C4H1,0 Convencional Aspen Plus
Alcool isoamilico CsH1,0 Convencional Aspen Plus
Acido fosforico H;PO4 Convencional Aspen Plus
Oxido de calcio CaO Convencional Aspen Plus
Fosfato de calcio Caz(POy)s Solido Aspen Plus
Xilose C5H 005 Convencional Aspen Plus
Hidréxido de sodio NaOH Convencional Aspen Plus
Enzimas Convencional Hipotético

*Componentes de estado fisico “Convencional” podem ser liquidos, gases ou sélidos em solucao
*Componentes do banco de dados “Hipotético” foram inseridos na base de dados do simulador

Os componentes acidos organicos, glicose, minerais, sais, terra, sacarose, agua, celulose,
hemicelulose, lignina e 4cido fosforico (representando o fosfato) fazem parte da composigao

da cana-de-aguicar; 6xido de célcio, hidroxido de sédio, acido sulfirico, didxido de enxofre,
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oxigénio, nitrogénio, cicloexano, hidréxidos de amoénio e de célcio, enzimas, levedura e
floculante sao utilizados como insumos, reagentes ou solventes no processo. Xilose, fosfato
de calcio, alcool isoamilico, isobutanol, etanol, acido acético, glicerol, diéxido de carbono
sdo produtos de reacoes quimicas (fermentacao, hidrolise, etc.) que ocorrem ao longo do

processo.

3.4 Escolha do pacote termodinamico (Aspen Plus)

A escolha do pacote termodinamico consistiu na comparacao de estimativas de elevacao
do ponto de ebulicao de solucoes aquosas de sacarose e de estimativas da capacidade
calorifica de caldos de cana-de-acticar com diferentes composicoes, entre os resultados do

simulador e dados disponiveis na literatura.

3.4.1 Elevacao da temperatura de ebulicao

Foram analisadas as estimativas fornecidas pelo simulador utilizando-se os modelos
NRTL e UNIQUAC. Verificou-se que os resultados obtidos com o modelo UNIQUAC apre-
sentavam comportamento muito distante do real, apresentando uma diminui¢ao no ponto
de bolha da solucao com um aumento no teor de sacarose da solucao. Usando NRTL, o
comportamento predito pelo simulador aproximou-se dos dados experimentais para fracoes
de sacarose de até 60% em massa. Assim, buscaram-se na literatura outros parametros
de interacdo binaria. Starzak e Mathlouthi (2006) estimaram os parametros do modelo

UNIQUAC para o sistema agua-sacarose, que sao apresentados na Tabela 3.12.

Os resultados obtidos estao representados na Figura 3.2.
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Tabela 3.12: Parametros do modelo UNIQUAC para o sistema agua - sacarose (STARZAK;
MATHLOUTHI, 2006).

Parametro valor
Adgua,sacarose 227,3
Asacarose,dgua -224,72
Bdgua,sacarose ‘873359
Bsacarose,dgua 12,554
Cdgua,saca’rose 1,252
Csacarose,(igua -1,8257
Ddgua,sacarose _5, 0513 x 10_4
Dsacarose,dgua _4,41 X 10_4
B Experimental =0 ====- UNIQUAC - parametros literatura
——NRTL-Aspen. oo UNIQUAC -Aspen
134
129 n
'
124 ]

119

114
109

Ponto de bolha (*C)

104

99

Fracio massica de sacarose

Figura 3.2: Elevacao do ponto de bolha de solugoes aquosas de sacarose - comparagao entre
dados da literatura (HUGOT, 1986) e estimados usando parametros do banco de dados
simulador ou da literatura (STARZAK; MATHLOUTHI, 2006).

E possivel concluir entdo que na faixa de concentracio de sacarose (até 65% em massa)
utilizada no processo convencional de producao de etanol, tanto os modelos UNIQUAC
com parametros da literatura (STARZAK; MATHLOUTHI, 2006) quanto o modelo NRTL
com parametros da base de dados do simulador Aspen Plus representam adequadamente
os dados experimentais. Para elevadas concentragoes de sacarose, ambos fornecem resul-
tados diferentes dos dados experimentais. Conclui-se, entdao, que o modelo NRTL com

os parametros disponiveis no simulador pode ser empregado com relativa precisao. Este
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foi o modelo empregado em toda a simulacao, a nao ser nos blocos onde for declarado o

contrario.

A equacao de estado RK (Redlich-Kwong) foi utilizada para o calculo da fase vapor,
exceto no caso das colunas de destilacao onde foi considerada a equacao de estado de

Hayden-O’Connell.

3.4.2 Capacidade calorifica

Outra comparacao realizada com o intuito de verificar a precisao da estimativa realizada
pelo simulador foi feita entre os dados de capacidade calorifica estimados pelo simulador,
usando o modelo NRTL, e aqueles calculados a partir de correlacoes disponiveis na lite-
ratura. Esta comparacao foi feita considerando-se os resultados obtidos na simulacao do
evaporador de multiplo efeito, no qual a concentragao do caldo de cana-de-acticar aumenta

de 20 a 65 “Brix.

As equagoes 3.9 (GEORGIEVA et al., 2003) e 3.10 (HUGOT, 1986) foram utilizadas

para calcular a capacidade calorifica (Cp) da mistura em cada efeito.

Cp = 4186,8 — 29, 7Bz + 4, 61 Bz Pur + 0,075BxT (3.9)

Em que Bz é o brix (teor de solidos soluveis, %), Pur é a pureza (razao entre teor de
sacarose e teor de solidos soluveis) e T é a temperatura da corrente (°C). Cp é calculado

em J/kg°C.

B
Cp=1—-1[0,6—0,00187T + 0,0008 (100 — Pur)] ﬁ (3.10)

Neste caso, Pur ¢ a pureza (dada em %) e Cp ¢é calculado em cal/g°C.

Os parametros empregados nos célculos e os resultados sao apresentados na Tabela
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3.13.

Tabela 3.13: Parametros utilizados e capacidade calorifica estimados utilizando as equacoes
3.9 e 3.10 e obtidos no Aspen.

Efeito Brix T Pol Cpeq. 3.9 Cpeq. 3.10 Cp Aspen Dif. (eq. Dif. (eq.

% °C %  J/kg°C J/kg°C J/kg°C 3.9)%  3.10)%
1 205 1157 175 3835 3833 3998 4.2 43
2 243 1090 20,7 3760 3759 3817 15 1,6
3 30,0 100,8 25.6 3640 3639 3566 2,0 2,0
4 40,6 83,9 34,6 3396 3397 3123 8,0 8,1
5 650 589 554 2799 2809 2280 18,5 18,8

Verifica-se entao que, com excecao do 1ltimo efeito do evaporador miltiplo efeito, onde
o teor de solidos soluveis é o maior em toda a simulagao (em todas as outras etapas o teor de
solidos solaveis permanece abaixo de 25%), a diferenca (Dif.) entre o valor da capacidade
calorifica estimado pelo simulador e o valor calculado utilizando-se correlagcoes disponiveis

na literatura é menor que 10%.

3.5 Simulacao dos processos de producao de etanol usando

Aspen Plus

Neste capitulo sao descritas as principais simulagoes desenvolvidas em Aspen Plus
estudadas neste trabalho. Foram estudadas destilarias auténomas, nas quais toda a cana
é utilizada para producao de etanol, e a integracao de processos de producao de etanol de

2% geracao em destilarias autonomas otimizadas, em unidades que processam 500 TC /h.

3.5.1 Destilaria auténoma padrao

A destilaria autonoma padrao apresenta parametros operacionais médios encontrados
no setor atualmente. A simulacao foi dividida em blocos hierarquia, cada um representando

as principais etapas do processo, como mostrado na Figura 3.3.
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Figura 3.3: Fluxograma geral da simulacao da destilaria autonoma padrao no Aspen Plus.

Assim, as operagoes de preparo e extragao (bloco PREP-EXT), tratamento, concen-
tracao do caldo e fermentagao (bloco ETANOL), produgao de energia (bloco COGER),
destilagdo (bloco DESTILAC) e desidratacio (bloco D-AZEQ) foram representadas na
simulacao. Nas secoes 3.5.1.1 a 3.5.1.5 é descrito o procedimento utilizado para simular

cada etapa.

3.5.1.1 Bloco preparo e extracao

No bloco PREP-EXT estao representadas as operacoes de limpeza da cana (com agua),
moendas, peneiras de caldo misto e tratamento de dgua de lavagem. O fluxograma deste

bloco é mostrado na Figura 3.4.

No simulador os componentes solidos da corrente sao inseridos na substream CISOLID;
os demais componentes sao inseridos na Substream Mized. A composicao da corrente de

alimentacao de cana-de-acticar é mostrada na Tabela 3.14:

A glicose representa os agucares redutores e o acido fosforico, os fosfatos da cana
(correspondendo a cerca de 220 ppm de fosfato na cana total). A vazao total de cana foi
definida como 503018 kg/h, o que correspondem a 500 toneladas de cana (sem terra) por

hora.
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Figura 3.4: Fluxograma das operacoes de limpeza da cana, moendas, peneiras de caldo
misto e tratamento de agua de lavagem.

Tabela 3.14: Vazao e composi¢ao da cana-de-acticar adotada na simulacao.
Substream Mized
Componente  Vazao méssica (kg/h) Fragao massica (%)

Acidos organicos 2818 0,64
Glicose 3019 0,68
Minerais 990 0,22
Sais 7920 1,80
Terra 3018 0,68
Sacarose 70000 15,93
Agua 351456 79,99
Acido fosforico 152 0,03

Substream CISOLID
Componente  Vazao méssica (kg/h) Fragao massica (%)

Celulose 29930 47,02
Hemicelulose 17681 27,78
Lignina 16032 25,19

Nao foi considerada na simulacao a etapa de preparo da cana, ja que esta operacao faz
apenas transformagoes fisicas na estrutura da cana-de-agicar. No entanto, o consumo de

energia desta etapa é considerado na unidade de cogeragao.

Vérias especificacoes sao inseridas nesta secao como Design Specs, nas quais a vazao
de 4gua de embebicao e de lavagem, as perdas de aglcares e outros parametros sao cal-

culados automaticamente pelo simulador em funcao da vazao de cana e das especificacoes
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fornecidas. Os principais parametros adotados na simulacao desta etapa do processo sao

mostrados na Tabela 3.15.

Tabela 3.15: Principais parametros adotados na simulacao da unidade de preparo e extra-
Gao.

Parametro Valor
Agua de lavagem 2,2 m?/TC
Remocao de terra na lavagem 90%
Perdas de agiicares na lavagem 0,8 kg/TC
Arraste de 4gua de lavagem na cana 7,5 kg/TC
Agua de embebicio 280 kg/TC
Eficiéncia de extracao 96%
Umidade do bagacgo 50%
Floculante no tratamento de agua 2 ppm
Cal no tratamento de dgua 100 g/m?
Perda de dgua e aglicares no tratamento de agua 2,5%
Remocao de solidos no tratamento de agua 99%
Teor de fibras no caldo das moendas 0,55%
Remocao de fibras e terra nas peneiras 65%
Umidade das fibras retidas nas peneiras 2%

Dois tipos de utilidades quentes sao definidas na simulacao: VAP-2BAR e VAP115 ET;
a primeira corresponde ao vapor de escape produzido no sistema de cogeracao, enquanto que
a segunda corresponde ao vapor vegetal obtido no evaporador, onde o caldo é concentrado,

como é usualmente feito na industria.

3.5.1.2 Bloco etanol

No bloco ETANOL estao representadas as operacoes de tratamento do caldo, dentro do
bloco TRAT-ET, concentracao do caldo, dentro do bloco CONC, fermentacao e tratamento
do fermento (dentro do bloco CENTRIF'). O fluxograma do bloco ETANOL é apresentado
na Figura 3.5.

O fluxograma da simulagao do tratamento do caldo é mostrado na Figura 3.6. O caldo

é concentrado no bloco CONC) representado na Figura 3.7.
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Figura 3.6: Fluxograma das operagoes do bloco TRAT-ET .

Assim, o caldo obtido nas peneiras de caldo misto é direcionado ao tratamento do
caldo, que consiste em aquecimento regenerativo com caldo concentrado (corrente C-22
proveniente do bloco CONC) até 70°C, adigdo de acido fosforico e de cal, aquecimento
a 105°C (utilizando vapor), degasagem, adi¢do de floculante, decantacdo de impurezas,

filtracao do lodo, e peneiramento do caldo clarificado.
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Nesta unidade também sao produzidos leite de calcio (cal) e solu¢ao polimérica utiliza-
dos em todo o processo, incluindo portanto a cal e o polimero utilizado na etapa anterior
de tratamento de dgua de lavagem de cana (representado na Figura 3.6 pela corrente CAL-
TA e FLOC-TA, respectivamente). O trocador de calor PERDQDEC representa as perdas
de calor que ocorrem no decantador, nao sendo portanto um trocador de calor real. Os
principais parametros da simula¢ao do processo de tratamento e concentracao de caldo sao

mostrados na Tabela 3.16.

No bloco CONC o caldo é pré-aquecido utilizando-se vapor vegetal antes de ser alimen-
tado no evaporador, onde todo o caldo clarificado é concentrado até um teor de sélidos de
cerca de 19%, utilizando vapor de escape. Dentre as Design Specs utilizadas neste bloco,
uma delas varia a quantidade de agua evaporada no evaporador de modo a atingir teor
de etanol no vinho alimentado nas colunas de 8,5 “GL. A corrente de vapor VEGETAL
produzida no evaporador EV1 é utilizada como utilidade de aquecimento nos refervedores

das colunas de destilacao A e B, minimizando a vazao da corrente SOBRA.

No reator de fermentacao, simulado como um reator estequiométrico, foram inseridas 7

reacoes quimicas; as equacoes 3.11 e 3.12 representam a fermentagao da sacarose a etanol:

012H22011 —+ HQO — QCﬁngOG (311)
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Tabela 3.16: Principais parametros adotados na simulacao das unidades de tratamento e
concentracao do caldo (MANTELATTO, 2010).

Parametro Valor
Concentracao do acido fosférico 85%
Teor de fosfato no caldo apés adicao de H3PO, 250 ppm
Teor de agua no leite de cal 6% (massa)
Quantidade de CaO utilizada no tratamento 0,6 kg/TC
Concentracao da solucao polimérica - 1* diluicao 0,1%
Concentracao da solugao polimérica - 2* diluicao 0,05%
Adicao de polimero floculante 2,5 g/TC
Eficiéncia de decantacao de insoliveis 99,7%
Temperatura na saida do decantador 98°C
Umidade do lodo 90%
Adigao de agua no filtro 150% da torta
Temperatura da agua de lavagem 90°C
Adigao de bagacilho no filtro 6 kg/TC
Quantidade de torta de filtro 25 kg/TC
Retencao de solidos no filtro 65%
Pol da torta de filtro 1,5%
Remocao de insoliiveis na peneira de caldo clarificado 65%
Concentragao de insoltaveis retidos na peneira 30%
CsH1206 — 2C3HsOH + 2C0, (3.12)

A conversao das equacoes 3.11 e 3.12 foram definidas como 100 e 90%, respectivamente.
Os outros subprodutos sao representados de acordo com as equacoes abaixo; a equacao
3.13 representa o crescimento da levedura; as equacoes 3.14 e 3.15 representam os alcoois
superiores (isoamilico e isobutanol, respectivamente); glicerol e acido acético sdo formados

como indicam as equacoes 3.16 e 3.17.

3, 306H1206 + 2, 8NH4OH + 2, 1002 — 02H402 -+ 6, 9H20 -+ 19, 60]‘]1,80079]\70’145 (313)
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O, 806H1206 — 0, 6C5H120 + 1, 6002 + HQO (314)

0, 706H1206 — O, 7C4H1()O + 1, 5002 + O, 7H20 (315)
O, 606H1206 + O, 5H20 — CgHg)(OH)g + O, 5002 (316)
CﬁHlQOG — 302]’]402 (317)

Os coeficientes estequiométricos foram calculados de forma a balancear as equacoes; a
conversao de cada reacao foi calculada a partir da producao relativa de cada subproduto

em relacao ao etanol, apresentada na Tabela 3.17:

Tabela 3.17: Formacao de subprodutos da fermentagao alcodlica - relacao méssica com a
produgao de etanol (MANTELATTO, 2010).

Parametro Valor (%)
Glicerol/Etanol 6,33
Acidos /Etanol 3,56
ARRT/Etanol 0,25

Levedura/Etanol 5,85

Assim, a conversao das equacgoes 3.16, 3.17 e 3.13 foram entao calculadas utilizando-se
Design Specs relacionando a producao destes subprodutos a produgao de etanol (no caso
da formacao de levedura considerou-se também a adi¢ao de nutriente, NH,OH na corrente
NUTRIENT). A quantidade de agtcares redutores residuais totais (ARRT) foi utilizada

para calcular a conversao das reacoes 3.14 e 3.15.

Considerou-se que o volume de pé-de-cuba (suspensao de células alimentada ao reator)
em relacao ao volume de mosto é igual a 25%; a quantidade de células (base seca) no pé-de-

cuba foi considerada igual a 10% (em massa), o que corresponde a cerca de 30% em base
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timida. O vinho levedurado obtido ao fim da fermentacao é tratado no bloco CENTRIF,

como mostrado no fluxograma da Figura 3.8:

ﬁ
VINHOLEV/(IN}) VINHO-D(OUT})

CENTRIF1  LEVI >4 PURGA(OUT)
LEV-CREM
PEDECUBA(OUT) B
H2504(IN) p
TRAT-LEV

Figura 3.8: Fluxograma das operagoes do bloco CENTRIF .

A separacao das células do vinho ocorre na centrifuga, onde a separacao foi definida
considerando-se quantidade de células (base seca) no creme de 22% e 6,5% em massa de
etanol, com eficiéncia de retencao de solidos de 99%. A quantidade de H,SO, adicionada
no tratamento de células foi definida como 5 kg/m? de etanol produzido, e a quantidade
de dgua aquela em quantidade suficiente para atingir 10% de células (em massa, base seca)
no pé-de-cuba. A quantidade de creme de levedura removido na purga foi calculada de

forma a atingir fracao de pé-de-cuba no reator de fermentacao de 25%.

Os gases produzidos na fermentacao sao coletados e o etanol arrastado é recuperado
utilizando-se coluna de absorcao. Especificou-se que o teor de etanol na solucao alcoodlica

da lavagem de gases ¢ de 3% em massa.

O vinho delevedurado obtido nas centrifugas é misturado a solucao alcodlica da lavagem

dos gases e encaminhado a destilacao.

3.5.1.3 Bloco destilacao

O vinho é pré-aquecido no condensador da coluna B (trocador de calor E) até 73°C

e trocando calor com a vinhaca até 82°C, antes de ser alimentado no topo da coluna Al.
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Etanol hidratado com 93% de etanol em massa é produzido na coluna B, como representado

na Figura 3.9.
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Figura 3.9: Fluxograma das operagoes do bloco DESTILAC .

Os principais parametros da simulacao das colunas de destilacdo sao mostrados na

Tabela 3.18.

Tabela 3.18: Parametros do processo de destilacao.

Parametro Valor
Numero de pratos - coluna A 20
Numero de pratos - coluna Al 8
Numero de pratos - coluna D 6
Nimero de pratos - coluna B, Bl 60

Teor de etanol na vinhaca 0,02% (massa)
Teor de etanol no AEHC 93,0% (massa)

As colunas A e B trabalham com aquecimento utilizando refervedores (aquecimento

indireto) que operam com vapor vegetal ou de escape.
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3.5.1.4 Bloco desidratacao

Na destilaria padrao o processo de destilacao azeotrépica é utilizado para produzir
etanol anidro. No processo completo, a destilacao azeotrépica é representada somente por
meio de um trocador de calor com consumo de vapor de escape proporcional & producgao

de etanol anidro (1,9 kg de vapor 2,5 bar por litro de etanol anidro) (MEIRELLES, 2006).

3.5.1.5 Bloco cogeracao

No bloco COGER é simulada a producao de vapor e eletricidade utilizando bagago (e
eventualmente palha) como combustivel. O fluxograma da simulagao do sistema de coge-
ra¢do para produzir vapor a 22 bar (representando a situa¢do média presente na industria

atualmente) é mostrado na Figura 3.10.
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Figura 3.10: Fluxograma das operacoes do bloco COGER .

O bagacgo produzido nas moendas é alimentado no sistema de cogeracao. Uma fracao
do bagaco é separada como reserva para ser utilizado em partidas da planta. A queima do
bagaco ocorre em um reator estequiométrico, onde ocorrem todas as reagoes de combustao
apresentadas na secao 3.3.2.1, com conversao de 100%. Ar em excesso é adicionado ao
reator, fornecendo o oxigénio necessario. Uma fracao dos gases quentes produzidos no
reator é separada e inutilizada na simulacao, a fim de que seja obedecida a eficiéncia da

caldeira; o restante dos gases é utilizado para aquecer a agua pressurizada de forma a
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atender a demanda de vapor do processo e mantendo a temperatura de saida dos gases
da caldeira em um valor determinado, que varia de acordo com a pressiao da caldeira (os

parametros empregados na simula¢io sao apresentados ao longo deste trabalho).

Vapor superaquecido é produzido no bloco CALDEIRA; parte do vapor é utilizado em
turbinas de acionamento direto - TURBOAC (utilizadas para acionar moendas e outros
equipamentos da unidade de preparo e extragao) - a fragao de vapor que é alimentada no
TURBOAC é aquela suficiente para produzir a energia mecéanica correspondente a demanda
do processo. Outra parte do vapor é alimentada em um turbogerador (TURBOG), no qual
¢ produzida energia elétrica. No caso do sistema para producao de vapor a 22 bar, o
restante do vapor disponivel é expandido em uma valvula; sua vazao é bem menor do que
aquela das correntes de vapor de acionamento e alimentado no gerador - a quantidade de
vapor expandida é calculada pelo simulador como aquela suficiente para zerar o excedente
de energia elétrica mas atendendo a demanda de energia elétrica do processo (no caso da
destilaria que nao vende excedentes de energia - quando é produzida eletricidade excedente,

o sistema ¢ simulado de maneira diferente, como serda mostrado na se¢do 3.5.2.2) .

O vapor obtido na saida das turbinas de acionamento direto, do turbogerador e da
valvula estao a 2,5 bar e superaquecidos; agua para dessuperaquecimento é fornecida,
produzindo vapor de escape a 2,5 bar e cerca de 150°C. Este vapor fornece a energia térmica
necessaria ao processo, que é representado como um trocador de calor. Assumiu-se que uma
parte dos condensados obtidos no processo é perdida, o restante é alimentado no desaerador,
no qual uma fragao do vapor de escape é alimentada visando manter temperatura elevada,
juntamente a agua de reposicdo. Agua de reposicdo é utilizada para repor as perdas e é
calculada de forma a igualar a vazdo da corrente de dgua na saida da bomba (corrente

AGUA-CLD) a vazao da corrente alimentada na caldeira (corrente AGUA-22).

Nos equipamentos que utilizam agua (como caldeiras, turbinas, trocadores de calor) foi
utilizado o pacote termodinamico STEAMNBS, recomendado para estimar propriedades
do vapor e da agua pura (ASPENTECH, 2010). Nos equipamentos onde correntes de

elevadas temperaturas (maiores que 1000°C) , como o reator onde ocorre a queima e por
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onde circulam os gases, foi considerado o pacote RKS-BM (equagao de estado Redlich-

Kwong-Soave e Boston-Mathias).

A quantidade de bagaco queimada é calculada pelo simulador como aquela suficiente
para manter a temperatura dos gases no valor especificado; a quantidade de agua ali-
mentada na caldeira também é calculada pelo simulador de forma a atender a demanda
de vapor do processo (a vazao da corrente VAP-PROC é igual & demanda da utilidade

VAP-2BAR).

Os principais parametros da destilaria autonoma padrao sao apresesentados na Tabela

3.19.

Tabela 3.19: Parametros do sistema de cogeracao (ENSINAS, 2008; SEABRA, 2008).

Parametro Valor
Reserva de bagaco 5%
Excesso de ar na queima 30%
Eficiéncia da caldeira 22 bar (base PCI) 5%
Temperatura do vapor produzido na caldeira 300°C
Temperatura dos gases na saida da caldeira 170°C
Eficiéncia isentropica da turbina 2%
Eficiéncia do gerador 98%
Eficiéncia isentropica da turbina de acionamento direto 55%
Demanda de energia elétrica do processo 12 kWh/TC
Demanda de energia mecanica do processo 16 kWh/TC
Perdas de condensados 5%
Pressao no desaerador 1,4 bar
Temperatura no desaerador 105°C

3.5.2 Destilaria autonoma otimizada

A simulacao do processo integrado de producao de etanol de 1* e 2* geracao é baseada
em uma destilaria auténoma otimizada, na qual o consumo de vapor de processo é redu-
zido e a producao de energia elétrica é maximizada. A redugao no consumo de vapor do
processo ¢é essencial para aumentar a disponibilidade de material lignoceluldsico para ser

utilizado como matéria prima para producao de etanol de 2* geracao; ja a maximizacao da
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producao de energia elétrica é visada nos processos em que nao ocorre producao de etanol
de 2% geracao e todo o material lignocelulésico disponivel é utilizado como combustivel em
caldeiras para producao de energia elétrica. Os itens incluidos na otimizacao da destilaria
autonoma para os dois casos sao discutidos a seguir; os resultados sao apresentados no

Capitulo 5.

3.5.2.1 Uso da palha

Com a proibigao da queima da palha no campo (PIPPO et al., 2011a), grandes quan-
tidades deste material poderao estar disponiveis para uso no processo industrial. A quan-
tidade de palha que deve ser deixada no campo depende de condigoes especificas como
variedade da cana, clima, etc. (HASSUANT et al., 2005), mas diferentes autores conside-

ram que o transporte de 50% da palha para a usina deve se tornar realidade nos proximos

anos (DIAS et al., 2009; WALTER; ENSINAS, 2010; PIPPO et al., 2011a).

Assumiu-se teor de celulose, hemicelulose, lignina e cinzas da palha da cana-de-acicar
igual ao do bagaco; a umidade da palha foi considerada igual a 15% (massa). Nos cenarios
em que foi considerada a recuperagao da palha, assumiu-se que metade dos 140 kg de palha

por tonelada de cana estao disponiveis.

3.5.2.2 Producao de vapor a alta pressao

A produgao de grandes excedentes de energia elétrica é possivel mediante o emprego
de caldeiras de alta pressao para producao de vapor. Atualmente, caldeiras de 90 bar ou
maior pressao podem ser encontradas na industria. Na Figura 3.11 esta representada a
simulacao do processo de cogeracao para producao de vapor a 90 bar com queima de todo

o material disponivel.
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Figura 3.11: Fluxograma do processo de cogeracao para producao de vapor a 90 bar, com
queima de todo o bagaco e palha.

Neste caso dgua a 90 bar (AGUA-90) é alimentada na caldeira, produzindo vapor
a 90 bar e 520°C. Este vapor é expandido na turbina T6, produzindo energia elétrica,
onde vapor a 6 bar é produzido para alimentar o sistema de desidratacao com peneiras
moleculares. Vapor a 6 bar é alimentado na turbina T2, onde vapor a 2,5 bar é produzido
para suprir o processo. Como toto o material lignocelulésico é queimado, a quantidade
de vapor gerada nas caldeiras é maior que a demanda de vapor do processo; assim, uma
turbina de extracao-condensacao (TC) é empregada, onde vapor a 0,11 bar é produzido e
condensado no condensador COND. Considerou-se na destilaria otimizada acionamento dos
equipamentos totalmente eletrificado, portanto nao sao utilizadas turbinas de acionamento

direto.

No caso da utilizacao de sistemas de cogeracao a 90 bar na producao de etanol de 2%
geracao, somente o vapor necessario para atender a4 demanda do processo é produzido e
assim, o material lignocelulésico excedente (EXC-LIGN) é enviado para a unidade 2G, nao

existindo entao a turbina de condensagao como mostrado na Figura 3.12.

Os parametros do sistema de cogeracao otimizado sao mostrados na Tabela 3.20.
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Figura 3.12: Fluxograma do processo de cogeracao para produgao de vapor a 90 bar, com
producao de material lignocelulosico excedente.

Tabela 3.20: Parametros do sistema de cogeragao para produgao de vapor a 90 bar (adap-
tado de (ENSINAS, 2008; SEABRA, 2008; DIAS et al., 2009)).

Parametro Valor
Reserva de bagaco 5%
Excesso de ar na queima 30%
Eficiéncia da caldeira 90 bar (base PCI) 86,6%
Temperatura do vapor produzido na caldeira 520°C
Temperatura dos gases na saida da caldeira 160°C
Eficiéncia isentropica da turbina - alta pressao 2% ©
Eficiéncia isentropica da turbina - pressao intermediaria 81%
Eficiéncia isentropica da turbina de condensagao 70%
Eficiéncia do gerador 98%
Pressao de condensacao 0,11 bar
Demanda de energia elétrica do processo 30 kWh/TC
Perdas de condensados 5%
Pressao no desaerador 1.4 bar
Temperatura no desaerador 105°C

*Eficéncia das turbinas fornecidas pela NG metaltrgica (ENSINAS, 2008)
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E importante notar que o aumento da pressio do vapor gerado na caldeira leva a
um aumento na producao de energia elétrica no turbogerador, mas também aumenta o
consumo de bagaco na caldeira. Foram feitas simulagoes do processo de producao de vapor
com producao de bagaco excedente para caldeiras produzindo vapor a 22, 65 e 90 bar. A
temperatura de saida dos gases foi fixada (160°C para caldeiras de 65 e 90 bar e 180°C para
caldeiras de 22 bar) (MANTELATTO, 2010). A quantidade de bagaco excedente para um

consumo de vapor fixo em cada caso é mostrada na Figura 3.13.
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Figura 3.13: Producao de bagaco excedente em funcao da eficiéncia da caldeira.

Assim, caldeiras de 22 bar com elevada eficiéncia (atualmente sdo encontradas caldei-
ras novas de 22 bar com eficiéncia de 86%) permitem a producdo de maiores excedentes
de bagaco do que caldeiras eficientes de 90 bar (hoje, com eficiéncia da ordem de 88%
(MANTELATTO, 2010)). No entanto, a produgio de energia elétrica excedente aumenta
de cerca de 17 kWh/TC (caldeiras de 22 bar) para 64 kWh/TC (caldeiras de 90 bar).
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3.5.2.3 Redugao no consumo de vapor do processo

Diferentes procedimentos podem ser adotados na indistria para reduzir o consumo de
vapor do processo, produzindo maiores excedentes de material lignoceluldsico. Os princi-

pais avancos adotados neste trabalho sao listados a seguir.

Concentracao do caldo em evaporadores maultiplo efeito Em destilarias autono-
mas convencionais a concentracao do caldo antes da fermentacao é realizada empregando-se
evaporadores simples, nos quais ¢ produzido vapor vegetal que ¢ utilizado como utilidade
no processo. Uma forma de diminuir o consumo desta operacao é o emprego de evapo-
radores miltiplo efeito (EME) como os ja utilizados na fabrica de agtcar, onde o caldo é
concentrado até 65 °Brix. No caso da destilaria auténoma, apenas uma fracao do caldo
deve ser concentrada, ja que a concentracao do caldo alimentado na fermentacao deve ser

da ordem de 20 °Brix.

Um esquema da simulag¢ao do evaporador multiplo efeito, baseado em Dias (2008), é

mostrado na Figura 3.14.
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Figura 3.14: Fluxograma do processo de concentracao do caldo em evaporadores multiplo
efeito.

O consumo de vapor no EME é cerca de cinco vezes menor do que o consumo de vapor
no evaporador simples (mostrado na Figura 3.7), sem considerar sangrias de vapor que

podem ser feitas nos primeiros estagios do EME para suprir parte da demanda de energia
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do processo. Neste trabalho considerou-se a realizacao de sangria de vapor no primeiro
efeito do evaporador de multiplo efeito, como é usualmente feito na industria; no entanto,
maiores ganhos em termos de consumo de energia podem ser obtidos se forem realizadas

sangrias de vapor do segundo e terceiro efeitos.

Destilacao multiplo efeito A operacao das colunas de destilagao em diferentes niveis de
pressao permite a integracao entre condensadores e refervedores das colunas de retificagao

e destilacao, reduzindo assim o consumo de vapor do processo.

Como o maior consumo de vapor ocorre na coluna de destilacao (coluna A), ganhos
significativos poderiam ser obtidos integrando-se o refervedor da coluna A ao condensador
da coluna B. Isto pode ser feito por meio da utilizacao de pressoes sub-atmosféricas nas
colunas A, Al e D, mantendo-se pressoes da ordem da atmosférica na coluna B, o que leva

a diferencas de temperatura entre os dois equipamentos de cerca de 10°C.

Um esquema da simulagao do processo de destilacao duplo efeito com vacuo na coluna

de retificacao é apresentado na Figura 3.15.

Na configuracdo estudada na simulacao, a integracao entre o refervedor da coluna A
(REB-A) e o condensador da coluna B (E) é representada pela corrente de energia QINT;
apenas uma fracao da energia liberada no condensador da coluna B é suficiente para suprir
a necessidade energética da coluna A, e o restante da energia disponivel é transferido a

agua de resfriamento no condensador E1.

Como a pressao na coluna A é menor que na coluna B, é necessario elevar a pressao da
corrente de flegma vapor (FLEGMA-V) utilizando um compressor (COMP1), consumindo
para tanto energia elétrica. Como pode exisitir um excedente de energia elétrica no pro-
cesso, caso sejam empregadas caldeiras para producao de vapor de alta pressao, o aumento
no consumo de energia elétrica no processo nao representa um obstaculo a utilizacao deste

sistema de destilacao.
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Figura 3.15: Fluxograma do processo de destilacao multiplo efeito.

Como a pressao na coluna de destilagao é baixa, a temperatura no topo da coluna D
deve ser baixa de forma a diminuir perdas de etanol no topo desta coluna. Temperaturas da
ordem de 25°C podem ser utilizadas, mas para isso deve ser utilizada agua de resfriamento
a temperaturas menores do que as usualmentes utilizadas em plantas de agticar e alcool.
Nestes casos um sistema de producgao de dgua gelada baseado em absorcao com brometo de
litio foi utilizado; a simulacao do processo foi baseada naquela descrita por Somers (2009)

e seu fluxograma ¢é apresentado na Figura 3.16.
Os parametros apresentados na Tabela 3.21 foram empregados na simulacao.

Além de vapor, foi utilizada também a vinhaca como fonte de aquecimento no sistema
de absorcao com brometo de litio. Na simulacao deste processo foi utilizado o pacote ter-
modinamico ELECNRTL para considerar a presenca de fons e sais, e o pacote STEAMNBS

no lado dos trocadores de calor que operam com agua ou vapor d’agua.
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Figura 3.16: Fluxograma do processo de producao de agua gelada por absor¢cao com bro-
meto de litio.

Tabela 3.21: Parametros do sistema de producao de 4gua gelada por absorcao com brometo

de litio

Parametro Valor
Temperatura da dgua gelada 14°C
Temperatura de alimentagao da agua fria 27°C
Temperatura de alimentagao da agua de resfriamento  27°C
Temperatura de saida da dgua de resfriamento 30°C
Pressao do vapor 2,5 bar
Temperatura do vapor 150°C
Concentragao da solucao de brometo de litio 57,4%
Efetividade do trocador de calor SHX 0,64

O coeficiente de performance (COP) calculado para o sistema foi de 0,75.
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Desidratacao com peneiras moleculares O processo de desidratacao com peneiras
moleculares apresenta baixo consumo de vapor, entre 0,55 e 0,6 kg vapor/L AEAC, valor

menor do que aquele do processo de destilagdo azeotropica com cicloexano (cerca de 2 kg/T.

AEAC) (MEIRELLES, 2006).

O Aspen Plus nao apresenta em sua base de dados a operacao unitaria de adsorc¢ao;
assim, esta fol simulada por meio de um splitter, considerando-se que 81% do etanol é
recuperado no AEAC e o restante é reciclado a coluna de destilaggo (MANTELATTO,
2010). O consumo de vapor 6 bar foi especificado como 0,6 kg/L. AEAC (MEIRELLES,
2006).

3.5.2.4 Processos alternativos de fermentacao

Duas configuragoes alternativas ao processo convencional de fermentacao (batelada ali-
mentada com reciclo de células) foram simuladas neste trabalho: o processo de fermentagao
a baixa temperatura utilizando agua gelada produzida em sistemas de absorcao com bro-
meto de litio, e o processo de fermentacao extrativa a vacuo. Uma breve descricao das

simulagoes destes dois processos é apresentada a seguir.

Fermentacao a baixa temperatura Na fermentacgao a baixa temperatura (30°C), 4gua

gelada é utilizada para resfriar o meio reacional, conforme indicado na Figura 3.17.

Os parametros empregados na simulagao foram estimados em dados fornecidos por
Olivério et al. (2010), e sdo apresentados na Tabela 3.22, a partir dos quais foi calculada

uma conversao de glicose a etanol igual a 92,7% nas condicoes da simulagao.

Os parametros apresentados na Tabela 3.21 foram utilizados para simular o processo
de resfriamento por absorcao com brometo de litio, mas neste caso a vinhaca produzida nas
colunas de destilagao fornece parte do calor necessario ao gerador; se o calor fornecido pela
vinhaca nao for suficiente, como pode acontecer ja que a vazao de vinhaga é relativamente

baixa devido ao elevado teor alcodlico do vinho, vapor de escape é utilizado como fonte
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Figura 3.17: Fluxograma do processo de fermentacao a baixa temperatura.

Tabela 3.22: Principais parametros empregados na simulacao do processo de fermentacao
a baixa temperatura.

Parametro Valor
ART do mosto 28%
Temperatura da fermentacao 30°C

Teor de etanol do vinho delevedurado 13,82 °GL

Fermentagao extrativa a vacuo A simulacao do processo de fermentacao extrativa
a vacuo foi baseada no trabalho desenvolvido por Junqueira et al. (2009), com algumas
adaptacoes. A simulacao foi feita de modo a permitir a comparacao entre este processo e
a fermentacao a baixa temperatura, ou seja, foram utilizadas concentracoes iguais de ART

no mosto, temperatura no reator e conversao a etanol.

Neste trabalho considerou-se o fluxograma apresentado na Figura 3.18, onde o vinho

levedurado obtido no reator é centrifugado para recuperacgao das células, que passam por
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tratamento e sao recicladas ao reator; em seguida, o vinho delevedurado é separado em
duas correntes: uma delas é alimentada no tanque flash, que opera a vacuo, enquanto a
outra é misturada a solugao alcoolica obtida na coluna de absorcao para lavagem dos gases
da fermentacao. No tanque flash sdo produzidos uma corrente de vapor (rica em etanol)
e uma liquida, que é reciclada ao reator. A corrente de vapor é comprimida usando uma
série de compressores com resfriamento intermediario até a pressao atmosférica, de forma
a ser alimentada na coluna de destilagao; para realizar o resfriamento, a propria corrente
de solugao alcoodlica é utilizada em trocadores de calor regenerativos, sendo dessa forma
pré-aquecida antes de ser enviada a coluna de destilagao. A fracao de vinho delevedurado
que é alimentada no tanque flash é manipulada de forma a se manter o reator a 30°C, em
conjunto com as variaveis do flash. A pressao de operacao do tanque flash foi definida

como 0,06 bar.
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Figura 3.18: Fluxograma do processo de fermentacao extrativa a vacuo.

Maiores detalhes sobre as simulacoes dos processos alternativos de fermentagao sao

apresentados no Capitulo 6.
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3.5.3 Producao de etanol de 2* geracao

A simulac@o do processo de producao de etanol de 2% geracao considerou um processo
de pré-tratamento do material lignocelulésico por explosao a vapor seguido ou nao por
deslignificacao alcalina, e hidrolise enzimatica. Estas operacoes foram inseridas na simu-
lacao do processo integrado de producao de etanol de 1* e 2* geracao no bloco 2G, como

mostrado na Figura 3.19.
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Figura 3.19: Fluxograma do processo integrado de producao de etanol de 1* e 2* geragao.

Inicialmente foram considerados dois niveis tecnologicos para producgao de etanol de 2*
geragao; no primeiro (Figura 3.20) é considerado um nivel atual de tecnologia, enquanto

no segundo (Figura 3.21) melhorias no processo sao analisadas.

Na hidroélise atual, o material lignocelulosico excedente da unidade de cogeracao (BAG-
EXC), composto por bagago e palha que nao sao queimados para produgao de energia, é
alimentado no reator de explosdo a vapor junto a uma corrente de vapor (STEAM). No
reator de explosao ocorrem reacoes de hidroélise da celulose e hemicelulose. O vapor é
liberado e o bagago pré-tratado (BAGEXP) ¢é filtrado para remocao do licor de pentoses
(LICOR-P), que é biodigerido para produgao de biogas. O bagaco pré-tratado (BPT) é

alimentado no reator de hidrolise enzimatica; os produtos da hidroélise sao filtrados e a fase
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solida (CELULIGN), que contém a maior parte da lignina, é utilizada como combustivel
nas caldeiras da unidade de cogeragdo, enquanto que o licor de glicose (LIC-HEXO) é

enviado a fermentacao junto com o caldo de cana-de-acucar.
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Figura 3.20: Fluxograma do processo de produgao de etanol de 2* geracao - tecnologia
atual.

Na hidroélise com tecnologia futura é considerada uma etapa de deslignificagao alcalina
posterior ao pré-tratamento; esta operagao promove a solubilizacao da lignina do bagaco
pré-tratado, aumentando o rendimento da hidrélise enziméatica. Apods a deslignificacao
a fase solida é separada utilizando-se um filtro, no qual a polpa de celulose (BDESL) é
separada da lignina dissolvida (LIGNIN), que é precipitada utilizando-se acido sulfirico.
Apos a adicao de acido a mistura é novamente filtrada para recuperacao da lignina (LIG-
NINA), que ¢ utilizada como combustivel na caldeira. A polpa de celulose obtida apos a
deslignificagao ¢ hidrolisada; a celulose nao consumida (CELULOSE) também é utilizada
como combustivel na caldeira. O licor de pentoses (LICOR-P) obtido no pré-tratamento
¢ misturado ao licor de hexoses (LIC-HEXO) obtido na hidrolise, quando se considera a

fermentacao das pentoses a etanol.

Os parametros adotados nas simulacoes sao apresentados na Tabela 3.23.
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Figura 3.21: Fluxograma do processo de producao de etanol de 2* geracao - tecnologia
futura.

Tabela 3.23: Parametros dos processos de producao de etanol de 2* geragao simulados.

Parametro Hidrélise atual Hidrélise futura

Explosio Conversao de hemicelulose 70% 70%
Conversao de celulose 2% 2%

a vapor Tempo de reagao 15 min 15 min
Temperatura 190°C 190°C

. . Temperatura - 100°C
Deslignificagao Tempo de reagao - 1h
alealing Concentracao de NaOH - 1%
Lignina dissolvida - 90 %

o I&I d;(;l;S(; 77777 Conversao de celulose 60% 0%

Teor de solidos 10% 15%
enzimética Temperatura 50°C 50°C
Tempo de reacao 72 h 48 h

Nos cenarios em que foi considerada fermentacao das pentoses a etanol, conversao de
80% foi utilizada; nos cenarios em que o licor de pentoses foi biodigerido, considerou-se
eficiencia de remogao de DQO (demanda quimica de oxigénio) de 70% (conversio das

equagoes 3.18 e 3.19) e reagoes de formagao de metano a partir das pentoses e das hexoses
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do licor:

C5H1005 — 2, 5CH4 + 2, 5002 (318)

C6H1206 — 30H4 + 3002 (319)

Assim, o biogas produzido possui fracao volumétrica de metano igual a 50%.

Em todos os filtros considerou-se vazao de 4gua de lavagem igual & quantidade de torta
produzida, a 80°C, com eficiéncia de retencao de solidos insoluveis de 99,5% e perdas de
soluveis de 10%. A umidade das polpas foi considerada igual a 50% quando o produto
é queimado na caldeira (para os residuos) e 65% para a polpa de celulose alimentada na

hidroélise enzimatica.

Resultados das simulagoes dos processos de producao de etanol de 2* geracao sao

apresentados nos Capitulos 7 a 9.

3.6 Metodologia de analise de viabilidade econ6mica

Uma das possiveis formas de comparagao entre alternativas de processo ¢ a realizagao
de analise de viabilidade econémica. Neste trabalho, a anélise de viabilidade economica de
diferentes alternativas de processo foi baseada na determinacao da taxa interna de retorno
(TIR) e custos de produgdo para um fluxo de caixa no qual todas as receitas e despesas
estao incluidas. Os principais parametros adotados para a elaboracao do fluxo de caixa

neste trabalho sao apresentados na Tabela 3.24.

Neste trabalho, as simulacoes descritas nas secoes anteriores fornecem os parametros
para a analise econémica do processo, tais como consumo de insumos (por exemplo, cana-

de-agucar, catalisadores, palha e outros) e a quantidade de produtos (etanol e eletricidade).
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Tabela 3.24: Principais parametros adotados para elaboracao do fluxo de caixa.

Parametro Valor
Vida tutil do projeto 25 anos
Valor residual dos equipamentos 0

Construcao e start-up 2 anos
Depreciacao (linear) 10 anos

Impostos (de renda e contribui¢oes sociais) 34 %

O investimento ¢ calculado baseado em dados fornecidos pela industria (como mostrado
na secao 4.1 e no Apéndice A); pregos para insumos e produtos sdo calculados como pregos

médios obtidos nos ultimos anos (CEPEA, 2011; UDOP, 2011).

Na anéalise economica foram considerados 160 empregados na destilaria convencional
(produgao de 2 milhdes de toneladas de cana-de-agticar por ano), com salarios e encargos
médios por trabalhador de R$ 3000/més; a participagao do custo de outros insumos em

relacao ao custo da cana-de-acicar foi definida como 27%.

Uma das variaveis empregadas para fornecer bases na avaliacao da competitividade
do etanol celulésico na literatura ¢ o MESP (minimum ethanol selling price), calculado
como o preco de venda do etanol na porta da fabrica que fornece valor presente liquido
(VPL) zero para uma TIR de 10%, descontados os impostos (HUMBIRD et al., 2011). No
entanto, neste trabalho foram utilizados apenas a TIR e o custo de producao. O custo
de producao é calculado como o prego pago ao produtor por todos os produtos de forma
que a TIR do empreendimento seja igual a 0, diminuindo-se simultaneamente e com a
mesma, proporc¢ao o preco de todos os produtos a partir dos precos de venda considerados.
Assim, foi utilizada uma planilha eletronica! que permite o calculo da TIR e dos custos de

producao a partir das informagoes de investimento, produtos e custos envolvidos.

!Planilha eletronica para analise econémica desenvolvida por Marcelo Pereira da Cunha,
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Capitulo 4

Avaliacao de plantas de producao de

etanol usando SuperPro Designer

Neste capitulo sao apresentados alguns trabalhos desenvolvidos utilizando-se o simula-

dor SuperPro Designer (INTELLIGEN, INC., 2009).

Em todos os trabalhos apresentados neste capitulo, a simulacao desenvolvida usando o
SuperPro Designer forneceu os resultados (produgao de etanol, eletricidade) e a demanda
de vapor; a producao de vapor e energia elétrica foi calculada utilizando-se planilhas ele-
tronicas, que por sua vez utilizavam como base os resultados da simulacao. A andlise

econdmica do processo também foi realizada por meio de planilhas eletrénicas.

4.1 Avaliacao preliminar da producao de etanol e eletri-

cidade em destilarias auténomas

A avaliacao técnico-econdmica de diferentes configuracoes de destilaria auténoma é
apresentada no trabalho Fvaluation of ethanol and bioelectricity production from sugarcane

in autonomous distilleries, submetido para publicacao na revista Biomass and Bioenergy e
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atualmente em fase de revisao. Neste trabalho diferentes cenérios foram simulados usando
o simulador SuperPro Designer para avaliacao do impacto de melhorias no processo, in-
cluindo aumento da producao de energia elétrica, na taxa interna de retorno e nos custos
de producao. Para analisar o sistema de cogeracao e os aspectos econdémicos foram utili-
zadas planilhas eletronicas. Os resultados deste trabalho mostram que o uso integral da
cana-de-actcar, considerando a recuperacao de parte da palha produzida no campo para
producao de energia elétrica na usina aumenta a viabilidade econémica do processo. Uma
importante conclusao apresentada neste trabalho se refere ao impacto do custo da palha
na rentabilidade do processo quando 50% da palha produzida no campo é transportada
até a industria: verifica-se que a taxa interna de retorno do empreendimento nao é signi-
ficativamente alterada para alteragoes de 15% no preco médio da palha, considerando-se

seu impacto em todo o empreendimento ao longo de sua vida 1til.
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Evaluation of ethanol and bioelectricity production

from sugarcane in autonomous distilleries *

Abstract

Production of first generation ethanol and bioelectricity from sugarcane in an
autonomous distillery was evaluated through simulation using software SuperPro De-
signer and electronic spreadsheet. The internal rate of return (IRR) and ethanol
and bioelectricity production costs were determined for different production scenar-
ios, considering improvements on the energy production from sugarcane bagasse and
on the bioethanol production process, the use of part of sugarcane trash and selling
of surplus bioelectricity. Economic risk and sensitivity analyses were carried out to
evaluate impacts of changes in the economic parameters (prices and costs) on both
the IRR and production costs. It was verified that selling of surplus bioelectricity

positively influences ethanol production costs and the IRR.

1 Introduction

Brazil produces bioethanol from sugarcane on a large scale basis since the 1970s (Bake
et al., 2009; Borrero et al., 2003). Increase on the demand for the biofuel as a substitute
or complement of gasoline (Huang et al., 2009) has motivated the search for more efficient
means of production, since its production process presents large potential for improvement
(Cheng and Wang, 2008). As a consequence, the evaluation of conventional ethanol pro-
duction and the identification of critical process parameters are required. Brazil and the
United States, which produces ethanol from corn, are the largest ethanol producers in the
world (Balat et al., 2008); however, net energy of ethanol production from sugarcane is

more positive than that from corn (Leite et al., 2009): sugarcane bagasse, one of the main

*Co-autores deste trabalho: M.P. Cunha, C.D.F. Jesus, C.E.V. Rossell, R. Maciel Filho ¢ A. Bonomi
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by-products of sugarcane processing, is used as fuel in cogeneration systems (Beecharry,
1996), providing steam and electric energy to supply the bioethanol production process.
Thus, a 1% generation ethanol plant may produce electric energy to sell to the grid, if there
is a surplus produced during cogeneration. For the past few years, growing interest on pro-
duction of electricity in ethanol production plants has been observed, as it may improve
revenues and competitiveness of sugarcane ethanol and sugar (Ensinas et al., 2007). In
addition, it is believed that in short to mid-term, electricity from sugarcane residues could
become a product as important as ethanol or sugar (Walter and Ensinas, 2010).

Today sugarcane processing plant, on which sugarcane is converted into fuel (ethanol),
food (sugar), energy (electricity) and other useful byproducts (like bagasse, used as fuel
or as cattle feed, vinasse and filter cake, which are used as fertilizers) already fits into the
concepts of a biorefinery (Uihlein and Schebek, 2009). In order to compete with conven-
tional petro-chemical processes, biorefineries, among other issues, must achieve maximum
efficiencies with improved design, and as such present open and complex design problems
from a systems perspective (Kokossis and Yang, 2010). The processing of renewable feed-
stock is presented as an emerging field of process systems engineering (PSE) by Klatt and
Marquardt (2009), who highlight the need to develop novel, large scale processes that deal
with the conversion of different renewable materials into fuels or platform chemicals. The
employment of modeling, simulation and optimization tools in biorefineries has been in-
creasingly investigated for the past few years (Huang et al., 2009; Alvarado-Morales et al.,
2009; Cardona and Sanchez, 2007; Dias et al., 2009; Klein-Marcuschamer et al., 2010;
Ramirez et al., 2008; Seabra et al., 2010; Tao and Aden, 2009), aiming the improvement of
process routes and evaluation of economic and environmental impacts of different process
configurations and feed stocks.

The use of lignocellulosic materials for 2"¢ generation bioethanol production has been
investigated with increasing interest for the past years, but it has not yet become a reality,
in spite of its advantages from the sustainability point of view (these materials are usually of
low value or obtained as a process residue, like sugarcane bagasse) (Jiménez-Gonzélez and
Woodley, 2010). In Brazil, 2" generation ethanol production will most likely be derived
from sugarcane residues like bagasse and trash; because these are used as fuels to supply
the energy requirements of the production process in conventional 1% generation plants,
the amount of lignocellulosic material available for use as feedstock for 2° generation
ethanol production is closely related to the energy performance of the plant. Thus, the

conventional ethanol production process from sugarcane must be studied and optimized as
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well, in order to improve the availability of lignocellulosic materials for use as feedstock for
27 generation ethanol production in the future.

In this work, simulations of ethanol production from sugarcane were carried out using
SuperPro Designer 7.5 (Intelligen, Inc) in order to evaluate internal rate of return and
production costs within the industrial site. A "standard" autonomous distillery is con-
sidered, in which 500 metric tons of sugarcane (TC) per hour are processed, producing
approximately 1000 m®/day of anhydrous bioethanol, during roughly 170 days/year (sug-
arcane harvest season). Process data used to simulate the unit operations were obtained
from industrial sites and from literature. Data for investment calculations were provided
by Dedini Induastrias de Base S/A, the largest Brazilian manufacturer of sugarcane plants
(Dedini, 2009). The model developed in this work allows the evaluation of the productiv-
ity (both bioethanol and bioelectricity) as well as economic impacts of different process
configurations, which provides ground for comparing the competitiveness of different pro-
duction scenarios. Preliminary results considering 2" generation ethanol production from
the lignocellulosic biomass (that will be presented in a future work) corroborated the re-
sults obtained in this work, in terms of the importance of the integral use of the sugarcane

for bioenergy production.

2 Materials and Methods

2.1 Process basis

In this work an autonomous distillery was evaluated, on which all the sugarcane pro-
cessed is used to provide sugars for fermentation, producing ethanol. A general flow dia-
gram describing the main steps required for the sugarcane 1% generation ethanol production
process in an autonomous distillery is illustrated in Figure 1.

In this work different scenarios for the production of ethanol and electricity from sug-
arcane were simulated, considering different levels of technological improvements for the
same standard plant, assuming constant sugarcane quality and amount processed, even
though certain fluctuations on these values occur in practice; electrical and mechanical
power demands were estimated based on the amount of sugarcane processed, considering

typical parameters found in the industry (Ensinas et al., 2007).
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Figure 1: Simplified block flow diagram of the 1% generation anhydrous bioethanol pro-
duction process from sugarcane in an autonomous distillery.

2.2 Process simulation procedure

Operating and process parameters of the autonomous distillery were obtained in the
literature and from operating industries. A "standard" plant is considered, with unit
operations typical of those found in the Brazilian bioethanol industry. 500 TC per hour
are processed for production of around 1000 m®/day of anhydrous bioethanol (99.3 wt %
ethanol).

Firstly, a mass balance of the process was carried out using a spreadsheet, in which
usual industrial parameters (efficiency of unit operations, amount of input materials and
yields) were employed; these are presented in Table 1. Then, simulation was carried out
using software SuperPro Designer 7.5 from Intelligen, Inc, considering the unit operations
indicated in Fig. 1, except for the operations related to the energy cogeneration system.
Using the spreadsheet, information required to supply the simulation was calculated, such
as component separation on splits representing unit operations (like mills and settlers,
among others) that are not available on the simulator.

In the cogeneration operations, where steam and electric energy are produced, calcula-
tion was performed using a conventional spreadsheet, since the simulation software, at the
moment, does not include the procedures required to perform its simulation. A simplified
SuperPro Designer flowsheet, displaying only the most important unit operations of the

simulation of bioethanol production process is shown in Figure 2.
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Table 1: Main parameters adopted in the simulation of the "standard" plant.

Parameter Value Unit
Sugarcane crushing rate 500 TC/h @
Days of operation 167  days/year
Fibre on sugarcane 12 wt %
TRS (total reducing sugars) on sugarcane 14.7 wt%
Amount of sugarcane trash produced in the field 140 kg/TC ®
Dirt removal on sugarcane cleaning 90 %
Sugar losses on sugarcane cleaning 0.8 kg/TC
Sugars recovery on the mills 96 %
Sugarcane bagasse water content 20 wt %
Recovery of sugars on juice treatment 99.5 %
Fermentation yield 90 %
Ethanol recovery on distillation and dehydration = 99.7 %

TC: Tons of sugarcane
®Dry basis

Several hypothetic components were inserted into the simulator database, in order to
represent the process more accurately; they are part of sugarcane composition (cellulose,
hemicellulose, lignin, aconitic acid, which represents the acids present in sugarcane struc-
ture, and potassium oxide, which represents all the minerals), material dragged along with
sugarcane (dirt), by-products (such as aconitate, formed during juice treatment) or input
material (flocculant polymer, used on juice treatment in the settler). Data for these com-
ponents were obtained in the literature (Wooley and Putsche, 1996; Mantelatto, 2005).
Some operations, not available in the simulation platform, were simulated considering the
most important characteristics of the operation. Examples are the mills used to extract the
sugar juice, that are simulated considering a split operation, separating bagasse and sugar
juice, considering a given yield in order to obtain the desired composition of the products.
Energy demands of unit operations that are not available in the simulator database, such
as extraction of sugars in the mills, azeotropic distillation and adsorption onto molecular
sieves (processes used on ethanol dehydration), were obtained in the literature (Ensinas
et al., 2007; Andrietta, 2009).

2.3 Bioethanol production process

In an autonomous distillery, all the steps illustrated in Figure 1 (sugarcane reception

and cleaning, extraction of sugars, juice treatment and concentration, fermentation, distil-
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lation and dehydration of ethanol, along with cogeneration) take place during anhydrous

bioethanol production.

ij Mills
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Figure 2: Simplified flowsheet of the simulation of the 15* generation bioethanol production
process carried out using SuperPro Designer.

Dirt carried along from the field is usually removed from sugarcane using wash water,
which is recycled to the cleaning process after removal of dirt and other impurities. Ex-
traction of sugars is done using mills, where sugarcane juice and bagasse are separated;
water is used to improve sugars recovery at a rate of 28 wt% of sugarcane flow.

Impurities present on sugarcane juice (minerals, salts, organic acids, dirt and fiber
particles) must be removed prior to fermentation. In this work a physicochemical treatment
consisting of separation of fibers and sand in screens, heating of juice from 30 to 70°C,
addition of lime along with a second heating, up to 105°C, removal of air (flash) and
addition of a flocculant polymer and final removal of impurities using a settler is assumed.
Mud obtained in the settler is filtrated to improve sugars recovery.

Clarified juice contains around 15 wt % solids, mainly sugars (sucrose and reducing
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sugars fructose and glucose; all the reducing sugars were represented in the simulation as
glucose); a fraction of the clarified juice is concentrated on 5-stage multiple effect evapo-
rators (MEE) up to 65 wt% solids. The concentrated juice is mixed with the remaining
clarified fraction to produce a final juice containing 22.5 wt% solids that is cooled and fed
to the fermentors.

Conversion of sugars into ethanol takes place in a fed-batch fermentation process with
cells recycle, the typical configuration employed in Brazilian ethanol plants (Brethauer and
Wyman, 2010; Pellegrini and Oliveira Junior, 2011); on this process configuration, yeast
recovered through acid treatment from a previous fermentation batch is fed to the fermentor
prior to the juice; after addition of the juice, the mixture remains in the reactor for a few
hours, and the sugars are fermented into ethanol, carbon dioxide and by-products (other
alcohols, organic acids, etc). The fermented liquor (wine) produced in the fermentation
is centrifuged to remove yeast cells, which undergo a chemical treatment using water and
sulfuric acid to reduce bacterial contamination. Yeast cells are used on the next batch, while
centrifuged wine is purified on the distillation and rectification columns, producing hydrous
(around 93 wt%) ethanol. Anhydrous ethanol (99.3 wt%) is produced using alternative
separation processes due to the formation of an azeotrope between water and ethanol (95.6
wt%).

Two dehydration processes were considered: azeotropic distillation using cyclohexane
as entrainer, which is the most common and most energy-intensive process used in ethanol
dehydration, and adsorption onto molecular sieves, which presents the lowest energy con-
sumption among the commercial dehydration processes available (Simo et al., 2008), al-
though it requires a large investment (Dedini, 2009).

Since none of these processes are appropriately represented by the unit operations
available in the process simulator, both were simulated as material splitters with typi-
cal industrial parameters for separation (production of anhydrous ethanol with 99.3 wt%
ethanol) and steam consumption (around 0.65 kg of 6 bar steam per liter of anhydrous
ethanol produced in the adsorption system and 1.50 kg of 2.5 bar steam per liter of an-
hydrous ethanol produced by azeotropic distillation with cyclohexane) (Andrietta, 2009;
Meirelles, 2006).

The main process parameters for the whole bioethanol production process are those
listed in Table 1.
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2.4 Cogeneration systems

Conventional plants are equipped with boilers for the production of 22 bar steam, in
which sugarcane bagasse, produced in the mills, is used as fuel. The steam produced in the
boilers is used to produce electricity in back pressure steam turbines and as thermal energy
for the process, besides being used in mechanical drivers in the sugarcane preparation and
juice extraction systems.

A 90 bar cogeneration system with back pressure and condensing steam turbines for
production of steam and electric energy is considered as well, in scenarios where surplus
electricity is sold to the grid. The amount of sugarcane bagasse available for cogeneration
and the process steam demand are obtained in the simulation and used to determine the
parameters of the coproduction of heat and power (CHP) plant; as a result, the amount of
surplus bagasse or electric energy available for sale is determined. The main parameters
of the CHP system are shown in Table 2.

Besides the use of more efficient boilers (90 bar), three other process improvements,
in the cogeneration sector, were considered: the use of electric drives for mills and other
equipments, replacing the lower-efficiency mechanical drivers (Ensinas et al., 2007); reduc-
tion of 20% on process steam consumption, due to possible thermal integration among
process streams; and the use of sugarcane trash as fuel in boilers.

Steam reduction may be accomplished using Pinch Analysis - different authors (Ensinas
et al., 2007; Dias et al., 2009; Franceschin et al., 2008; Pfeffer et al., 2007) applied this
method to analyze the thermal integration of the bioethanol production process; 20% of
reduction on steam consumption can be considered.

Sugarcane trash is composed by leaves and tops, and nowadays is burned before harvest
or left in the field; a fraction of the trash generated may be recovered and used as fuel in
the plant. In this work, 50 % of trash produced in the field is transported to the plant
and used as fuel for the production of steam and electricity; the remaining fraction is left
in the field for agricultural purposes, in order to provide control of weeds and diseases
(Braunbeck et al., 1999; Hassuani et al., 2005), as well as recycling nutrients for sugarcane
growth.

In all the cases where excess steam is produced, the excess steam is condensed on
condensing steam turbines, increasing the amount of electricity produced, as illustrated in

Figure 3.
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Table 2: Main parameters considered in the simulation of the CHP system (Dias et al.,

2009).

Parameter Value Unit
22 bar - boiler thermal efficiency 75 %

90 bar - boiler thermal efficiency 86 %
High pressure steam turbines isentropic efficiency 72 %
Intermediate pressure steam turbines isentropic efficiency 81 %
Condensation turbine isentropic efficiency 70 %
Mechanical drivers - turbine isentropic efficiency 55 %
Generator efficiency 98 %
Sugarcane bagasse LHV (50 wt% water) 7565 kJ/kg
Sugarcane trash LHV (15 wt % water) 12960  kJ/kg
Electric power demand of the distillery 12 kWh/TC
Mechanical power demand - cane preparation and juice extraction 16 kWh/TC
Electric power demand of the distillery - electric drivers 30 kWh/TC
Outlet pressure of high pressure steam turbine 22 bar
15¢ extraction pressure 6 bar
274 extraction pressure 2.5 bar
Process steam pressure 2.5 bar

Figure 3: Simplified scheme of the cogeneration systems: (a) 22 bar boilers, with back
pressure steam turbines (surplus bagasse); (b) 90 bar boilers with condensing-extracting
steam turbines (surplus electricity). I: boiler; II: Turbine; III: Process; IV: Condenser.

2.5 Economic evaluation

On Tables 3 and 4 the basic parameters used in the economic analysis are presented.

First, economic analysis of each of the studied scenarios was carried out using the
parameters presented in Tables 3 and the medium costs and prices reported in Table 4,
evaluating the internal rate of return (IRR) for each scenario. Production costs were then
calculated reducing ethanol, surplus bagasse and electricity prices simultaneously, at the
same proportion, until real profits reached zero (i.e, internal rate of return per year equal

to zero).
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Table 3: Basic parameters used in the economic analysis.

Parameter Value
Project lifetime 25 years
Salvage value of equipment 0

Construction and start-up 2 years
Depreciation (linear) 10 years

Tax rate (income and social contributions)  34.0%

Table 4: Basic parameters used in the sensitivity analysis.

Parameter Minimum Medium Maximum
Overall investment Tomin T Tmaz
Sugarcane costs (US$/t) 18.35 19.41 20.47
Sugarcane trash costs (US$/t) 10.00 15.00 20.00
Electricity price (US$/MWh) 59.00 70.50 82.00
Ethanol price (US$/L) 0.46 0.50 0.55
Bagasse price (US$/t) 18.35 19.41 20.47

x stands for the average investment required for each scenario; x,,;, and ,,,, consider
an estimated standard deviation of 6.7%; sugarcane prices correspond to the 6 years moving
average (Dec 2009 values) in Sao Paulo state (SP), from July 2000 to December 2009
(UDOP, 2009); electricity prices correspond to the minimum, medium and maximum prices
on renewable energy auctions; anhydrous ethanol prices are the 6 years moving average of
anhydrous ethanol prices paid to the producer (Dec 2009 values) in SP, from July 2000 to
December 2009 (CEPEA, 2009) and sugarcane bagasse price is estimated to be equal to

that of sugarcane.

3 Results and discussion

3.1 Simulation results

Different configurations were analyzed, combining the options shown in Table 5. Sce-
nario I presents the typical traditional 1%° generation autonomous distillery; scenarios II
through IV present increasing levels of technological improvements considered in this work,
which influence the production of electricity, allowing to increase the amount of bioelec-
tricity to be sold to the grid.
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Table 5: Parameters and conditions considered in the studied scenarios.
Parameter II IIT 1V

1%¢ generation anhydrous ethanol production X X X
22 bar boilers

Sell of surplus bagasse

Dehydration by azeotropic distillation
Dehydration by adsorption onto molecular sieves
90 bar boilers

Burning of surplus bagasse

Sell of surplus electricity

Electrification of drivers

Reduction of 20 % on process steam consumption
50 % of trash used

SRRl

AR A A
P A KA A
SRRl

Investment costs were evaluated for each of the studied scenarios based on data pro-
vided by the industry (Dedini, 2009): an autonomous distillery processing 500 tons of
sugarcane per hour, using azeotropic distillation and cogeneration for the production of 22
bar steam requires an investment of US$ 150 million; Table 6 presents the distribution of

the investment costs among sectors of the plant.

Table 6: Investment data for the traditional 1% generation autonomous distillery (Dedini,
2009).

Investment by sector Share (%)
Sugarcane reception and juice extraction 15
Juice treatment, fermentation and distillation 17
Cogeneration system 30
Other sectors 38

Assumptions were made regarding investment changes for the process improvements
considered: 40% increase on the distillation sector for the adsorption with molecular sieves
process, 40% increase on the cogeneration sector due to the use of 90 bar boilers (Dedini,
2009) and 10% increase on the distillation sector due to the heat exchanger network for
the 20 % reduction on steam consumption. The investment required for installing electric
drivers was considered the same as for mechanical drivers, thus no change on investment
was considered for this improvement. The capacity-ratio exponent of 0.6 was used for
evaluating changes on the investment required for the cogeneration sector as a function of
the amount of steam produced on each scenario. Simulation results for each of the studied

scenarios are displayed in Table 7.
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Table 7: Simulation results for the studied scenarios.

Parameters 1 11 II1 1V
Anhydrous ethanol production - L/t sugarcane 83.3 83.3 83.3 83.3
Surplus bagasse - kg/t sugarcane 16.6 0 0 0
Surplus electricity sold - kWh/t sugarcane 0 682 80.3 161.5
Investment costs - 105 US$ 150 191 194 215

3.2 Economic analysis
Table 8 presents the calculated ethanol and electricity production costs, besides the

internal rate of return for each scenario, calculated as described on section 2.5.

Table 8: Ethanol and electricity production costs and the internal rate of return for each
studied scenario.

Parameters | 11 111 1A%

Ethanol production costs - US$/L 0.359 0.335 0.331 0.311
Electricity production costs - US$/MWh 47.31 46.59 43.92
Internal rate of return - % per year 13.5 13.6 13.8 15.0

An economic risk analysis was carried out, in order to evaluate the impact of selling to
the grid bioelectricity produced on the sugarcane processing plant. The values presented
in Tables 3 and 4 were employed. An electronic spreadsheet was developed to evaluate the
internal rate of return and ethanol and electricity production costs, on which a normal dis-
tribution of overall investment, ethanol, electricity and bagasse average prices, sugarcane
and sugarcane trash costs presented in Table 4 were assumed for each alternative, consid-
ering 10,000 possible scenarios with random combinations of these variables. Results for a
99.7 % confidence interval for the internal rate of return on each scenario are illustrated in
Figure 4.

The values obtained applying the same strategy for evaluation of ethanol and electricity
production costs, in a 99.7 % confidence interval, are illustrated in Figures 5 and 6.

The results displayed in Figures 4, 5 and 6 show that the use of the whole sugarcane
plant, that is, the use of the sugars as feedstock for bioethanol production and of ligno-
cellulosic residues (bagasse and trash) for bioelectricity production provides considerable
gains on both the profitability of the business and reduction of ethanol and bioelectricity
production costs, the average IRR increased from less than 14% on scenarios where sugar-
cane trash is not used, to 15% on scenario IV, where 50% of the trash is used. In addition,

production costs for both bioethanol and bioelectricity consistently decrease from scenario
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I to scenario IV.
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Figure 4: Internal rate of return (IRR) for each scenario - 99.7 % confidence interval.
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Figure 5: Ethanol production costs - 99.7% confidence interval.

Another important obtained result is that the range of variation of the IRR for a 99.7%

confidence interval is smaller for scenario IV, in comparison with the other scenarios;
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this means that besides providing more revenues, the whole use of the sugarcane plant
(through the recovery and use of 50% of the trash generated in the field as fuel in boilers)

and substantial production of bioelectricity decrease the risk of the business.
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Figure 6: Electricity production costs - 99.7% confidence interval.

Sensitivity analyses for evaluation of the impact of investment, sugarcane and sugarcane
trash costs, ethanol and electricity prices on the internal rate of return of the studied

scenarios were carried out. Results are shown in Figures 7 through 11.
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Figure 7: Impact of +15% changes on the investment on the internal rate of return (IRR)
for each scenario.
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Figure 8: Impact of + 15% changes on sugarcane costs on the internal rate of return (IRR).
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Figure 9: Tmpact of + 15% changes on sugarcane trash costs on the internal rate of return
(IRR).

Ethanol prices (Fig. 10) present the largest impact on the internal rate of return (IRR)
of the enterprise, followed by sugarcane costs (Fig. 8) and investment (Fig. 7). It can be
verified that due to the fact that electricity is not a co-product on scenario I, the impact

of ethanol prices and sugarcane costs on the IRR is more significant than on the other

scenarios.
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Figure 10: Impact of £15% changes on ethanol prices on the internal rate of return (IRR).

The most interesting result is the impact of sugarcane trash costs on the IRR (Figure
9), which is not so significant in scenario IV, on which 50% of the trash generated in the
field is used as fuel in the boiler; considering variations of +15% on the average sugarcane
trash cost, the IRR of the whole business varies from 14.8 to 15.2%. Sugarcane trash is
currently burnt or left in the field because transportation costs are relatively high due to
the low density of this lignocellulosic material, and a lot of effort has been spent trying to
develop efficient means for trash recovery and transportation to the factory; however results
obtained in this work show that the impacts of sugarcane trash costs on the profitability of
an autonomous distillery producing bioethanol and bioelectricity are much less significant
compared to other evaluated parameters, although the use of the trash is very important
to increase the profitability and reduce the products production costs.

Since sugarcane costs are equivalent to roughly 60% of the final production costs of
ethanol, a sensitivity analysis was carried out in order to evaluate the impacts of sugarcane
costs on the final ethanol cost; results are presented in Figure 12.

Similar trends between the impact of sugarcane cost on ethanol production cost are
observed for scenarios I and IV, even though ethanol costs are considerably lower on sce-
nario IV; however, changes on ethanol costs due to increasing sugarcane cost are slightly
smaller for scenario TV, due to the fact that the amount of bioelectricity sold to the grid

is relatively larger.
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Figure 11: Impact of +15% changes on electricity prices on the internal rate of return
(IRR).
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Figure 12: Evaluation of anhydrous ethanol production costs in scenarios I and IV for
different sugarcane prices (for mv/MV: minimum and maximum 6-years moving average
values for sugarcane costs, respectively and for variations of 15% on the average (av)

sugarcane costs).

4 Conclusions

In this work simulation of a typical autonomous distillery for 15 generation anhydrous
bioethanol production from sugarcane was carried out. Simulation of the plant with Su-

perPro Designer platform was adequate for a first approach, although it required the use
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of spreadsheets for energy cogeneration calculations, increasing the difficulty on simulating
the studied scenarios.

Integral use of the sugarcane and selling surplus electricity (scenarios II through IV)
can improve the profitability of 1% generation ethanol production from sugarcane, as well
as reduce ethanol production costs. The use of sugarcane trash as a fuel on cogeneration
systems can ulteriorly reduce 1%° generation ethanol production costs, since large amounts

of electricity are available for sale.
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4.2 Producao de etanol de 2% geracao versus producgao

de eletricidade

Nesta secao é apresentado o trabalho Second generation ethanol in Brazil: Can it com-
pete with electricity production?, publicado na revista Bioresource Technology' em 2011.
Neste trabalho diferentes cenérios considerando a producgao de etanol em destilarias auténo-
mas e a producao integrada de etanol de 2? geracao foram analisados por meio de simulacao
utilizando-se o simulador SuperPro Designer e planilhas eletronicas. Os cenarios estudados
consideram crescente nivel tecnologico, variando desde a destilaria autonoma convencional,
com inclusao de producao de energia elétrica excedente, melhorias no processo para reduzir
o consumo de vapor, uso da palha, hidrélise enziméatica da celulose e fermentacao das pen-
toses. Andlise econdmica foi realizada, com célculo da taxa interna de retorno e do custo
de producao de etanol e eletricidade em cada cenario. Os resultados mostram que o uso
da cana integral, com coleta de uma fracao da palha, leva a uma melhoria dos indicadores
economicos. Além disso, a integracao da producao de etanol de 2* geracao na destilaria
autonoma so leva a aumentos significativos na producgao de etanol por tonelada de cana
quando sao incluidas melhorias no processo, reduzindo o consumo de vapor, e quando uma
parcela da palha é recolhida do campo, aumentando a disponibilidade de material ligno-
celuldsico para ser utilizada como matéria prima na 2* geracao. No entanto, a produgao
de etanol de 2* geragao s6 sera mais rentavel que a destilaria autéonoma otimizada (com
maximizagdo da produgdo de energia elétrica) quando elevados rendimentos de hidrolise e

fermentacao de pentoses estiverem disponiveis.

!Reprinted from Bioresource Technology, 102, M.O.S. Dias et al., Second generation ethanol in Brazil:
Can it compete with electricity production?, p. 8965-8971, 2011, License Number 2739341157890, with
permission from Elsevier
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Much of the controversy surrounding second generation ethanol production arises from the assumed
competition with first generation ethanol production; however, in Brazil, where bioethanol is produced
from sugarcane, sugarcane bagasse and trash will be used as feedstock for second generation ethanol pro-
duction. Thus, second generation ethanol production may be primarily in competition with electricity
production from the lignocellulosic fraction of sugarcane. A preliminary technical and economic analysis
of the integrated production of first and second generation ethanol from sugarcane in Brazil is presented
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Simulation available.
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1. Introduction

Current efforts to meet the increased demand for fuel ethanol in
Brazil and elsewhere are primarily based on building new plants
and increasing acreage for sugar cane cultivation (Soccol et al.,
2010; Goldemberg and Guardabassi, 2009); however, further pro-
duction increases will also have to be based on improved sugar-
cane cultivation to allow the production of more ethanol per
hectare. Development of new technologies and improvements in
existing processes will also be necessary to obtain more ethanol
per ton of sugarcane. Agricultural productivity can be improved
by such practices as low impact mechanization for no-till farming
(CTBE, 2010), the use of new sugarcane varieties and perhaps, in
the future, of transgenic sugarcane. Processing productivity can
be increased by using the entire sugarcane plant as a feedstock
(Soccol et al., 2010) through chemical and biochemical hydrolysis
of surpluses bagasse and sugarcane trash or by production of other
renewable fuels (BTL - biomass to liquid thermochemical route)
(Naik et al., 2010; Walter and Ensinas, 2010) or chemicals (Fu
and Holtzapple, 2010).

Utilization of the lignocellulosic biomass for ethanol production
(second generation ethanol) would be preferable over sugar and
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starch-based ethanol production (first generation ethanol) because
of limited competition with food production and fewer changes in
land use and less deforestation (Fu and Holtzapple, 2010; Sanchez
and Cardona, 2008; Nigam and Singh, 2011).

The use of lignocellulosic materials as feedstock for second gen-
eration bioethanol production has not yet become an industrial
reality due to the lack of efficient and low cost technologies which
results in prohibitive investment and production costs as well as
poor returns on investment (Cardona et al., 2010; Dias et al.,
2010). The structure of the plant cell wall and the difficulties in
hydrolyzing its main components (cellulose, hemicellulose and lig-
nin) limit the application of plant biomass (Rodrigues et al., 2010).
Sugarcane trash, comprised of sugarcane tops and leaves, and ba-
gasse are lignocellulosic residues obtained during sugarcane culti-
vation and processing that are currently burnt, left in the field, or
used for energy production.

It is possible to utilize these materials more efficiently. Sugar-
cane bagasse, especially, is already available at the sugarcane pro-
cessing plant site, and ethanol production from bagasse may share
part of the available conventional bioethanol production infra-
structure (Dias et al., 2009). Analogous to an oil refinery, where
all fractions of the petroleum barrel are exploited, the entire sugar-
cane plant should be transformed in the biorefinery as it already
contributes roughly 70% to the cost of first generation ethanol
(CGEE, 2009). The introduction of second generation ethanol or
fuel production needs to take into account the demand from both
domestic and international markets and competition from use of
lignocellulosic biomass in electricity cogeneration plants (Cardona
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et al., 2010). The decision regarding second generation ethanol pro-
duction should be made considering the opportunity prices for the
different biomass derived products (ethanol and other biofuels,
bioelectricity and sugar, among others). In this study, several eco-
nomic analyses were performed, considering different process con-
figurations for first and second generation plants. Technological
improvements of first generation units, use of sugarcane trash
along with bagasse for cogeneration of electricity or second gener-
ation ethanol production based on different levels of technological
development were evaluated. Furthermore, sensitivity analyses
were performed varying the prices of sugarcane, trash (transported
to the plant) and enzymes for the cellulose hydrolysis, as well as
the opportunity prices for bioelectricity and ethanol and the facil-
ity investment required for each process configuration.

First and second generation ethanol production plants were
simulated using the SuperPro Designer simulation platform; the
cogeneration system was simulated using an electronic spread-
sheet, because the unit operations required are not yet available
in the simulator’s database. Economic data applicable to the Brazil-
ian situation were collected and an electronic spreadsheet was
developed to calculate economic impacts (internal rate of return
- IRR, and production costs, always excluding return on capital).
First generation ethanol production was simulated using represen-
tative Brazilian industrial parameters from large scale plants (over
1 million liters of bioethanol/day), while for second generation eth-
anol production, data obtained in laboratory-scale experiments
were employed.

2. Process description
2.1. Ethanol production in Brazil - first generation plants

Ethanol is produced from sugarcane in Brazil, either in autono-
mous distilleries, in which all extracted sugarcane juice is con-
verted to ethanol, or in annexed plants, where a fraction of the
sugarcane juice is used for sugar production and ethanol is ob-
tained using the remaining part of the juice, along with molasses

Liming
Sugarcane Water

Bagasse

Filter cake

(residue of the sugar production). For this analysis, it was assumed
that 500 tons of sugarcane (TC) are processed per hour (two mil-
lion TC per year) on a relatively large scale autonomous distillery,
producing approximately 1000 m>/day of anhydrous ethanol in a
conventional first generation plant. The following process opera-
tions were considered in anhydrous ethanol production in an
autonomous distillery: sugarcane cleaning and preparation, extrac-
tion of sugars, juice treatment and concentration, fermentation,
distillation and dehydration of ethanol, cogeneration (combined
heat and power generation). Details about these unit operations
have previously been published (Dias et al., 2010).

The unit operations present in sugarcane processing for ethanol
production were simulated with data obtained from large scale
units. A simplified SuperPro Designer flow sheet constructed to
represent a first generation ethanol plant is shown in Fig. 1.

First, a conventional plant with an azeotropic distillation sys-
tem for ethanol dehydration was simulated since it is the most
common configuration found in Brazilian industrial units. How-
ever, new plants are considering the use of alternative dehydration
processes such an adsorption process with molecular sieves, which
consumes less energy, avoids contamination of the product with
solvent (Simo et al.,, 2008), and decreases ethanol losses when
compared to the conventional azeotropic distillation process. En-
ergy consumption of these operations was obtained from the liter-
ature (Meirelles, 2006; Andrietta, 2009), as the process simulator
does not include the unit operations required to represent these
processes. Table 1 presents the basic parameters used in the simu-
lation of first generation ethanol plants.

2.2. Cogeneration systems

During sugarcane processing, large amounts (approximately
140 kg|TC, dry basis) of bagasse are produced when sugarcane
juice is separated from the fiber. This bagasse is usually burnt in
low efficiency cogeneration systems (22 bar) to produce steam
and electricity for the plant (Ensinas et al., 2007). For the past
few years, more efficient boilers and turbines have been employed
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Fig. 1. Simplified SuperPro Designer flowsheet representing the simulation of a first generation ethanol production plant from sugarcane.
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Table 1
Basic parameters adopted in the simulation of the first generation ethanol production
plant.

Parameter Value Unit
Sugarcane crushing rate 500 TC/h @
Days of operation 167 days/year
Sugarcane sugars content 15 wt.%
Sugarcane fiber content 14 wt.%
Sugarcane trash produced in the field 140 kg/TC
Sugars losses on sugarcane cleaning 0.8 kg/TC
Sugars recovery on the mills 96 %
Sugars recovery on juice treatment 99.5 %
Fermentation yield 90 %
Ethanol recovery on distillation and dehydration 99.7 %

2.5 bar steam consumption - azeotropic distillation 1.5 kg/L ©
6 bar steam consumption — molecular sieves 0.65 kg/L °

2 TC: tons of sugarcane.
b Steam consumption based on the amount of anhydrous ethanol produced.

that are usually able to generate 65-bar steam, and produce large
amounts of electricity with steam turbines. When the plant is lo-
cated close to the power grid, surplus electricity can be sold, thus
improving the revenues of the enterprise.

The amount of electricity produced by the sugarcane processing
plant may be increased significantly when sugarcane trash is col-
lected from the field and transported to be processed in the factory.
Huge amounts of trash will be available in the near future as burn-
ing practices are eliminated (Seabra et al., 2010). Around 140 kg of
residues (trash, dry basis) are produced per ton of sugarcane stalks,
but some part of the trash must be left in the field in order to pro-
vide weed and diseases control as well as nutrient recycling
(Hassuani et al., 2005). Removal of 50% of the trash from the fields
is considered feasible (Dias et al., 2009; Hassuani et al., 2005; Wal-
ter and Ensinas, 2010). In a plant where the amount of sugarcane,
bagasse and trash available for energy production exceeds the
amount needed to supply the energy required for the process, con-
densing-extracting steam turbines may be employed to produce
surplus electricity through expansion and condensation of excess
steam produced in the boiler. If a plant produces a bagasse/trash
surplus, only conventional backpressure steam turbines should
be used, since the amount of steam produced is equal to the
amount required to supply the thermal energy demand of the

Table 2
Basic parameters adopted in the simulations of the cogeneration systems (Dias et al.,
2009; Ensinas, 2008; Seabra, 2008).

Parameter Value Unit

22 bar - boiler thermal efficiency?® 75 %

90 bar - boiler thermal efficiency® 86 %

High pressure steam turbines isentropic efficiency 72 %

Intermediate pressure steam turbines isentropic 81 %
efficiency

Condensation turbine isentropic efficiency 70 %

Mechanical drivers - turbine isentropic efficiency 55 %

Generator efficiency 98 %

Sugarcane bagasse LHV (50 wt.% moisture) 7565 KkJ/kg

Sugarcane trash LHV (15 wt.% moisture) 12960  KJ/kg

Electric power demand of the distillery 12 kWh/TC

Electric power demand of the 2nd generation production 12 kWh/t®
process

Mechanical power demand - cane preparation and juice 16 kWh/TC
extraction

Electric power demand of the distillery - electric drivers 30 kWh/TC

Outlet pressure of high pressure steam turbine 22 bar

1st extraction pressure 6 bar

2nd extraction pressure 2.5 bar

Process steam pressure 2.5 bar

Adsorption on molecular sieves — steam pressure 6 bar

2 Low heating value (LHV) basis.
b power demand required to process the lignocellulosic material.

process. These two configurations were employed in the simula-
tions, depending on the final use of the lignocellulosic material
available at plant site, and the main parameters of the cogenera-
tion system are displayed in Table 2.

2.3. Second generation ethanol production

Besides being used as a fuel in boilers for the production of
steam and electricity, sugarcane bagasse may be used as feedstock
for ethanol production. Since it is composed of cellulose, hemicel-
lulose and lignin, it may be converted into fermentable sugars
through pretreatment and hydrolysis processes. In this analysis,
steam explosion is adopted as the pretreatment method in which
most of the hemicellulose is converted into pentoses and, simulta-
neously, cellulose becomes susceptible to enzymatic hydrolysis
(Carrasco et al., 2010; Martin et al., 2002). Three levels of techno-
logical developments are assumed in the second generation pro-
duction process based on current conditions observed in
laboratory and future scenarios. The current hydrolysis technolo-
gies produce relatively low yields (60%), low solids loading
(10 wt.%) in the hydrolysis reactor are assumed, and only the glu-
cose fraction obtained from the lignocellulosic materials is fer-
mented to ethanol. The pentose fraction obtained in the
pretreatment process is anaerobically biodigested to produce bio-
gas, which is employed in the cogeneration system. At the second
technological level, hydrolysis is improved (70% yield and 15% sol-
ids loading). This improvement in hydrolysis is achieved when an
alkaline delignification step is introduced, that removes most of
the lignin and produces a cellulose pulp of high purity that is more
susceptible to enzymatic attack. At the third level, pentoses are
also fermented to ethanol with an 80% conversion. Table 3 presents
the basic parameters adopted in the simulations of the second gen-
eration unit operations, while Fig. 2 shows the simplified flowsheet
of the second generation process simulation for the current and fu-
ture hydrolysis technology levels, respectively.

The glucose liquor obtained after cellulose hydrolysis is mixed
with the sugarcane juice and fermented; possible impacts on fer-
mentation yields due to the presence of potential inhibitors gener-
ated during pretreatment reactions are disregarded, since their

Table 3
Basic parameters adopted in the simulations of the operations in second generation
ethanol production from sugarcane bagasse and trash.

Parameter Value  Unit
Sugarcane bagasse cellulose content (dry basis) 40.7 wt.%
Sugarcane bagasse hemicellulose content (dry basis) 26.5 wt.%
Sugarcane bagasse lignin content (dry basis) 21.9 wt.%
Steam explosion: temperature 190 °C
Steam explosion: reaction time 15 min
Steam explosion: hemicellulose hydrolysis 70 %
Steam explosion: cellulose hydrolysis 2 %
Lignin LHV (50 wt.% water) 12360 KkJ/kg
Biogas LHV 21320 kJ/Nm3
Pentose biodigestion: COD removal 70 %
Pentose biodigestion: temperature 55 °C
Pentose biodigestion: biogas production 0.35 Nm?/kg
COD
Hydrolysis yield - current technology 60 %
Hydrolysis solids loading - current technology 10 wt.%
Hydrolysis reaction time - current technology 72 h
Alkaline delignification - temperature 100 °C
Alkaline delignification - solids loading 10 wt.%
Alkaline delignification - NaOH content 1 wt/V%
Alkaline delignification - lignin solubilization 96 %
Hydrolysis yield - future technology 70 %
Hydrolysis solids loading - future technology 15 wt.%
Hydrolysis reaction time - future technology 48 h
Conversion of pentose to ethanol - future technology 80 %
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Fig. 2. Simplified flowsheet of the simulation of the second generation ethanol production process - (a) current (low yield and solids loading) and (b) future (high yield and

solids loading) technologies.

concentration on the fermentation media would be very low. Thus,
the same conversion that is achieved nowadays in the first gener-
ation ethanol production process (conversion of 90% of the C-6
sugars to ethanol) was assumed.

Pentoses produced during pretreatment are separated from the
cellulignin and converted to biogas through biodigestion (or fer-
mented to ethanol, in the most advanced scenario). Similarly, unre-
acted solids obtained after filtration of the hydrolysis products are
used as fuel in boilers, along with the necessary amount of trash
and bagasse. The same efficiencies as that of conventional boilers
(Table 2) were assumed in this case.

3. Methodology

In order to construct the configurations that will allow the com-
parison of second generation ethanol production that replaces part
of the surplus electricity, the following conditions for the basic first
generation plant described earlier were included: commercializa-
tion of the surplus electricity in the first generation plant; increase
of the boiler pressure from 22 to 90 bar (Ensinas et al., 2007); sub-
stitution of azeotropic distillation for adsorption on molecular
sieves, in the ethanol dehydration (Hu and Xie, 2001); complete
electrification of the first generation plant (Ensinas et al., 2007);
20% reduction of the process steam consumption - considering
thermal integration of the process (Dias et al., 2011); use of 50%
of the sugarcane trash produced in the field (Hassuani et al.,
2005). In the second generation ethanol production process, three
situations were compared: hydrolysis yields of 60%, with solids
loading on hydrolysis of 10 wt% (representing the “current” tech-
nology), an increase (to 70%) of the hydrolysis yield with solids
loading of 15 wt% (representing the “future technology”), pentose
biodigestion or fermentation into ethanol (Balat et al., 2008). Nine
scenarios were constructed, assuming increasing levels of techno-
logical improvements from the “basic” plant — scenario 1. Table 4
defines their major characteristics.

The proposed scenarios were simulated using SuperPro De-
signer to generate the process data, and in an Excel spreadsheet

to simulate the cogeneration system. Although this is a simplified
way to simulate the process, it is a suitable representation for the
objectives of this study. Economic analyses were carried out by
estimating the internal rate of return (IRR) per year, and the pro-
duction costs for each scenario. Data compatible with the reality
of the industrial sector was used. The project lifetime was assumed
to be 25 years, including 2 years for construction and start-up. Lin-
ear 10 years depreciation was assumed as well. Income taxes and
social contributions accounted for 34% of the taxable income. The
investment required for a typical autonomous distillery processing
2 million tons of sugarcane per year (scenario I) is equal to US$ 150
million. Fifteen percent are required for sugarcane reception and
juice extraction; 17% for juice treatment, fermentation and distilla-
tion; 30% for cogeneration; the remaining fraction is used for auto-
mation, buildings, etc. (Dedini, 2009). These values were used to
estimate the investment required for all the other scenarios,
assuming a 40% increase in the juice treatment, fermentation and
distillation sectors due to adsorption with molecular sieves pro-
cess, a 40% increase in the cogeneration sector due to the use of
90 bar boilers (Dedini, 2009) and a 10% increase in the distillation
sector due to the heat exchanger network required for the 20%
reduction in steam consumption. The investment required for
installing electric drivers was considered the same as for mechan-
ical drivers, thus no change in investment was considered for this
improvement. A capacity-ratio exponent of 0.6 was included for
evaluating changes on the investment required for the cogenera-
tion sector as a function of the amount of steam produced with
each scenario.

For second generation ethanol production plants, two invest-
ment figures were considered. These figures were estimated by
CGEE (2009), who evaluated the investment for a second genera-
tion ethanol production plant using sugarcane bagasse as feed-
stock, integrated with a conventional first generation ethanol
production unit. The investment includes equipment required for
bagasse collection, storage area, conveying, cleaning, classification,
transportation, pretreatment and hydrolysis operations. The
hydrolyzed liquor is concentrated and fermented in a mixture with
sugarcane juice. The additional investment for concentration,
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Table 4
Main characteristics of the scenarios.
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Characteristics Scenarios
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First generation ethanol production X X
22 bar boilers X
90 bar boilers

Surplus electricity credit

Molecular sieves for ethanol dehydration

Second generation - current technology

Complete electrification of the plant

20% reduction in process steam demand

50% of trash used

Second generation - future technology

C5 fermentation to ethanol

XXX
XX X X
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>
bl

XX X X X X
XXX XXX
XX X X X X X

XXX X XXX
XXX X X XXX

fermentation, distillation and ethanol storage in the first genera-
tion plant was included in the second generation investment fig-
ures, and utilities are provided by the first generation plant
(CGEE, 2009). For the current state of the technology, a higher
investment is required based on the processing capacity per year
(approximately US$ 460/ton of bagasse), while for the future tech-
nology, increased processing capacity along with other improve-
ments lead to a decrease in required investment (approximately
US$ 288/ton of bagasse) (CGEE, 2009). This reduction in invest-
ment required for the hydrolysis plant was estimated based on
the improvements of the technology over the years, mainly due
to a decrease in reaction time from 72 to 48 h, which decreases
the size of the hydrolysis reactors capacity and thus equipment
costs (CGEE, 2009). A capacity-ratio exponent of 0.6 was included
for estimating the investment variation for different processing
capacities, calculated in each scenario.

The economic analysis of each of the studied scenarios was car-
ried out using the medium costs and prices presented in Table 5,
evaluating the average internal rate of return (IRR) for each sce-
nario. Ethanol and electricity production costs - excluding return
on capital - were calculated as follows: their prices were reduced
simultaneously at the same rate until the IRR per year reached
zero.

An economic risk analysis was also carried out to assess the im-
pacts of increased electricity and ethanol production using surplus
lignocellulosic material as feedstock. An electronic spreadsheet

Table 5
Main prices adopted in the economic risk analysis.

Parameter Lower Medium Higher
Overall investment® x-30 X x+30
Sugarcane average price (US$/TC)" 1835 1941 20.47
Sugarcane trash average price (US$/t) 10.00 15.00 20.00
Electricity average price (US$/MWh)* 59.00 70.50 82.00
Ethanol average price (US$/L)? 0.46 0.50 0.54
Enzyme average price (US$/L cellulosic 0.05 0.15 0.25
ethanol)®
Enzyme average price (US$/ L cellulosic 0.03 0.04 0.05
ethanol)’

@ x stands for the average investment required for each scenario; Xmi, and Xmax

consider an estimated standard deviation of 6.7%.

b Six years moving average of sugarcane prices (Dec 2009 values) in Sio Paulo
state (SP), from July 2000 to December 2009 (UDOP, 2009).

¢ Minimum, medium and maximum prices on renewable energy auctions, values
for 2009.

4 Six years moving average of anhydrous ethanol prices paid to the producer (Dec
2009 values) in SP, from July 2000 to December 2009 (CEPEA, 2009).

€ Enzyme prices for the “current hydrolysis technology” - scenarios III, V and VII.

f Enzyme prices for the “future hydrolysis technology” - scenarios VIII and IX;
the exchange rate of US$ 1.00 = R$ 2.00 (2009 average currency exchange rate) was
adopted.

was developed to evaluate the IRR and ethanol and electricity pro-
duction costs, and a normal distribution of overall investment,
average prices of ethanol, electricity, enzyme, sugarcane and sug-
arcane trash (presented in Table 5) was assumed for each alterna-
tive. The confidence interval for each scenario was estimated using
Monte Carlo simulations. In order to obtain a smooth distribution
for this analysis, 10,000 runs were calculated using random values
of these variables.

4. Results and discussion

Table 6 shows the results obtained in the simulation of the nine
proposed scenarios.

In spite of decreasing process profitability (IRR), when com-
pared to the conventional autonomous distillery (scenario I), the
production of second generation ethanol from cellulose (scenarios
III, V, VII and VIII) decreased the overall ethanol production costs,
in the integrated process using sugarcane as raw material. When
compared to the alternative scenario (VI), in which bagasse and
50% of the trash are used for steam and electricity production, sig-
nificant gains in the integrated first and second generation ethanol
production process were only achieved when pentose fermenta-
tion to ethanol took place (scenario IX). The results, with a 99.7%
confidence interval (mean + 3 standard deviations) for the internal
rate of return and production costs (for ethanol and electricity) of
each scenario, are shown in Fig. 3. Although a confidence interval
of 95% is usually employed (mean * 2 standard deviations), the
wider 99.7% confidence interval was chosen to guarantee the rep-
resentation of the true value of the IRR and costs within the nearly
full range of values. The figure shows that even with a larger inter-
val, the scenarios were still profitable.

The results demonstrated that it was possible to improve the
IRR of the conventional autonomous distillery when the whole
sugarcane plant is used and electricity is sold to the grid. Second
generation ethanol can become attractive only when the conven-
tional bioethanol production process is optimized, a fraction of
the sugarcane trash is used, and improved hydrolysis technologies
are commercially available, as shown by the results obtained for
scenario VIII. Significant gains can be obtained when pentose fer-
mentation to ethanol is accessible (scenario IX). This result was
even clearer when different sensitivity analyses were performed
(investment, prices of sugarcane, trash, enzyme, ethanol and elec-
tricity). Fig. 4 presents the variation of the IRR of selected scenarios
when changes in prices (feedstock, products, consumables and
investment) take place.

Even though there is great uncertainty regarding the costs of
sugarcane trash transportation from the field to the processing site,
the impact of changes of +15% in sugarcane trash prices on the IRR
of different scenarios is practically negligible, as shown in Fig. 4b.
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Table 6
Simulations and economic analysis results.
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Scenarios  Surplus Surplus Hydrolyzed Ethanol Overall Average IRR  Average ethanol Average electricity
electricity bagasse?® bagasse + trash® production investment (% per year) production costs production costs (US$/
(KWh/TC) (kg/TC) (kg/TC) (L/TC) (million US$) (US$/L) MWh)
I 0 28.5 - 88.9 150 15.9 0.332 -
1l 92.6 - - 89.3 199 15.7 0.307 45.26
il 65.1 - 53.0 96.6 255 129 0.321 42.68
v 104.6 - - 89.3 202 15.9 0.303 44.97
\Y 65.4 - 86.0 101.1 276 12.6 0.319 40.58
VI 185.8 - - 89.3 222 16.9 0.288 44.70
VII 92.8 - 1614 110.7 329 12.2 0.317 41.30
VI 62.3 - 155.3 113.7 286 14.5 0.293 35.59
IX 72.7 - 135.9 131.5 281 18.4 0.253 43.25
2 Dry basis.
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Fig. 3. Results of the economic analysis: (a) internal rate of return (IRR), (b) ethanol and (c) electricity production prices for each scenario - 99.7% confidence interval.

However, sugarcane prices have a significant impact on the IRR of
the enterprise, especially for scenario I, where there is no surplus
electricity (Fig. 4a). The impact of sugarcane prices on the IRR is
also significant for the other scenarios, but when the raw material
was used with the largest efficiency (i.e., maximization of electric-
ity - scenario VI, or ethanol production - scenario IX), the impact of
sugarcane price is less intense.

Another variable of significant uncertainty is the investment,
especially for the second generation plant. Fig. 4c shows the impact
of changes in investment on the IRR. Changes of +15% in the invest-
ment have an important effect on the IRR but its magnitude is

smaller than that of ethanol prices (Fig. 4d). Even if an increase
of 15% in investment occurs, the IRR for scenario IX (which pre-
sented the best results) was similar to that of scenario VI using
the average investment.

Enzyme prices in a large scale use scenario, such as the one
envisioned for biofuels, are also unknown; the impact of changes
in enzyme prices in the scenarios where second generation ethanol
production takes place is shown in Fig. 4f. Since enzyme price is
proportional to the amount of cellulosic ethanol produced, the
IRR of scenarios IIl and V was not significantly affected by changes
in its price, contrary to scenarios VIII and IX.
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Fig. 4. Sensitivity analyses: impact of (a) sugarcane, (b) sugarcane trash, (c) investment, (d) ethanol, (e) electricity and (f) enzyme prices on the internal rate of return (IRR) for

selected scenarios.

5. Conclusions

Sugarcane processing may be improved by using the whole
plant for electricity or second generation ethanol production. Un-
der the conditions assumed in this study, results showed that
improvements can be obtained with the available technology in
the scenarios where electricity production is maximized, while
for second generation ethanol better IRR are consistently obtained
only when using sugarcane trash and improved hydrolysis technol-
ogies. Nevertheless, even with the current hydrolysis technology
(relatively low yield, low solids loading on hydrolysis and no pen-
tose fermentation to ethanol), the integrated first and second gen-
eration production process decreases ethanol production cost.
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Capitulo 5

Otimizacao do processo de producao de
etanol de 1? geracao para integracao do

processo de 2? geracao

Neste capitulo sao apresentados resultados das simulagoes descritas no Capitulo 3.

5.1 Introducao

A simulagao do processo integrado de producao de etanol de primeira e segunda geracao
¢é relativamente complexa, pois as operacoes unitarias dependem grandemente de outras
etapas do processo; conforme mostrado na Figura 3.19, o bagaco excedente da unidade de
cogeragao é alimentado na unidade de produgao de etanol de segunda geracao (2G), que por
sua vez fornece residuos lignocelulésicos para utilizagdo como combustivel na cogeracao.
Além disso, a quantidade de material lignocelulosico excedente depende da quantidade de
licor hidrolisado produzido na 2G, ja que este ¢ alimentado no processo de producao de
etanol, consumindo vapor e eletricidade e, consequentemente, combustiveis, assim como

a propria unidade 2G. As diferentes interacoes entre as correntes e operagoes tornam a
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simulacao complexa e atrapalham a convergéncia do sistema, dificultando a utilizacao de
ferramentas de otimizagao presentes no simulador. Desta forma, para analisar o processo
integrado de producao de etanol de primeira e segunda geragao foram propostos diferentes

cenarios variando os parametros mais importantes do processo.

Como mostrado na secao 4.2, a producao de etanol de segunda geracao s6 deve se
tornar atrativa do ponto de vista do mercado quando o consumo de vapor do processo
convencional de producao de etanol de primeira geracao for reduzido, com consequente
producao de maiores excedentes de material lignocelulésico, além de outros importantes
aspectos como recolhimento da palha, obtencao de elevados rendimentos de hidrolise e
fermentacao das pentoses a etanol. Neste sentido, buscou-se avaliar algumas melhorias no
processo de producao de etanol de primeira geracao que podem levar a ganhos na produgao
de excedentes de material lignocelulésico no processo, aumentando assim a producao de

etanol no processo integrado de primeira e segunda geracao.

5.2 Desenvolvimento

Duas configuracoes de plantas de producao de etanol foram avaliadas: destilaria auto-
noma padrao e otimizada. A destilaria padrao apresenta um nivel tecnolégico “médio”, que
considera operacoes unitarias e dimensoes tipicas encontradas na induastria atualmente. Ja
a destilaria otimizada considera melhorias no processo convencional de forma a aumentar a
producao de energia elétrica e diminuir o consumo de vapor do processo. Duas situacoes sao
comparadas na destilaria otimizada: maximizacao da producao de energia elétrica e maxi-
mizac¢ao da producao de excedentes de material lignocelul6sico. No caso do processo com
maximizacao da producao de material lignoceluldsico excedente, foi integrada a producao
de etanol de segunda geracao, verificando-se o potencial de aumento na producao de etanol
com esta tecnologia. Os cendrios que incluem a producao de etanol de segunda geragao sao
baseados na tecnologia “futura” de hidrolise com biodigestao das pentoses, apresentada na

secao 3.5.3. As simulagoes e seus resultados sao discutidos no trabalho Improving second
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generation ethanol production through optimization of first generation production process
from sugarcane, apresentado na forma de poster no 33 Symposium on Biotechnology for
Fuels and Chemicals, realizado nos EUA em 2011 e submetido para publicacao na revista

Bioresource Technology.

Outro importante aspecto avaliado neste trabalho é a competicao entre a producao de
energia elétrica e etanol de segunda geracao. Neste trabalho mostrou-se que a producao
de etanol de segunda geragao pode ocorrer simultaneamente a producao de eletricidade,
apesar do material lignocelulésico ser utilizado tanto como combustivel quanto como ma-
téria prima. A expansao do vapor gerado nas caldeiras para atender 4 demanda de energia
do processo integrado em turbogeradores gera energia elétrica; como a demanda de vapor
do processo integrado ¢é relativamente elevada, pode ocorrer produgao de energia elétrica
em quantidade superior aquela necesséria para atender a demanda do processo caso sejam
empregadas caldeiras para producao de vapor de média - alta pressao. No entanto, caso
todo o material lignoceluldsico disponivel seja queimado para producgao de energia elétrica,
a quantidade de energia elétrica produzida é muito maior do que aquela do processo inte-
grado de primeira e segunda geracao. Além disso, o emprego de caldeiras de baixa pressao,
que apresentam menor investimento do que as de alta pressao (DEDINI, 2009), possibilita
pequenos ganhos na producao de etanol, ja que caldeiras de baixa pressao consomem menos
bagacgo para producao de vapor. Assim, caso nao exista mercado para venda de energia
elétrica na regiao onde a usina de producao de etanol de 1* e 2* geracao estd instalada,
caldeiras de baixa pressao podem suprir suas necessidades energéticas e ainda proporcionar

ganhos na producao de etanol.
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Improving second generation ethanol production
through optimization of first generation production

process from sugarcane *

Abstract

Sugarcane bagasse and trash may be used as feedstock for second generation
ethanol production. Production of second generation ethanol integrated with conven-
tional first generation plants processing sugarcane presents several advantages such
as the availability of the feedstock (bagasse) at plant site and the possibility to share
part of the equipment; however, because bagasse is used as a fuel to supply the energy
demand of the plant, the amount of bagasse and trash available for use as feedstock
in second generation depends on the energy consumption of the integrated process.
For this reason, process optimization leading to reduction on steam consumption
will lead to the production of larger amounts of surplus bagasse. In this work some
process improvements (use of multiple effect evaporators, double effect distillation,
dehydration with molecular sieves, electric drives and efficient cogeneration system)
and the recovery of trash from the field were introduced in the autonomous distillery
processing sugarcane through simulation using Aspen Plus. The second generation
ethanol production was integrated to the optimized scenarios. Results show that the
process improvements evaluated in this work can significantly increase the amount
of lignocellulosic material (bagasse and trash surplus) available for use as feedstock
for second generation ethanol production, thus increasing the amount of ethanol pro-
duced per ton of sugarcane. It is also shown that electricity can be simultaneously
produced with second generation ethanol, if large pressure boilers are employed, but
if there is no market for electricity sell in the region where the plant is installed, small

gains may be obtained in ethanol production when using low pressure boilers.

*Co-autores deste trabalho: T.L. Junqueira, C.D.F. Jesus, P.E. Mantelatto, R. Maciel Filho, C.E.V.
Rossell e A. Bonomi
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1 Introduction

Political instability of the world’s largest oil producers and energy security concerns,
depletion of fossil fuels sources and the negative effects derived from their use, such as
climate change, and increased energy demand have motivated the search for renewable
sources of energy (Alvira et al., 2010; Nigam and Singh, 2011). First generation bioethanol
is already used as an effective replacement for gasoline on a large scale basis in Brazil, as a
consequence of a government program started in the 1970s (Soccol et al., 2010); sugarcane
is the feedstock used in the Brazilian ethanol industry, which produces large amounts of
lignocellulosic residue as by-product.

The production of bioethanol from lignocelullosic materials (second generation bioethanol)
is assumed to present the largest potential among the possible alternatives to increase
bioethanol production in the world without compromising food security, even though it is
not yet a reality in the industrial scale (Kazi et al., 2010). Lignocellulosic materials are
abundant and cheap, do not compete with food crops (Ojeda et al., 2011; Zhao and Xia,
2010) and consequently, have larger potential to be used as feedstock for the production
of sustainable biofuels (Naik et al., 2010).

In sugarcane processing plants, bagasse produced in the mills and eventually trash
(sugarcane tops and leaves) collected from the field are used as fuels in boilers, produc-
ing steam and electricity to supply the energy demand of the process. However, only a
negligible amount of trash is currently used for cogeneration in sugarcane plants, because
most of the trash is burnt in the field to ease the harvest operations (Pippo et al., 2011)
and for agronomical purposes (weed and diseases control, nutrients recycling). Neverthe-
less, the amount of trash available for use in the industry will increase significantly with
the elimination of burning practices, which is already under enforcement by the Brazilian
Government (Silva et al., 2010).

The integration of second generation ethanol production process from lignocellulosic
materials with conventional first generation ethanol production from sugarcane may im-
prove the feasibility of the second generation ethanol production. In comparison with a
stand-alone second generation unit, the integrated process will need a lower investment,
since some operations (concentration, fermentation, distillation and cogeneration) may be
shared between both plants (Dias et al., 2009). Besides, fermentation inhibitors generated
during lignocellulosic materials pretreatment will have minor effects on yields since the
hydrolyzed liquor will be fermented mixed with sugarcane juice.

Since sugarcane bagasse and trash are used as fuels in boilers for the production of
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energy in conventional bioethanol production, the amount of surplus lignocellulosic mate-
rial used as feedstock for second generation bioethanol production depends on the energy
consumption of bioethanol production processes (both first and second generation). Pen-
tose and lignin, byproducts of the second generation bioethanol production, may be used
as fuels and increase the amount of surplus bagasse, along with improved technologies
for cogeneration and optimization of conventional bioethanol production process. Options
for improving first generation ethanol production, decreasing process steam consumption
and consequently maximizing surplus bagasse and trash must be implemented in order
to produce large amounts of lignocellulosic materials to be used as feedstock for second
generation bioethanol production.

Conventional cogeneration systems employed in Brazilian units are based on relatively
low efficient systems, producing steam at 22 bar and 300°C (Ensinas et al., 2007), allowing
the plants to produce their own energy. In order to increase surplus electricity, higher
pressure steam must be produced; new units tend to be equipped with boilers that produce
steam at 65 bar and 480°C (Seabra et al., 2010).

In this work, the use of different configurations of the 1% generation ethanol production
process is evaluated. The insertion of process improvements that lead to a reduction of
process steam consumption, coupled (or not) with second generation ethanol and electricity
production is investigated. Results show that second generation ethanol production may
co-exist with electricity production if high pressure boilers are employed, and that small
gains on ethanol production in an integrated first and second generation ethanol production

process are possible when efficient low pressure boilers are employed.

2 Materials and Methods

Different scenarios were evaluated through simulation using Aspen Plus. The basis for

the simulation is presented on the next sections.

2.1 Raw materials

Sugarcane composition was estimated based on literature and industry data; the values
assumed in the simulations are displayed in Table 1.

Composition of sugarcane bagasse was obtained in the literature (Rocha et al., 2010),
where 50 samples of bagasse from mills located in different parts of Brazil and in different

times were analyzed. The average composition is displayed in Table 2.
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Table 1: Composition of the sugarcane received in the factory.
Component Fraction (wt%)

Organic acids 0.56
Glucose 0.60
Minerals 0.20
Salts 1.30
Phosphates 0.03
Dirt 0.60
Sucrose 13.92
Water 69.87
Fibers 12.93

Table 2: Composition of the sugarcane bagasse adopted in the simulation (Rocha et al.,
2010).

Component Fraction (wt%)

Cellulose 43.38
Hemicellulose 25.63
Lignin 23.24
Ash 2.94
Extractives 4.82

Moisture content of the bagasse produced in the mills was set as 50%. 2/3 of the
ash determined on the bagasse analysis were assumed to be inherent to the fiber; thus,
the remaining 1/3 of the ash is derived from the sugarcane plant itself. Sugarcane trash
composition was assumed to be equal to that of the bagasse fibers, except for the dry
solids content that was set on 85%. The components that were not available at the simu-
lator database were inserted in the simulation with properties retrieved from Wooley and
Putsche (1996). Lignin structure, however, was modified to represent sugarcane lignin,
with molecular formula CqOq9Hg¢(OC H3) (Marabezi, 2008).

2.2 Process basis

Different process configurations were analyzed for an autonomous distillery processing
500 metric tons of sugarcane (TC) per hour for production of anhydrous (99.6 wt%) ethanol.
Other important parameters adopted in all scenarios are displayed in Table 3.

Bagasse and trash low heating values (LHV) were estimated on simulation based on
the energy released during the burning of each of their components (cellulose, hemicellu-
lose, lignin and extractives); for bagasse (50% moisture), 7.5 MJ/kg and for trash (15%
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moisture), 15.1 MJ/kg were obtained.

Table 3: Parameters adopted in the simulation of the autonomous distillery.

Parameter Value
Efficiency of juice extraction in the mills 96%
Fermentation efficiency 90%
Ethanol content of the wine fed in the distillation columns  8.5°GL
Hydrated ethanol (HE) purity 93 wt%
Anhydrous ethanol (AE) purity 99.6 wt%
Fraction of bagasse for start-ups of the plant 5%
Turbines isentropic efficiency — high pressure 2%
Turbines isentropic efficiency — intermediate pressure 81%
Generator efficiency 98%
Steam pressure — process 2.5 bar
Steam pressure — molecular sieves 6 bar
Air inlet temperature 25°C
Excess air in the boiler 30%
Deaerator temperature 105°C
Deaerator pressure 2.5 bar

2.2.1 Standard autonomous distillery

The standard autonomous distillery evaluated in this work represents an autonomous
distillery with operating parameters and process configuration typical of the Brazilian
industry today. Its configuration is represented in Figure 1.

In the standard distillery, juice treatment is comprised by heating operations, addition
of phosphoric acid and lime, degasification, settlement and filtration of mud, screening of
clarified juice. Concentration of the clarified juice is raised on evaporators; the amount of
water removed in the evaporators is calculated as that required to provide a wine concentra-
tion on the distillation columns of 8.5 °*GL after juice fermentation. Fermentation is carried
out in fed batch reactors with cell recycle; fermentation gases are collected and ethanol is
recovered in an absorber column, being mixed with centrifuged wine and fed to the distil-
lation columns. The distillation columns are comprised by two sets of columns: columns
A, A1 and D (distillation columns) produce phlegms (ethanol-rich streams, with ethanol
content between 40 — 50 wt%) that are fed to columns B and B1 (rectification columns),
where hydrated ethanol is produced. Production of anhydrous ethanol is achieved on the
azeotropic distillation columns.

The main parameters of the standard distillery are displayed in Table 4.
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Figure 1: Block flow diagram of the autonomous distillery producing anhydrous ethanol
from sugarcane.

Table 4: Parameters adopted in the simulation of the standard autonomous distillery.

Parameter Value
22 bar boiler efficiency - LHV basis 5%
Gases outlet temperature 170°C
Live steam temperature 300°C
Efficiency of the mechanical turbine 55%
Mechanical power demand 16 kWh/TC
Electricity demand 12 kWh/TC

Steam consumption - azeotropic distillation 1.9 kg/L AE

2.2.2 Optimized autonomous distillery

Several improvements that lead to a reduction on process steam consumption, increase
on surplus bagasse or electricity production are considered in the optimized autonomous

distillery simulations:

e Trash recovery

Retrieving part of the trash from the field can increase the amount of surplus lig-
nocellulosic material available for hydrolysis, since trash may be burnt to provide
energy to supply the needs of the industrial process. The amount of trash that must
be left in the field for agricultural reasons (nutrients recycling and weeds and dis-
eases control) depends on several aspects such as sugarcane variety, climate, soil, etc.
(Hassuani et al., 2005). Different authors consider that recovering 50% of the trash

should be feasible in the years to come (Dias et al., 2009; Walter and Ensinas, 2010).
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e Juice concentration on multiple effect evaporators

Multiple effect evaporators are used for production of syrup during sugar production.
They allow a decrease on process steam consumption of the order of the number of
effects of the system. In addition, vapor bleeds on the first effects may be done to

decrease overall steam consumption even more.

e Double effect distillation

The operation of the distillation columns under different pressure levels allows the
integration between reboilers and condensers. In this work the distillation columns
operate under vacuum pressures (30 — 35 kPa), while the rectification columns operate
under atmospheric pressures (116 — 135 kPa); thus, the rectification column condenser
operates at 82°C and provides all the heat required to the distillation column reboiler,
which operates at 72°C. However, temperature on top of the distillation columns must
be as low as possible to decrease ethanol losses; therefore, chilled water must be used
to cool the distillation column condenser. In addition, vapor streams produced in
the distillation columns need to be compressed before being fed to the rectification

columns, thus requiring electricity.

e Dehydration using molecular sieves

The adsorption onto molecular sieves is one of the lower energy separation processes
(Simo et al., 2008), when compared to the azeotropic distillation. In addition, be-
cause it does not require the use of solvents, the product from the adsorption is not

contaminated by solvents.

e Increase of boiler pressure
Increase on boiler pressure allows the production of larger amounts of electricity in
the turbo generators, producing surplus electricity.

e Electrification of drivers

The replacement of the mechanical drivers for electric ones allows a reduction on
steam consumption, since the efficiency of electricity production on turbo generators

is greater than the efficiency of mechanical turbines, driven by steam.

Two configurations of the cogeneration system were simulated in the optimized au-

tonomous distillery: the first one corresponds to a situation on which production of
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lignocellulosic material is maximized (OPT-LIGN), while the second one represents the
maximization of electricity production (OPT-EE). In the OPT-LIGN scenarios, different

pressures for the steam production in boilers were evaluated, and only the amount of ligno-

cellulosic material required to supply the energy demand of the process is burnt, producing
surplus lignocellulosic material. In the OPT-EE scenario, on the other hand, all the ma-

terial available is burnt; consequently the cogeneration system contains back pressure and

condensing steam turbines.
The main parameters of the optimized autonomous distillery for the configuration that

represents maximization of lignocellulosic material surplus are displayed in Table 5.

Table 5: Parameters adopted in the simulation of the optimized autonomous distillery -

OPT-LIGN.

Parameter Value
Trash recovered from the field 50%
Number of effects - multiple effect evaporators 5

65 bar boiler efficiency - LHV basis 87%
(Gases outlet temperature 160°C
Live steam temperature 485°C
Electricity demand 30 kWh/TC
Steam consumption - molecular sieves 0.6 kg/L AE

Different pressure levels for the production of steam in boilers were evaluated. Boilers

parameters are shown in Table 6.

Table 6: Steam and boiler parameters for the configurations evaluated on the OPT-LIGN

scenarios.

Parameter Boiler pressure
22 42 65 90
Steam pressure (bar) 22 42 65 90
Steam temperature (°C) 300 400 485 520
Boiler efficiency 86.3 87.7 87.7 87.7

- LHV basis (%)
Gases outlet temperature (°C) 180 160 160 160

The electricity demand on the optimized distillery (30 kWh/TC) is larger than that of
the standard distillery (12 kWh/TC) because the drivers employed in the juice extraction
system are electrified. This value (30 kWh/TC) does not include the energy required in

the compressor employed in the double effect distillation column.
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In this case, the optimized distillery with 22 bar boilers is assumed to have a mod-
ern technology, with higher efficiency than that of the standard Brazilian distillery. The
efficiency of all the boilers employed in the optimized distilleries are those of the state-of-
the-art technology commercially available nowadays (Dedini, 2009).

On Table 7 the parameters of the plant with maximized electricity production are

displayed.

Table 7: Parameters adopted in the simulation of the optimized autonomous distillery -
OPT-EE.

Parameter Value
Trash recovered from the field 50%
Number of effects - multiple effect evaporators 5

90 bar boiler efficiency — LHV basis 87%
Gases outlet temperature 160°C
Live steam temperature 520°C
Condensing turbines isentropic efficiency 70%
Condensation pressure 0.11 bar
Electricity demand 30 kWh/TC
Steam consumption - molecular sieves 0.6 kg/L AE

In the configuration adopted in the simulation of the double effect distillation system,
the condenser of the distillation columns operates at 25°C; thus, chilled water must be
provided as utility. A single-effect lithium-bromide absorption system was simulated, based
on parameters described by Somers (2009). This system operates with low pressure (2.5
bar, 150°C) steam as heat source, and the calculated COP (coefficient of performance) is
equal to 0.75.

2.2.3 Second generation ethanol production

The second generation ethanol production process includes a pretreatment stage con-
sisting of steam explosion, followed by removal of the pulp containing cellulignin, alkaline
delignification, lignin removal and cellulose enzymatic hydrolysis. The glucose liquor ob-
tained after cellulose hydrolysis is mixed with the sugarcane juice and sent to concentration
in the autonomous distillery; thus, the inhibitory effects of the byproducts released dur-
ing biomass pretreatment on the fermentation are reduced. The pentose liquor obtained
after pretreatment is separated from the cellulose pulp and biodigested, producing biogas
which is burnt in boilers. A block diagram of the integrated 1% and 2"¢ generation ethanol

production process is displayed in Figure 2.
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Figure 2: Block-flow diagram of the integrated first and second generation ethanol produc-
tion process from sugarcane.

The main parameters adopted in the simulation of the second generation ethanol pro-

duction are displayed in Table 8.

3 Results and discussion

3.1 Autonomous distillery

The standard and optimized autonomous distilleries were compared regarding ethanol
and electricity production, steam consumption and lignocellulosic material surplus. Results
are shown in Table 9, for the standard distillery and for the configuration with maximized
electricity production (OPT-EE).

Results for the optimized distillery with maximization of lignocellulosic material sur-

plus, with different pressures for the boilers, are shown in Table 10.
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Table 8: Parameters adopted in the simulation of the second generation ethanol production
process.

Parameter Value
Pretreatment - hemicellulose conversion 70%
Pretreatment - cellulose conversion 2%
Pretreatment - temperature 190°C
Pretreatment - reaction time 15 min
Alkaline delignification - lignin solubilization 90%
Alkaline delignification - temperature 100°C
Alkaline delignification - reaction time 1h
Alkaline delignification - solids loading 10%
Alkaline delignification - NaOH content 1% (m/V)
Hydrolysis - cellulose conversion 70%
Hydrolysis - hemicellulose conversion 70%
Hydrolysis - solids loading 15%
Hydrolysis - temperature 50°C
Hydrolysis -reaction time 48 h
Filters - solids removal 99.5%
Filters - soluble solids loss 10%

Table 9: Production of ethanol, electricity, lignocellulosic materials and steam consumption
on the first generation ethanol production process — standard and optimized distilleries
(electricity).

Parameter Standard distillery OPT-EE
Anhydrous ethanol (AE) production (L/TC) 81.8 83.2
Surplus electricity (kWh/TC) 0.0 173.2
Lignocellulosic material surplus (%) 3.7 0.0
Lignocellulosic material surplus (t/day, dry basis) 51.9 0.0
Process steam consumption (kg steam/TC) 518.3 316.9
Overall steam production (kg steam/TC) 530.0 903.3

Larger amounts of surplus lignocellulosic material are produced when lower pressure
boilers are employed, due to the decrease on the energy required to transform liquid water
into steam at lower pressures. However, the electricity production decreases for lower pres-
sure boilers, and for the configuration on which the largest amount of surplus lignocellulose
is obtained (OPT-LIGN 22) the electricity produced does not meet the energy demand of
the plant, which is equal to 17.2 MW (34.4 kWh/TC).
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Table 10: Production of ethanol, electricity, lignocellulosic materials and steam consump-
tion on the optimized first generation ethanol production process (maximization of surplus
lignocellulosic material) for boiler pressures of 22, 42, 65 and 90 bar.
Parameter Boiler pressure
22 42 65 90

Anhydrous ethanol (AE)
production (I/TC) 83.2 83.2 832 83.2
Surplus electricity (kWh/TC) -6.9 50 149 204
Lignocellulosic material surplus (%) 68.3 66.5 655 64.6
Lignocellulosic material surplus

(t/day, dry basis) 1508 1469 1447 1427
Process steam consumption (kg/TC) 317 317 316 317
Overall steam production (kg/TC) 320 320 319 320

All the scenarios displayed in Table 10 assume that 50% of the sugarcane trash produced
in the field is available for use as a fuel in the industry. Because this is not yet feasible
in the Brazilian industry, simulations of the optimized distillery without the use trash
of trash were also carried out in order to evaluate the amount of lignocellulosic material
surplus, which will be used as feedstock for second generation ethanol production. Results

are shown in Table 11.

Table 11: Surplus lignocellulosic material on the optimized first generation ethanol pro-

duction process (maximization of surplus lignocellulosic material) with no trash collection

from the field.
Parameter Boiler pressure

22 42 65 90
Lignocellulosic material surplus (t/day, dry basis) 657 617 594 573

Thus, the amount of lignocellulosic material obtained in the optimized distillery without
the use of trash would be less than half of that produced when part of the trash is used
as a fuel. However, even if trash recovery is not possible, process optimization alone may
lead to an increase on lignocellulosic material surplus of over 10 times the value obtained
in the standard autonomous distillery (from 52 to 573 t/day, dry basis), through decrease

of steam consumption and improved cogeneration system.
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3.2 Integrated first and second generation

In the integrated first and second generation ethanol production, not only bagasse
and trash are used as fuels to supply the energy demand of the process, but also the
residues (unreacted cellulose, lignin and biogas from pentose biodigestion); this way, more
bagasse and trash are available for use as feedstock in second generation ethanol production.
The exact amount of surplus material available for hydrolysis is calculated iteratively,
considering the energy required for the integrated process, which is in turn a function of
the amount of lignocellulosic material hydrolyzed.

Simulation of the integrated production, using the parameters displayed in Table 8 for
the second generation ethanol production, was carried out for some of the configurations
of the optimized distillery with maximization of surplus lignocellulosic material (displayed
in Table 10), in order to verify the impact of second generation ethanol production on

electricity surplus. The main results are shown in Table 12.

Table 12: Results of the integrated production of first and second generation ethanol for
different cogeneration systems (boilers for the production of 22, 42, 65 or 90 bar steam).
Parameter Boiler pressure
22 42 65 90
Anhydrous ethanol (AE) production (L/TC) 113.7 112.2 111.7 110.1
Surplus electricity (kWh/TC) 142 36.3 546 66.7
Lignocellulosic material hydrolyzed (%) 91.1 863 85.1 80.1
Lignocellulosic materlal hydrolyzed 9012 1905 1880 1770
(t/day, dry basis)
Process steam consumption (kg/TC) 556 559 551 556
Overall steam production (kg/TC) 636 633 618 621

The results displayed in Table 12 show that it is possible to produce significant amounts
of surplus electricity simultaneously with second generation ethanol, in integrated processes
with conventional 1% generation ethanol production. Larger amounts of surplus electricity
are produced at higher boiler pressures (65 or 90 bar). The difference on overall ethanol
production due to the change on boiler pressure from 22 to 90 bar is not so significant (3.1%
decrease), while the gains on electricity production are much larger (over 300% increase).
Thus, the decision to employ boilers of high pressure depends on the market for electricity

sell on the region where the plant is installed.
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4 Conclusions

The process improvements analyzed in this work (use of multiple effect evaporators,
double effect distillation, dehydration with molecular sieves and electric drives) decreased
the steam consumption on the first generation ethanol production in an autonomous dis-
tillery from 530 (standard autonomous distillery) to 320 (optimized distillery) kg of steam
per ton of sugarcane processed. Along with the use of efficient cogeneration systems and
the recovery of 50% of the trash generated in the field, the amount of surplus lignocellu-
losic material increases from 52 t/day to over 1400 t/day (dry basis). Therefore, significant
(more than 30%) increase on ethanol production from sugarcane in autonomous distilleries
integrated with second generation ethanol production can be obtained when process im-

provements are introduced in the first generation ethanol production.
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Capitulo 6

Comparacao entre fermentacao a baixa

temperatura e extrativa a vacuo

6.1 Introducao

A fermentacao alcodlica é a etapa onde ocorrem as maiores perdas na producao de
bioetanol a partir da cana-de-acticar. Além disso, os processos convencionais empregados
na industria usam substrato com baixa concentracao de agicares, o que produz vinhos
com baixo teor de etanol, o que leva a elevado consumo de vapor na etapa de purificacao.
Alternativas aos processos convencionais que vém sendo estudadas no Brasil sao a fermen-
tacao a baixa temperatura, empregando agua gelada produzida em sistemas de absorcao
com brometo de litio, e a fermentacao extrativa a vacuo. O primeiro processo vem sendo
estudado em uma planta demonstracio pela Dedini (OLIVERIO et al., 2010), enquanto
que o segundo vem sendo estudado em escala piloto no CTC (CTC, 2011). Estes dois pro-
cessos apresentam como vantagens o aumento do teor alcodlico do vinho e a conseqiiente
reducao no volume de vinhaca produzido nas colunas de destilagao; os dois aspectos tém
sido estudados (ATALA, 2004; OLIVERIO et al., 2010; SILVA et al., 1999), mas os impac-

tos de cada configuracao da fermentagao no processo produtivo como um todo ainda nao
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foram avaliados.

6.2 Desenvolvimento

No desenvolvimento deste capitulo é incluido o trabalho Improving bioethanol produc-
tion - comparison between extractive and low temperature fermentation, apresentado na
forma de poster no 1% Brazilian BioEnergy Science and Technology Conference, em Cam-
pos de Jordao em 2011, e submetido para publicacdao na revista Applied Energy. Neste
trabalho foram realizadas simulagoes do processo completo de producao de etanol anidro a
partir da cana-de-acticar em uma destilaria autonoma com comparacao entre trés processos
de fermentacdo: convencional (batelada alimentada com reciclo de células), fermentacio a
baixa temperatura com absorcao em brometo de litio e fermentacao extrativa a vacuo. No
caso da fermentacao convencional, uma configuracao estudada incluiu a concentragao da

vinhaga, de modo a produzir a mesma quantidade de vinhaca da fermentacao extrativa.

Verificou-se que ocorre uma reducao no consumo de vapor das colunas de destilacao e
uma diminui¢ao expressiva na quantidade de vinhaca produzida, além de um aumento signi-
ficativo no consumo de energia na etapa de concentracao do caldo nos processos alternativos
de fermentacao em comparacao com o processo fermentativo convencional. Observou-se
também que a vinhaca produzida no processo que utiliza fermentacao a baixa temperatura
nao é suficiente para fornecer todo o calor necessario no sistema de absor¢ao com brometo
de litio, o que aumentou o consumo de vapor deste processo. Os dois processos alternativos
permitiram aumento da producao de etanol por tonelada de cana, em comparacao a fer-
mentacao convencional. A fermentacao extrativa a vacuo apresentou consumo de vapor da
ordem daquele apresentado na configuragao com fermentagao convencional, porém quando
a concentracao da vinhaca é considerada, o processo extrativo apresenta o menor consumo
de vapor, com conseqiiente producao de maiores excedentes de material lignocelulésico,
mas também apresenta a menor produgao de energia elétrica para venda. O processo de

fermentacao a baixa temperatura apresenta o maior consumo de vapor dentre as opgoes
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estudadas.

Este trabalho mostrou que processos alternativos de fermentacao podem apresentar
vantagens em relacao ao processo convencional empregado na indistria sucroalcooleira; no
entanto, estudos mais detalhados envolvendo a otimizacao dos dois processos alternativos
devem ser conduzidos para que seja encontrada a configuragao 6tima do processo. Para
tanto, devem ser avaliados processos alternativos para producao de dgua gelada e a integra-
¢ao energética para redugao do consumo de vapor do processo empregando fermentacao a
baixa temperatura. No caso do processo com fermentacao extrativa, diferentes arranjos de
tanques flash e integracao energética também poderiam levar a uma reducao no consumo

de energia.
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Improving bioethanol production - comparison

between extractive and low temperature fermentation *

Abstract

One of the key issues that must be addressed in the biofuel production based on
sugarcane industry, if second generation ethanol production from sugarcane bagasse
is considered, is the energy consumption of the process. Process energy demand
has direct impact on the amount of lignocellulosic material available for use as feed-
stock for second generation ethanol production. A significant fraction of the energy
consumption in bioethanol production occurs in the purification step, due to the
fact that conventional fermentation systems employed in the industry require low
substrate concentration and, consequently, produce wine of low (around 8.5 °GL)
ethanol content that must be distilled in order to meet product specifications. In
this study alternatives to the conventional fermentation processes employed in the
industry (low temperature fermentation and vacuum extractive fermentation) were
assessed, in the context of a large scale sugarcane autonomous distillery, through
computer simulation. Electricity consumption and lignocellulosic material surplus on
each case were evaluated. It is shown that the alternative fermentation processes
allow a significant reduction on vinasse generation and increases ethanol production
when compared with conventional fermentation, but increases electricity consump-
tion (for the extractive fermentation) or steam consumption (for low temperature
fermentation); when vinasse concentration is considered in the conventional process,

steam consumption in the extractive fermentation is also significantly smaller.

1 Introduction

Ethanol for use as biofuel has been produced on a large scale basis in Brazil for over three

decades. Fed batch fermentation was the only configuration of the alcoholic fermentation

*Co-autores deste trabalho: T.L. Junqueira, C.D.F. Jesus, C.E.V. Rossell, A. Bonomi e R. Maciel Filho
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process in the industrial plants until the 1990s, when continuous fermentation processes
were introduced; however, fed batch fermentation still accounts for most of the configu-
rations employed in the Brazilian industry (Mussatto et al., 2010). Both of these process
are conducted under relatively high temperatures (around 34°C), which increase yeast sub-
strate and product inhibition. As a consequence, both fermentation processes employed in
the Brazilian bioethanol industry require low substrate concentration and produce wine of
low ethanol content (around 8.5 °GL). In order to be used as a fuel, ethanol concentration
must be of at least 95 °GL; thus, energy consumption for purification of the fermentation
product is significant (Ensinas et al., 2007; Morandin et al., 2011).

Lignocellulosic (second generation) ethanol production in Brazil, as well as in other
countries were sugar cane is used as raw material, will most likely be derived from the
sugarcane lignocellulosic fractions (bagasse and trash). Sugarcane bagasse is produced in
the mills, where it is separated from sugarcane juice, while trash is currently burnt or left
in the field (Pippo et al., 2011). Bagasse is used as fuel in cogeneration systems, supplying
thermal (turbines exhaust steam) and electric energy to meet the demand of the plant
and, in case efficient cogeneration systems are employed, producing electricity surplus for
sale. In this way, reduction on process steam consumption may lead to an increase on
the amount of surplus bagasse and trash, which can be employed as feedstock for second
generation ethanol production when lignocellulosic material hydrolysis technologies are
available. Alternatives to reduce process steam consumption have been investigated in the
past few years; the extractive fermentation process and ethanol dehydration through per-
vaporation are some of the processes under development in Brazil (Pellegrini and Oliveira
Junior, 2011).

Different configurations of the fermentation process have been studied in Brazil: the
vacuum extractive fermentation (Atala, 2004), which provides removal of ethanol from the
fermentation reactor simultaneously with its production through the use of a vacuum flash
chamber, and the low temperature fermentation, employing chilled water produced in LiBr
absorption chillers (Olivério et al., 2010).

Low temperature fermentation employing chilled water to maintain reactors temper-
atures below 32°C has been studied under pilot scale in Brazil for the past few years
(Olivério et al., 2010). In this process absorption chillers using lithium bromide solutions
are employed, and the temperature inside the reactors is kept at levels that reduce yeast
inhibition towards substrate and product (Phisalaphong et al., 2006), allowing the use of

concentrated feed.
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Ethanol removal from the reactors decrease yeast inhibition and allows the use of con-
centrated feed; simultaneously the vacuum produces a low temperature environment, which
also decreases yeast inhibition. In this case, concentrated substrate and low temperature
in the reactor are achieved in the extractive fermentation process coupled with a vacuum
flash chamber, while an ethanol-rich stream is produced in the flash. In order to allow a
deeper understanding of the impacts of inserting an alternative fermentation process in an
industrial plant, simulations of the complete anhydrous ethanol production process from
sugarcane were carried out using Aspen Plus. Four process alternatives were compared:
conventional fermentation, conventional fermentation coupled with vinasse concentration,
low temperature fermentation and vacuum extractive fermentation. The variables analyzed
were steam and electricity consumption, surplus electricity, ethanol production and losses,

lignocellulosic material surplus.

2 Process description

Anhydrous ethanol production from sugarcane is comprised by the following main steps:
sugarcane reception and cleaning; extraction of sugars; juice treatment, concentration and
fermentation; distillation and ethanol dehydration; cogeneration. The block flow diagram
of the anhydrous ethanol production process considered in this study is illustrated in Figure
1.

Sugarcane bagasse and trash are used as fuels in the cogeneration system to provide the
steam and electricity to supply the energy demand of the plant; in addition, vapor bleeds
carried out in the multiple effect evaporation also provide a part of the utilities required in
the process. Simulations were carried out to represent an optimized autonomous distillery;
65 bar boilers, which represent the current trend in Brazilian distilleries (Seabra et al.,
2010), are employed, allowing the production of surplus electricity. All the drivers of the
mill are electrified. The main parameters used in the simulations are shown in Table 1.

Details about the different fermentation processes simulated in this paper are shown in
sections 2.1 through 2.3.

2.1 Conventional fermentation

Simulation of the conventional fermentation represents a fed-batch fermentation process
with cells recycle, which is the most common configuration employed in sugarcane ethanol

prodtion plants in Brazil (Pellegrini and Oliveira Junior, 2011).
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Figure 1: Block flow diagram of the bioethanol production process from sugarcane adopted
in this work.

In this process, 25% of the fermentation reactor is filled with a mixture containing
yeast cells (around 30 wt% yeast, wet basis); subsequently, clarified sugarcane juice is
fed to the reactor and fermentation begins while the fermentor is being filled, releasing
fermentation gases. After about 8-12 hours fermentation reactions cease, and the liquid
product containing ethanol, yeast, water and impurities is sent to the centrifuges, where
the yeast cells are separated from the clarified wine (which contains most of the ethanol
produced). The yeast cells obtained diluted in water and treated with sulphuric acid to
control contamination with bacteria and used in another batch, while clarified wine is
mixed with the alcoholic solution obtained in the absorption column where ethanol carried
together with fermentation gases is recovered. The obtained wine is sent to the purification
section.

Fermentation reactions are exothermic and reactor temperature is usually kept between
33 and 36°C using cooling water in heat exchangers, on which fermentation media flows.

Low substrate concentration is required (around 20 soluble wt% solids in the sugar feed),
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producing wine of relatively low ethanol content (around 8.5°GL).

Table 1: Parameters adopted in the simulation of the optimized autonomous distillery.

Parameter Value
Tons of sugarcane (TC) processed 500 TC/h
Sugarcane total reducing sugars content 15.3%
Sugarcane fibers content 13%
Sugarcane trash produced in the field (dry basis) 140 kg/TC
Fraction of sugarcane trash transported to the industry 50%
Efficiency of juice extraction in the mills 96%
Concentration of syrup in multiple effect evaporators 65 wt%
Hydrated ethanol (HE) purity 93 wt%
Anhydrous ethanol (AE) purity 99.6 wt%
65 bar boiler efficiency (LHV basis) 87%

65 bar steam temperature 485°C
Fraction of bagasse for start-ups of the plant 5%
Turbines isentropic efficiency — high pressure 2%
Turbines isentropic efficiency — intermediate pressure 81%
Generator efficiency 98 %
Process electric energy demand 30 kWh/TC
Steam pressure — process 2.5 bar
Steam pressure — molecular sieves 6 bar
Steam demand — molecular sieves 0.6 kg/L AE

2.2 Low temperature fermentation

Temperature represents a critical factor in alcoholic fermentation. In tropical countries
like Brazil, water from cooling towers is used to remove the heat released during exother-
mic reactions that occur during bioethanol production, but it does not allow fermentation
temperatures to be kept under 32°C. High temperatures affect fermentation performance,
inhibiting cells growth (Phisalaphong et al., 2006; Rivera et al., 2006). Because low tem-
perature fermentation decreases yeast inhibitory effects towards product and substrate,
it is possible to increase substrate concentration, which leads to higher productivity and
minimizes losses (Mariano et al., 2010; Olivério et al., 2010).

Dedini, one of the major equipment manufacturers of the ethanol industry in Brazil, has
studied the low temperature (28 - 30°C) fed batch fermentation process in semi-industrial
scale producing 20,000 liters of ethanol per day, using a lithium bromide absorption chiller.

In this process chilled water (16 - 20°C) produced in a refrigeration cycle is used to cool the
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fermentation reactors, which are fed with recycled yeast cells and substrate (either molasses
or concentrated sugarcane juice - syrup), keeping the reactor temperature at 28, 30 or 32°C.
The authors indicate that the optimum fermentation temperature is 30°C, fermenting a
juice with 28% of total reducing sugars (TRS), producing wine (after centrifugation) with
an average of 13.82°GL (Olivério et al., 2010).

2.3 Extractive fermentation coupled with a vacuum flash chamber

Higher ethanol concentration in the wine leads to lower energy consumption in the
purification steps; thus, this process aims the production of higher ethanol content through
the continuous removal of ethanol from the fermentation reactor using a vacuum flash
chamber. Besides, removal of ethanol from the reactor reduces its inhibitory effects on
yeast cells (Silva et al., 1999). Because of the vacuum and the recycle of the liquid stream,
the reactor may be kept at relatively low temperatures (from 28 to 32°C) without requiring
external heat exchangers. These low temperatures and ethanol removal from the reactor
allow the use of substrate of higher concentration, in comparison with the conventional
fermentation process.

In the extractive fermentation process coupled with a vacuum flash chamber, a con-
tinuous fermentation reactor receives the substrate, while the fermented medium is sent
to the centrifuges. The heavy phase containing yeast cells is sent to the treatment unit,
where aeration, addition of water and sulphuric acid take place, after which the yeast cells
are fed back into the reactor. The light phase containing ethanol is sent to the vacuum
flash chamber, producing an ethanol-rich stream in the vapor phase and a liquid stream,
which is returned to the reactor. Operation of the vacuum flash chamber between 28°C
and 30°C, under pressures between 4 and 5.33 kPa, allow reactor temperature to be kept
at 33°C without requiring external heat exchangers (Silva et al., 1999).

A simplified scheme of this process is shown in Figure 2.

3 Simulation

Simulations were carried out using Aspen Plus. A simplified generic flow sheet of the
simulation of the anhydrous bioethanol production process from sugarcane is shown in

Figure 3.
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Figure 2: Simplified diagram of the extractive fermentation process coupled with a vacuum
flash chamber (adapted from Maugeri and Atala (2006)).
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Figure 3: Simplified flow sheet of the simulation developed to represent anhydrous
bioethanol production from sugarcane.

All the unit operations required to represent the process were inserted on the correspon-

dent hierarchy block (MILLS for sugarcane cleaning and extraction of sugars; TREATM for
juice treatment; FERM for fermentation; DISTIL for distillation; DEHYD for dehydration

and COGEN for cogeneration, as shown in Figure 2). Several operations (mills, filters, set-

tlers and adsorption column, among others) were represented as component splitters, due

to the absence of more adequate blocks in the simulator database. This was the base flow
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sheet, for the simulation of the entire bioethanol production process; different fermentation
configurations were inserted in the FERM hierarchy block and are described in sections
3.1 through 3.3.

3.1 Simulation of the conventional fermentation process

Because of the complexity of fermentation reactions, only a few products were con-
sidered. These reactions comprise sucrose hydrolysis (1), ethanol production (2), yeast
growth (3) and formation of byproducts (isoamyl alcohol (4), isobutanol (5), glycerol (6)
and acetic acid (7)).

C12H2,011 + HyO — 2CsH1204 (1)

C6H1206 — 2C2H5OH + 2002 (2)

3-306H1206 -+ 28NH4OH -+ 21002 — 02H402 + 69HQO + 19.60H1780079N07145 (3)

0.8CsH1205 — 0.6C5H120 + 1.6CO5 + 0.9H,0 (4)
0.7CsH1205 — 0.7C,H1oO + 1.5CO; + 0.7TH,0 (5)
0.6Cs H120g + 0.5Hy0 — C3H5(OH)s + 0.5CO5 (6)

CoH150g — 3C,H,0, (7)

It was assumed that these reactions occur sequentially. Conversion of reaction 1 was
fixed as 100%. In the conventional fermentation process, average yields of 90% (conversion
of reaction 2) are obtained in the industry.

Reactions represented by equations 3 through 7 had their stoichiometric coefficients
estimated in order to balance the reactions. Their conversion, however, was calculated

based on data provided by the industry, depicted in Table 2:
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Table 2: Fermentation byproducts and residual sugars based on ethanol production (Man-
telatto, 2010).

Parameter Value (w/w%)
Glycerol/Ethanol 6.33
Acids/Ethanol 3.56
TRS/Ethanol 0.25
Yeast/Ethanol 5.85

The amount of residual sugars was used to estimate the conversion of sugars into higher
alcohols (isoamyl and isobutyl); therefore, conversion of reaction 5 was fixed as 10% of
glucose, and the conversion of reaction 4 was calculated in order to provide the amount of
residual sugars specified. Fermentation temperature was fixed as 33°C.

The flowsheet developed to represent the conventional fermentation process is shown

in Figure 4.
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Figure 4: Flow sheet of the simulation developed to represent the conventional fermentation
process in Aspen Plus.

Two situations were compared in the ethanol production process with conventional
fermentation: a conventional configuration, which represents the process as it is today,
and an advanced configuration, on which vinasse concentration is carried out. Vinasse
concentration will be an important aspect to be considered in the current situation in

Brazil, where bioethanol production is expected to increase: because vinasse production
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is many times larger than that of ethanol, the increase on vinasse production will cause
more concerns about its disposal, especially if second generation ethanol is to become a
reality - in this case, more vinasse will be produced per unit of cultivated land than that
observed today. Concentration of vinasse in multiple effect evaporators was simulated;
the final volume of vinasse was fixed as equal to that produced in the vacuum extractive

fermentation process.

3.2 Simulation of the low temperature fermentation

Simulation of the low temperature fermentation process was carried out like that of the
conventional fermentation, but an external heat exchanger working with chilled water was
inserted. In this case, reactor products at 30°C are cooled down to 25°C with chilled water
at 14°C. The amount of product that must be recycled (stream WINE30) was calculated as
that required to maintain reactor temperature at 30°C. Results obtained by Olivério et al.
(2010) were used in the simulation. The developed flow sheet is shown in Figure 5.

Fermentation reactions were assumed to be the same as those illustrated in section 3.1;
conversion of reaction 2 (ethanol production) was calculated in order to provide production
of wine with 13.82 °GL from a substrate containing 28% TRS at 30°C, what corresponds to
92.7%. Therefore, conversion of the low temperature fermentation was assumed to be 2.7%
larger than that of the conventional fermentation. In addition, conversion of the reactions
3 through 7 (fermentation byproducts) was assumed to be equal to that of the conventional
fermentation, and not dependent on ethanol production.

Chilled water required to cool down the reactor was supplied by a lithium bromide
absorption system, working with cooling water produced in cooling towers, on which heat is
provided by vinasse (residue of the purification step) and by exhaust steam — due to the high
ethanol content of the wine (13.82 °GL), the amount of vinasse produced in the distillation
column is not enough to provide the heat required by the absorption system. Simulation
of the single effect absorption system was based on Somers (2009). The main parameters
of the low temperature fermentation process and the lithium bromide absorption system

are presented in Table 3.
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Figure 5: Flow sheet of the simulation of the low temperature fermentation process.

Table 3: Main parameters of the low temperature fermentation and lithium bromide ab-
sorption system.

Parameter Value
Total reducing sugars (TRS) in the substrate 28%
Fermentation temperature 30°C
Ethanol content of the clarified wine (CL-WINE) 13.82°GL
Chilled water temperature 14°C
Cooling water inlet temperature 27°C
Lithium bromide solution concentration 57.4
Solution heat exchanger effectiveness 0.64
Vinasse inlet temperature 101.3°C
Vinasse outlet temperature 85°C
Steam inlet temperature 150°C
Steam pressure 2.5 bar
COP (coefficient of performance) 0.75

3.3 Simulation of the extractive fermentation process coupled with
a vacuum flash chamber

In the extractive fermentation process coupled with a vacuum flash chamber, the lig-

uid product from the reactor is centrifuged, like in the previous fermentation processes

described. The clarified wine (stream CL-WINE) is split in two streams: one of them is

fed to the vacuum flash chamber, while the other corresponds to a purge that removes
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the heavy components, like glycerol, from the fermentation reactor. The purge stream is
preheated and comprises a low-ethanol content wine (WINE-LC). In the flash chamber,
two streams are produced: a vapor phase stream (VAPOR), rich in ethanol, and a liquid
stream (LIQUID), which is recycled to the reactor and maintains its temperature at 30°C.
Due to its low pressure, the VAPOR stream is compressed in a series of compressors; the
intermediate vapor streams are used to preheat the low ethanol content stream (WINE-
LC). The final vapor stream comprises the ethanol-rich stream (WINE-HC) which is fed

to the distillation columns. The flow sheet of the simulation is shown in Figure 6.
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Figure 6: Flow sheet of the simulation of the extractive fermentation process coupled with
a vacuum flash chamber.

Instead of condensing the vapor stream obtained in the flash chamber, as indicated
in Figure 2, compressors were used because of the large amount of CO2 in this stream —
condensing this stream at low pressures would require too much chilled water, which is not
available at the plant site, to prevent ethanol losses.

In order to allow comparison of the two alternatives, substrate concentration, reaction
temperature and conversion of the extractive fermentation process coupled with a vacuum
flash chamber are considered the same as those of the low temperature fermentation. The

main parameters of the process are shown in Table 4.
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Table 4: Main parameters of the vacuum extractive fermentation process.

Parameter Value
Total reducing sugars (TRS) in the substrate — 28%
Fermentation temperature 30°C
Conversion of sugars to ethanol 92.7%
Flash feed temperature 30°C
Flash pressure 0.06 bar
Ethanol content of the clarified wine 8.9°GL

In all the fermentation processes evaluated, treated sugarcane juice is concentrated
in multiple (5) effect evaporators in order to provide the required juice concentration in
the feed of the fermentation reactor; a fraction of the juice is concentrated up to 65 wt%
solids, being mixed with the remaining clarified juice. Both extractive and low temperature
fermentation processes use a substrate of higher concentration (28% TRS) than conven-
tional fermentation (around 17% TRS); therefore, more juice must be concentrated in the

alternative processes than in the conventional process.

4 Results and discussions

Simulations of the complete bioethanol production process were carried out for the
three configurations of the fermentation process described above. Ethanol and electricity
production, steam consumption and ethanol losses were evaluated for each configuration,
considering also vinasse concentration in the process with conventional fermentation. In
addition, vinasse and surplus lignocellulosic material were assessed. For the conventional
fermentation process, a configuration with vinasse concentration on multiple (5) effects
evaporator was evaluated as well, in order to produce an amount of vinasse equal to that
of the extractive fermentation process coupled with a vacuum flash chamber.

Ethanol production is larger for the alternative processes, as shown in Figure 7, which
displays surplus electricity production as well. Electricity consumption in the extractive
fermentation process coupled with a vacuum flash chamber is the largest among the eval-
uated configurations because compressors are used to provide low pressure in the flash
chamber; thus, the amount of electricity available for sale in this configuration is the low-
est. The highest electricity surplus is obtained for the configuration with low temperature

fermentation.
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Figure 7: Anhydrous ethanol and surplus electricity production in ethanol production
process using conventional fermentation, conventional fermentation with vinasse concen-
tration, low temperature fermentation and extractive fermentation.

The most important parameter for evaluation of surplus lignocellulosic material is the
process steam consumption. On Figure 8 exhaust steam consumption on each configuration
is displayed.

Steam consumption in the distillation process is larger, as expected, for the evaluated
conventional fermentation processes, since ethanol concentration in the distillation feed
stream (wine) is larger for the alternative fermentation processes (both low temperature
and extractive). Steam consumption on the juice concentration step, however, is larger
for the alternative fermentation processes, because more juice must be concentrated in the
multiple effect evaporators. In addition, steam consumption of juice concentration in the
low temperature fermentation is larger than that of the extractive fermentation because
more vapor bleeds in the multiple effect evaporators are performed in the low temperature
fermentation.

In the lithium bromide absorption process, used to produce chilled water to cool down
fermentation reactors in the low temperature fermentation process, part of the heat re-
quired is supplied by the vinasse produced in distillation; because of the high ethanol

content of the wine in this case (13.82 °GL), the amount of vinasse produced is much lower
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than that produced in the conventional fermentation process and the heat supplied by
vinasse is not sufficient to produce all the chilled water required. Therefore, exhaust steam

was used as utility in the lithium bromide absorption as well.
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Figure 8: Steam consumption of the main steps in ethanol production for the conventional
fermentation, conventional fermentation with vinasse concentration, low temperature fer-
mentation and extractive fermentation.

Vinasse concentration in multiple effect evaporators reduced vinasse production in the
conventional fermentation process by more than 40%, as shown in Table 5, producing the
same amount of vinasse as that of the extractive fermentation process, consuming exhaust
steam. Overall steam consumption for the ethanol production process from sugarcane using
low temperature fermentation is the highest among the studied alternatives; the vacuum
extractive fermentation requires about as much steam as the conventional fermentation
process, but when vinasse concentration is taken into account, the extractive fermentation
presents the lowest steam consumption.

The amount of vinasse produced in the conventional fermentation is 11 times larger
than the amount of anhydrous ethanol produced. Volumes of this magnitude can become
difficult to manage in a scenario of expansion of bioethanol production. The difference on
the ratio of vinasse per amount of ethanol produced between the conventional process with
vinasse concentration and the extractive fermentation process is due to the larger ethanol

production in the latter case.
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Table 5: Vinasse production, ethanol losses and surplus lignocellulosic material for each
configuration.

Parameter Conventional Conventional Low temperature Extractive
(vinasse conc.)

Vinasse production

(m?/m? ethanol) 11.0 5.9 6.2 5.7
Ethanol losses (%) 0.4 0.4 0.3 0.6
Surplus lignocellulosic 59.9 443 355 53.1

material (%)

Ethanol losses in the extractive fermentation are the highest among the studied config-
urations because large amounts of ethanol are obtained in the gases produced at the top
of the distillation column; an absorption column is used to recover most of the ethanol in
this stream, producing an alcoholic solution which is recycled to the distillation column
but, even with this recovery system, more ethanol is lost compared to other configurations.
Nevertheless, ethanol losses in this system accounts for only 0.6% of the total ethanol
production.

Surplus lignocellulosic material is the largest for the extractive fermentation process,
accounting for 53% of the overall lignocellulosic material available (sugarcane bagasse and
50% of the trash recovered from the field).

Although the low temperature fermentation process, employing absorption chillers, pro-
duces the largest amount of ethanol (87.3 L anhydrous ethanol per ton of sugarcane, as
opposed to 83.3 for the conventional fermentation and 86.5 for the extractive fermentation)
and the largest electricity surplus, it has the highest steam consumption and, consequently,
the lowest surplus of lignocellulosic material. Nearly 15% of the entire steam consumption
of the process (considering exhaust steam only) occurs in the lithium bromide absorption
system; alternatives for chilled water production, such as steam jet ejectors, may reduce
the steam consumption of the process and increase its advantages towards the other pro-
cesses evaluated. In addition, process integration and the use of other process streams
may provide part of the heat required by this system, reducing steam consumption of this
configuration.

Improvements may be carried out in the extractive fermentation as well, reducing elec-
tricity consumption. An example is the use of a series of flash chambers at temperatures
and pressures higher than the one adopted in this work, and thermal integration between

vapor streams and wine — this alternative could reduce electricity consumption significantly,
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but remains to be evaluated in more detail.

5 Conclusions

In this study anhydrous bioethanol production from sugarcane was evaluated, com-
paring three different fermentation processes: conventional (fed-batch), low temperature
and extractive fermentation coupled with a vacuum flash chamber; for the process with
conventional fermentation, vinasse concentration to reduce its volume was also considered.
It is shown that the extractive fermentation process coupled with a vacuum flash cham-
ber presents the lowest steam consumption, producing more surplus lignocellulosic mate-
rial than the other configurations, but also presents the highest electricity demand. The
conventional fermentation process presents similar steam consumption, but when vinasse
concentration is carried out to produce the same amount of vinasse as that produced in the
extractive fermentation, there is a significant increase in steam consumption. The amount
of vinasse produced in the extractive and low temperature fermentation processes is around
half of that produced in conventional fermentation without vinasse concentration. The low
temperature fermentation produces the largest amount of ethanol and electricity surplus,
but also presents the highest steam consumption because of the use of steam-driven absorp-
tion chillers. If alternative methods for producing chilled water are employed and reduction
on steam consumption is achieved, the low temperature fermentation process may present
advantages over the extractive fermentation because larger amounts of electricity could be
produced for sale in the first case. More detailed analyses concerning the optimization
of the alternative fermentation processes evaluated in this work must be carried out in
order to allow a deeper understanding of the most suitable configuration to be adopted in
ethanol production from sugarcane. However, it is worthwhile mentioning the potential of
such alternatives to increase the ethanol production whereas increasing the energy surplus

and reducing the vinasse production.
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Capitulo 7

Processos independentes e integrados de

producao de etanol de 2 geracao

7.1 Introducao

Ao contrario do Brasil, onde os materiais lignocelulésicos derivados da cana-de-actcar
(bagaco e palha) sao considerados a matéria prima com maior potencial de uso na produgao
de etanol de segunda geracao, outros paises tém buscado a producao de etanol lignocelulo-
sico a partir de diversas fontes, em geral desacopladas da producao de etanol de primeira
geragdo (KAZI et al., 2010; GONZALEZ et al., 2011; PICCOLO; BEZZO, 2009). Como o
bagaco ja esta disponivel na planta onde etanol de primeira geracao é produzido, o proces-
samento do bagaco para producao de etanol de segunda geragao pode compartilhar parte
dos equipamentos existentes, como as unidades de concentragao, fermentacao, destilagao,
cogeragao e armazenamento (DIAS et al., 2009). Além disso, eventuais inibidores formados
na etapa de pré-tratamento da matéria prima terao efeitos reduzidos nos rendimentos e
produtividade da etapa de fermentacao, ja que o licor hidrolisado pode ser fermentado em
mistura com o caldo de cana-de-acticar. No entanto, é necessario determinar a viabilidade

de plantas independentes de producao de etanol de segunda geracao usando bagaco e palha
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de cana-de-acticar como matéria prima, ja que ainda nao esta definida a configuracao 6tima

deste processo.

7.2 Desenvolvimento

No trabalho Integrated versus stand-alone second generation ethanol production from
sugarcane bagasse and trash, publicado na revista Bioresource Technology', a producao de
etanol de segunda geracao a partir das fragoes lignocelulésicas da cana-de-acticar é ava-
liada considerando-se diferentes configuragoes (planta integrada ao processo convencional
de producao de etanol de primeira geragao e planta independente) e tecnologias (diferentes
rendimentos e teores de s6lidos na hidrolise, aproveitamento das pentoses para producao de
energia por biodigestao ou fermentagao a etanol), que sao comparadas & producdo de etanol
de primeira geracao e eletricidade. Anélise técnico-econdmica das alternativas mostrou que
atualmente, o uso do material lignocelulésico como combustivel em caldeiras para produgao
de energia elétrica em plantas de producao de etanol de primeira geracao ¢ mais vantajoso,
do ponto de vista econoémico, que a producao de etanol de segunda geracao usando ba-
gaco e palha de cana-de-agticar como matéria prima. No entanto, no médio prazo, quando
tecnologias mais avancadas de hidroélise e aproveitamento das pentoses para produgao de
etanol estiverem disponiveis, a produgao de etanol de segunda geracao integrada a plantas
convencionais de primeira geracao é mais lucrativa. A planta independente para produ-
cao de etanol de segunda geracao usando bagaco e palha excedentes de uma unidade de
producao de etanol de primeira geragao apresenta investimento relativamente elevado, e
mesmo com tecnologias avancadas de hidroélise apresenta piores resultados econémicos que

a planta integrada.

!Reprinted from Bioresource Technology, 103, M.O.S. Dias et al., Integrated versus stand-alone second
generation ethanol production from sugarcane bagasse and trash, p. 152-161, 2012, License Number
2785921258910, with permission from Elsevier
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1. Introduction

Increasing concerns about climate change and energy security
have motivated the search for alternative forms of energy
(Karuppiah et al., 2008). Since the transportation sector is responsi-
ble for a significant fraction of the greenhouse gases emissions, sub-
stitution of oil derived fuels by biofuels, like ethanol, could
significantly decrease environmental impacts, besides providing
gains on the socio-economic levels as well.

Brazil and the US are the world’s largest bioethanol producers,
using sugarcane and corn as feedstock, respectively. In the
Brazilian sugarcane industry, large amounts of lignocellulosic
materials (sugarcane bagasse and trash) are produced during sugar
and ethanol production. Sugarcane bagasse is currently used as
fuel, supplying the energy required for the plant, while sugarcane
trash, previously burnt to improve the harvest procedure, is today
mostly left in the field for agricultural purposes (Alonso Pippo
et al,, 2011). Therefore, banning of burning practices significantly
improved the amount of sugarcane trash available for use in the
industry (Seabra et al., 2010).
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Second generation bioethanol, produced from lignocellulosic
materials, has been envisioned as the biofuel with the largest po-
tential to replace fossil derived fuels with lower impacts than the
conventional, first generation bioethanol (Martin and Grossmann,
in press; Ojeda et al, 2011; Seabra et al., 2010). Besides being
cheap and abundant, production of lignocellulosic materials has
limited competition with food production, thus they do not com-
promise food security (Alvira et al., 2010; Cucek et al., 2011). In
the sugarcane industry another advantage for the use of lignocellu-
losic material as feedstock for bioethanol production is clear: since
they are already available at plant site (for bagasse), or close to it
(trash), second generation bioethanol production may share part
of the infrastructure where first generation ethanol production
takes place (for instance concentration, fermentation, distillation,
storage and cogeneration facilities). In addition, potential fermen-
tation inhibitors generated in the lignocellulosic material pretreat-
ment may have a decreased effect on fermentation yields, since the
hydrolyzed liquor may be fermented mixed with sugarcane juice,
diluting these inhibitors. Nevertheless, the recalcitrance of ligno-
cellulosic materials hinders the transformation of cellulose into
fermentable sugars; the second generation ethanol production pro-
cesses therefore require more sophisticated equipment and invest-
ment than conventional first generation ethanol production
(Nigam and Singh, 2011).

Since second generation ethanol production is not yet a com-
mercial reality, different process configurations have been investi-
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gated in order to develop efficient conversion processes. Several
authors have analyzed biorefineries configurations through model-
ing and simulation (Alvarado-Morales et al., 2009; Cutek et al.,
2011; Dias et al., 2009; Huang et al., 2009; Kazi et al., 2010; Seabra
et al,, 2010; Tao and Aden, 2009). Cuek et al. (2011) studied the
integration of the first and second generation ethanol production
from the entire corn plant (corn grain and stover). Seabra and
Macedo (2011) indicate that the conclusions of such strategies
are dependent on the assumptions and geographical region of
application, thus the analyses made should be carried out consid-
ering local and specific technical parameters in order to correspond
to reality.

Production of second generation ethanol from sugarcane ba-
gasse and trash was evaluated for stand-alone and integrated (with
first generation ethanol production from sugarcane juice) plants.
An optimized first generation plant, with decreased steam con-
sumption and recovery of 50% of the trash produced in the field,
among other improvements over conventional bioethanol produc-
tion, was used as basis for the analysis. Different hydrolysis tech-
nologies, including improvements on hydrolysis yields, pentoses
biodigestion and fermentation to ethanol, were evaluated. The in-
crease on ethanol production due to the use of sugarcane lignocel-
lulosic fractions as feedstock for second generation was evaluated
for the selected technologies. Sensitivity analyses were carried out
to assess the impact of changes of important parameters (prices,
investment and inputs) on the economic and environmental
indicators.

2. Methods
2.1. First generation ethanol production

For first generation bioethanol production process, data were
collected from the literature (Ensinas et al., 2007; Macedo et al.,
2008), obtained at an industrial plant or from interviews with spe-
cialists. Anhydrous bioethanol production from sugarcane in an
autonomous distillery is comprised by the major steps illustrated

Sugarcane
+

in Fig. 1. Details about the process may be found in a previous
study (Dias et al., 2011a).

Because sugarcane bagasse is used as a fuel in the conven-
tional bioethanol production from sugarcane, the autonomous
distillery must reduce its process steam consumption in order
to produce larger amounts of lignocellulosic material surplus,
which will be used as feedstock for second generation ethanol
production.

An optimized autonomous first generation distillery is assumed
in this study, on which efficient 90 bar boilers are employed, and
ethanol dehydration is done employing molecular sieves (which
present lower steam consumption in comparison with other com-
mercial dehydration methods) (Simo et al., 2008). All the drivers
are electrified, which represents the current trend for new plants
in Brazil (Seabra et al., 2010). In addition, a 20% reduction on pro-
cess (2.5bar) steam consumption was assumed: it may be
achieved by means of process integration (Dias et al., 2011b).

The main parameters of the optimized first generation plant are
displayed in Table 1.

2.2. Second generation ethanol production

Second generation ethanol production consists of pretreatment
and hydrolysis of the lignocellulosic material. The available ligno-
cellulosic material is sent to the pretreatment operation, comprised
by steam explosion followed, or not, by an alkaline delignification
step (depending on the scenario configuration). In the steam explo-
sion, most (70%) of the hemicellulose is hydrolyzed into pentoses,
with small cellulose losses and no lignin solubilization (Ojeda
et al, 2011). The pretreated solids are separated from the obtained
pentoses liquor using a filter; pentoses are either fermented into
ethanol or biodigested (producing biogas for the cogeneration sys-
tem), depending on the scenario configuration.

In some configurations pretreatment is followed by an alkaline
delignification step, where most of the lignin is removed from the
pretreated material decreasing its inhibitory effects on enzymes in
the enzymatic hydrolysis step (Rocha et al., 2012).

Cleaning

Sugarcane Trash

Extraction of Combined Heat and
Bagasse—> .
sugars Power generation
T

Juice

Steam,
'| Electric Energy

Screens —> Heating }—) Liming H Heating _>| Flash

L

Filter ) n
Sali Filter Mud Settler
SHRpIEe Sy Clerified juice————
evaporation
. N
—> Fermentation —> Absorption CO
I. . ' Distillation and :
— ; ] Vv
Yeast .Ccntrlfugatlon | Rectification .
Yeast Dehydration Anhydrous
Treatment (adsorption) Ethanol

Fig. 1. Block flow diagram of the optimized autonomous distillery producing anhydrous bioethanol from sugarcane.
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Table 1

Parameters adopted in the simulation of the optimized autonomous distillery.
Parameter Value
Sugarcane processed (wet basis) 500 TC/h?
Days of operation 167 days/year
Sugarcane trash produced (dry basis) 140 kg/TC
Sugarcane total reducing sugars content (wet basis) 15.3%
Sugarcane fibers content (wet basis) 13%
Sugarcane bagasse/trash cellulose content (dry basis) 43.38%
Sugarcane bagasse/trash hemicellulose content (dry 25.63%

basis)
Sugarcane bagasse/trash lignin content (dry basis) 23.24%
Sugarcane bagasse moisture 50%
Sugarcane trash moisture 15%
Efficiency of juice extraction in the mills 96%
Fermentation efficiency 90%
Ethanol content of the wine fed in the distillation 8.5°GL
columns
Hydrated ethanol (HE) purity 93 wt.%
Anhydrous ethanol (AE) purity 99.6 wt.%
Fraction of bagasse for start-ups of the plant 5%
Fraction of trash recovered from the field 50%
90 bar boiler efficiency - LHV basis 87%
90 bar steam temperature 520°C
Turbines isentropic efficiency - 1st stage 72%
Turbines isentropic efficiency - 2nd stage 81%
Generator efficiency 98%
Steam pressure — process 2.5 bar
Steam pressure — molecular sieves 6 bar
Process electric energy consumption 30 kWh/TC
Molecular sieves steam consumption 0.6 kg steam/
LAE®

2 TC: metric tons of sugarcane.
b LAE: liter of anhydrous ethanol.

The solid fraction obtained after filtration of the material is sent
to enzymatic hydrolysis. The hydrolyzed liquor produced in the
enzymatic hydrolysis, rich in glucose, is separated from the unre-
acted solids (residual cellulignin), which are used as fuels in the
cogeneration system. In the integrated process, the hydrolyzed li-
quor is mixed with sugarcane juice; thus, concentration, fermenta-
tion, distillation and dehydration operations are shared between
both processes. The same conversion of first generation fermenta-
tion reactions (conversion of glucose to ethanol) was assumed for
the second generation process, both in the integrated and
stand-alone configurations.

Three technological scenarios were created in order to evaluate
second generation ethanol production from sugarcane bagasse and
trash, considering different yields, solids loading on hydrolysis and
destination of pentoses (biodigestion to biogas used in the cogene-
ration system or fermentation to ethanol). Two levels for hydrolysis
were considered: current technology (low yield, low solids loading)
and a second level, potentially available in 2015 (higher yields and
solids loading, lower investment and lower enzyme cost). In both
scenarios steam explosion is the pretreatment method, but in the
2015 technology scenario it is followed by an alkaline delignifica-
tion step, which leads to higher yields on the subsequent enzymatic
hydrolysis step due to removal of lignin (Yin et al., 2011). Pentoses
produced during pretreatment are either biodigested, producing
biogas for use as a fuel, increasing the amount of surplus lignocel-
lulosic material, or fermented to ethanol. Fermentation of pentoses
to ethanol is assumed to be available only at the most futuristic sce-
narios (possible scenario in 2015-2020) because conventional
microorganisms employed in industrial fermentation processes
are not able to ferment pentoses. Girio et al. (2010) provided an
extensive review on the processes through which hemicellulose
may be converted to ethanol. Fermentation yields of 95% have been
reported, but several problems (microorganism tolerance to etha-
nol and other inhibitors and low productivity among them) remain
to be solved in order for those high yields to be achieved at indus-

trial operations. In this work a conversion of 80% of pentoses to eth-
anol was adopted in the scenarios where pentoses fermentation is
assumed.

A block-flow diagram of the integrated first and second genera-
tion ethanol production from sugarcane is displayed in Fig. 2.

Characteristics of the different technologies including yields
and operating conditions are reported in Table 2, and are based
on literature data (Leibbrandt et al., 2011; Ojeda et al., 2011) and
on information provided by specialists.

In addition to the technical parameters displayed in Table 2, the
2015 technology for second generation ethanol production would
present lower investment, mainly due to the decrease on hydroly-
sis reactors size, as well as lower enzymes costs, when compared
with current technology. These data are shown in Section 2.5.

2.3. Scenarios definition

In order to compare integrated and stand-alone second genera-
tion ethanol production, different scenarios were simulated and
evaluated. Their characteristics are shown in Table 3. In all scenarios
a 20% reduction on process (2.5 bar) steam consumption was as-
sumed, including those with second generation ethanol production.

Scenario 1 represents the optimized autonomous distillery with
maximization of surplus electricity (all the bagasse and trash are
used as fuels for electricity production). In scenario 1a bagasse
and trash are burnt only to supply the energy demand of the plant;
thus, there is a surplus of lignocellulosic material which is sold to
be processed in the stand-alone second generation plant (scenario
5). Nevertheless, surplus electricity is sold in all scenarios because
efficient, high pressure boilers are employed and the amount of
electricity produced due to steam expansion on back pressure
steam turbines is larger than the electricity demand of the pro-
cesses. In scenario 2, integrated first and second generation (with
current hydrolysis technology) and pentoses biodigestion takes
place. Scenarios 3 and 4 represent integrated first and second gen-
eration (with 2015 expected hydrolysis technology) and pentoses
biodigestion and fermentation, respectively. Scenario 5 represents
the stand-alone second generation plant with 2015 expected tech-
nology and pentoses fermentation; this plant presents, besides the
pretreatment and hydrolysis units, independent fermentation, dis-
tillation and cogeneration sections, since it is not integrated to a
first generation facility.

2.4. Process simulation procedure

Simulations of the different scenarios were carried out using
software Aspen Plus. Since components of the lignocellulosic mate-
rial were not available in the Aspen Plus databank, their properties
were obtained from the databank for biofuels components devel-
oped by the NREL (Wooley and Putsche, 1996); however, lignin
structure was modified to represent sugarcane lignin, with molec-
ular formula C90,9Hgs(OCH3) and its enthalpy of formation was
determined based on enthalpy of combustion (27,000 kJ/kg) given
by Stanmore (2010), resulting in 25,689 k]/kg. Fiber components
(cellulose, hemicellulose and lignin) were inserted as solids;
streams containing those components are defined as MIXCISLD
streams in the simulation, which represent streams with conven-
tional solids with no particle distribution.

As an example, the simulation flowsheet developed to represent
scenario 3 is illustrated in Fig. 3; in this configuration the pentoses
released during pretreatment are sent to the cogeneration system,
where biodigestion takes place.

All the unit operations necessary to represent the process were
inserted into the correspondent hierarchy block (MILLS for sugar-
cane cleaning and extraction of sugars; TREATFER for juice treat-
ment and fermentation; DISTILL for distillation; DEHYD for
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Fig. 2. Simplified block flow diagram of the integrated first and second generation bioethanol production from sugarcane.

Table 2
Parameters adopted in the simulation of the second generation ethanol production
process.

Parameter Value
Pretreatment — hemicellulose conversion 70%
Pretreatment - cellulose conversion 2%
Pretreatment - temperature 190 °C
Pretreatment — reaction time 15 min
Alkaline delignification - lignin solubilization (2015 90%
technology)
Alkaline delignification - temperature (2015 technology) 100 °C

Alkaline delignification - reaction time (2015 technology) 1h
Alkaline delignification - solids loading (2015 technology) 10%

Alkaline delignification - NaOH content (2015 technology) 1% (m/V)

Hydrolysis - cellulose conversion (current/2015 60/70%
technology)

Hydrolysis - hemicellulose conversion (current/2015 60/70%
technology)

Hydrolysis - solids loading (current/2015 technology) 10/15%

Hydrolysis - reaction time (current/2015 technology) 72/48 h

Pentose biodigestion - chemical oxygen demand (COD) 70%
removal

Pentose fermentation to ethanol conversion 80%

Filters - efficiency of solids recovery 99.5%

Filters - soluble solids losses 10%

Electricity consumption 24 kWh/ton

LM?

2 LM: lignocellulosic material for second generation (wet basis).

Table 3

Characteristics of the evaluated scenarios.
Parameter Scenario

1 1a 2 3 4 5

1st generation ethanol production X X X X X
2nd generation ethanol production X X X X
Sell of surplus electricity X X X X X X
Sell of surplus bagasse X
Current technology for 2nd generation X
2015 technology for 2nd generation X X X
Pentoses biodigestion X X
Pentoses fermentation X X

dehydration, COGEN for cogeneration and 2G for second genera-
tion - pretreatment and hydrolysis, as shown in Fig. 3). The main
parameters used to simulate the first generation ethanol produc-

tion were displayed in Table 1. More details about the simulation
are provided in the Appendix.

Due to the various recycle streams present in the simulation,
convergence of the process is not easily achieved. This is a conse-
quence of the fact that the exact amount of surplus lignocellulosic
material (stream LM in Fig. 3) directed for 2G process depends on
the amount of residues (LIGNIN, CELLULOS and PENTOSE) pro-
duced in second generation operations (represented by the block
2G) and on the entire steam consumption of the process, which
in turn depends on the amount of hydrolyzed liquor (HYDROL)
sent to fermentation with the sugarcane juice.

2.5. Economic analysis

Investment data for the first generation autonomous distillery
were calculated based on data provided by Dedini (one of the ma-
jor equipment manufacturer for the ethanol industry in Brazil): a
conventional autonomous distillery, crushing two million tons of
sugarcane per year, operating with 22 bar boilers and with azeo-
tropic distillation as the ethanol dehydration method costs around
US$ 180 million (exchange rate of R$ 1.76 = US$ 1.00 - 2010 aver-
age). Most of the investment lies on the extraction sector (US$ 27
million), juice treatment, fermentation and distillation (US$ 31
million) and cogeneration (US$ 54 million). Since an optimized dis-
tillery was considered as a basis in this study, an increase of 40% on
the investment of the distillation and cogeneration sectors was as-
sumed due to the use of molecular sieves as dehydration method
and of 90 bar boilers for steam generation. An additional increase
of 10% on the investment of the distillation sector was assumed
to account for the heat exchanger network, which accounts for
the theoretical decrease of 20% on process steam consumption.
Changes in equipment capacity were correlated to costs consider-
ing a coefficient of 0.6 (Tao and Aden, 2009).

Investment for the second generation ethanol production plant
was based on data provided in the literature (CGEE, 2009), for two
technological levels: an integrated second generation ethanol pro-
duction plant processing 268 thousand tons of sugarcane bagasse
per year in 2015 costs around US$ 75 million, while a plant pro-
cessing 426 thousand tons of sugarcane bagasse per year in 2025
costs about US$ 80 million (values for 2010). In these figures a
reduction on the investment over time is assumed mainly due to
the decrease on hydrolysis reactors size. More details about the
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assumptions in the investment for second generation plants are
provided in a previous work (Dias et al., 2011c). The first value
was used to calculate the investment required on the current
hydrolysis technology scenario (scenario 2), while the second rep-
resents the 2015 expected hydrolysis technology (scenarios 3-5),
considering the amount of lignocellulosic material processed on
each scenario.

Economic analysis was carried out assuming the parameters
displayed in Table 4.

The internal rate of return (IRR) was evaluated using the param-
eters displayed on Table 4; the products production costs were cal-
culated as the prices which correspond to an IRR equal to zero,
considering the same reduction on ethanol and electricity prices
on each scenario. No differentiation between first and second gen-
eration ethanol was made when determining production costs.

2.6. Life cycle analysis

Environmental assessment was made by using the Life Cycle
Assessment (LCA). LCA is a method for determining the environ-
mental impact of a product (good or service) during its entire life
cycle or, as in the case of this study, from production of raw mate-
rials, transport of inputs and outputs and ethanol industrial pro-
cessing. The method consists of four main steps: goal and scope
definition, inventory analysis, impact assessment and interpreta-
tion (ISO, 1998, 2006a,b).

In goal and scope definition the intended application of the
study, system boundaries, functional unit and the level of detail
to be considered are defined. In this study system boundaries are
defined as cradle-to-gate and include all raw materials and emis-
sions of sugarcane cultivation, transport and industrial processing,
but the use and discard of the products are not included. Func-
tional unit considered is one kg of anhydrous ethanol.

Life cycle inventory (LCI) is the methodological step where an
overview is given of the environmental interventions (energy
use, resource extraction or emission to an environmental compart-
ment) caused by or required for the processes within the bound-
aries of the studied system. In this study, the inventories of the
sugarcane industrial biorefinery scenarios are based on the results
from computer simulations of the process, described in Sections
2.1-2.4. For agricultural stage, inventory is based on typical values
for sugarcane production in Center-South region of Brazil. It is
important to point out that differences in the agricultural produc-
tion system were considered because different amounts of vinasse
are returned to the agricultural field for fertirrigation in each sce-

-’

TO-COGEN

nario and, consequently, different inputs for vinasse spreading
and different amounts of fertilizers are used in the agricultural
stage.

Impact assessment examines the environmental pressures of the
emissions and resource use quantified in the inventory analysis. The
software package SimaPro® (PRé Consultants B.V.) and the CML 2
Baseline 2000 v2.05 method have been used as tools for the environ-
mental impact assessment (Guineé et al., 2002). The environmental
impacts are categorized into 10 environmental categories: Abiotic
Depletion (ADP) measured in kg of Sbeq; Acidification (AP) mea-
sured in kg of SO,eq; Eutrophication (EP) measured in kg of
Pofeq; Global Warming (GWP) measured in kg of COeq; Ozone
Layer Depletion (ODP) measured in kg of CFC-11.4; Human Toxicity
(HTP) measured in kg of 1,4 DB, (dichlorobenzene); Fresh Water
Aquatic Ecotoxicity (FWAET) measured in kg of 1,4 DBq; Marine
Aquatic Ecotoxicity (MAET) measured in kg of 1,4 DB ; Terrestrial
Ecotoxicity (TET) measured in kg of 1,4 DBeq; and Photochemical
Oxidation (POP) measured in kg of C;Haeq. Identification of signifi-
cant issues, conclusions and recommendations are made in the
interpretation step. The approach applied is compliant with the
ISO 14040-14044 standards and follows the current state of the art
of LCA methodology documents (ISO, 2006a,b).

According to LCA methodology, allocation is required for multi-
output processes. In this study economic allocation based on the
market value of the process output (the same used for the produc-
tion costs) was applied, as specified in the ISO 14040-14044 docu-
ments (ISO, 2006a,b).

3. Results and discussion
3.1. Techno-economic analysis

The main results for the process simulation and economic anal-
ysis (anhydrous ethanol and surplus electricity production, ligno-
cellulosic material (LM) hydrolyzed, second generation ethanol
production, investment, internal rate of return (IRR) and produc-
tion costs) for each scenario are displayed in Table 5.

Besides ethanol and electricity, surplus lignocellulosic material
is sold as well in scenario 1a (for the stand-alone plant of scenario
5). The lignocellulosic material price in scenario 1a was calculated
to provide an IRR for scenario 1a equal to that of scenario 1; thus,
an opportunity price for the lignocellulosic material, that is, the
price it should have in order to grant the same profitability ob-
tained selling electricity on scenario 1, was calculated (approxi-
mately US$ 60/ton dry lignocellulosic material, using the average
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Fig. 3. Simulation flow sheet developed in Aspen Plus for scenario 3: integrated first and second generation ethanol production from sugarcane, using advanced hydrolysis
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cogeneration).
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Table 4
Prices, taxes and project parameters used in the economic analysis.

Parameters Value

Project lifetime 25 years
Salvage value of equipment 0

Construction and start-up 2 years
Depreciation (linear) 10 years
Tax rate (income and social contributions) 34.0%
Sugarcane price (US$/TC)? 23.25
Sugarcane trash price (US$/ton)” 17.05
Electricity price (US$/MWh)© 84.88
Anhydrous ethanol price (US$/L)¢ 0.60
Enzyme price - current technology (US$/L cellulosic ethanol)® 0.11
Enzyme price - 2015 technology (US$/L cellulosic ethanol) 0.05

2 Six years moving average of sugarcane prices (per ton of sugarcane - TC)
(December 2010 values) in Sdo Paulo state (SP), from January 2001 to December
2010 (UDOP, 2011); US$1.00 = R$ 1.76 (2010 average exchange rate).

b Values provided by specialists of the sugarcane industry.

¢ Average prices obtained at renewable energy auctions in Brazil (2010 values).

4 Six years moving average of anhydrous ethanol prices paid to the producer
(December 2010 values) in SP, from January 2001 to December 2010 (CEPEA, 2011).

¢ Enzyme price for the current technology is based on an estimate provided by
Novozymes.

prices for all the products and feedstock during the 2001-2010
period). This was the price of the feedstock for scenario 5.

Scenario 2, which represents the integrated first and second
generation ethanol production with the current hydrolysis tech-
nology, has the largest investment among the studied scenarios;
its IRR is only greater than that of the stand-alone second genera-
tion plant (scenario 5), but it presents the higher ethanol produc-
tion costs. The use of advanced hydrolysis technologies in the
integrated process improves ethanol production (scenarios 3 and
4), but only when pentoses fermentation takes place (scenario 4)
the IRR is larger than that of the optimized first generation auton-
omous distillery (scenario 1). The stand-alone second generation
plant (scenario 5) has the lowest IRR mainly due to large invest-
ment, which is close to that of scenario 1a, and low ethanol
production.

Second generation ethanol production increases from scenario 2
(158 L/ton dry lignocellulosic material - LM) to 3 (181 L/ton) due
to the use of more advanced hydrolysis technologies (higher yields
and solids loading), but significant improvements are only
achieved when pentoses are fermented to ethanol (scenarios 3
and 4), when ethanol production reaches 335 L/ton dry LM. The
difference in specific second generation ethanol production in sce-
narios 2 and 3 (158 and 181 L/ton LM - around 15%) is smaller than
the difference in second generation ethanol production in these
scenarios (19 and 24 L/TC - around 25%) because in scenario 3
higher solids loading are employed in hydrolysis reactors, leading
to a decrease on energy consumption (from 682 to 642 kg of steam
per ton of sugarcane in the entire process) and allowing for a larger
amount of lignocellulosic material to be hydrolyzed; thus, even
though higher hydrolysis yields produce less residues (unreacted
cellulose and lignin) that are used as fuels in the boiler, reduced
steam consumption leads to higher ethanol production in scenario
3.

It can be verified that the amount of ethanol and electricity pro-
duced adding the production of scenarios 1a (first generation plant
that produces the feedstock for the stand alone plant) and 5 (stand-
alone plant) is about the same as that produced on scenario 4 (inte-
grated process with advanced hydrolysis and pentoses fermenta-
tion), but the investment required is about 30% larger; the
internal rate of return of the stand-alone second generation plant
is significantly reduced, when compared with the integrated pro-
duction. In addition, ethanol production cost in scenario 4 is the
lowest among the evaluated scenarios. It is clear that mass and
energy integration between first and second generation ethanol

production and reduced steam consumption will play a significant
role in the feasibility of second generation ethanol production from
sugarcane. Thus, the integration of first and second generation eth-
anol production presents several advantages over the stand-alone,
second generation ethanol production plant, but more detailed
analyses considering important variables not evaluated in this
work, such as water use, and a detailed energy integration study
like that presented by Cucek et al. (2011), must be carried out.

3.2. Life cycle analysis

Fig. 4 compares the environmental impact indicators obtained
for the evaluated scenarios. These scores give the comparison of
environmental impact emanating from the life cycle of ethanol
production including agricultural production process, transport of
sugarcane, raw-materials, consumables and industrial residues
back to the field and industrial conversion in the biorefinery.

Considering only the first generation processes, it can be
observed that the scenario maximizing electricity output (scenario
1) outperforms scenario with lignocellulosic material output
(scenario 1a). The inputs for these two processes are similar; how-
ever, differences observed on their environmental impacts are
mainly due to higher allocation factor to the ethanol production
in scenario 1a derived from lower electricity production, not com-
pensated by the lignocellulosic material output.

Results show that integrating first and second generation pro-
cesses using current technology for second generation ethanol pro-
duction and pentoses biodigestion (scenario 2) presents the best
environmental indicators for most categories among all the evalu-
ated alternatives. In addition, integrated first and second genera-
tion ethanol production shares some equipment (concentration,
fermentation, distillation and cogeneration), thus requiring less
steel and yielding more electricity output per unit of ethanol pro-
duced than stand-alone second generation ethanol production.
However, sensitivity analyses presented in Section 3.3 indicated
that steel used in the industrial equipment has little influence on
the ethanol environmental impacts. Higher environmental impacts
presented in the future second generation ethanol scenarios (3-5)
are mainly related to high sodium hydroxide consumption for
alkaline delignification prior to hydrolysis. These results show that
technological improvements are necessary in this process for
improving environmental sustainability of the future second gen-
eration ethanol production; if sodium hydroxide recycling or other
methods of delignification using environmentally friendly solvents
are employed, the advanced second generation ethanol production
considered in this study will present lower environmental impacts.
It is also important to highlight that the databank used in this
assessment was updated with Brazilian sodium hydroxide produc-
tion data, which presents environmental impacts remarkably low-
er than European and American production processes. Scenario 5
presented the highest environmental impacts because it produces
only second generation ethanol and, contrary to scenarios 2-4, it
does not have the first generation ethanol production to “dilute”
the environmental impacts of second generation process. However,
comparing the environmental impacts of integrated first and sec-
ond generation ethanol production in scenario 4 with the equiva-
lent stand alone plant in scenario 1a plus 5 (weighted average),
results show that ethanol production in the integrated scenario 4
present lower environmental impacts. For example, GWP is re-
duced 16%; EP is reduced 26% and MAET is reduced 42% for ethanol
production in scenario 4 compared with the weighted average eth-
anol production in scenario 1a plus 5.

In some environmental impact categories such as acidification
potential and global warming potential, first generation ethanol
production exporting lignocellulosic material (scenario 1a) and
integrated first and second generation ethanol production with
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Table 5

Main results of the simulation (ethanol and electricity production, steam and lignocellulosic material (LM) consumption) and economic analysis (internal rate of return (IRR),

ethanol and electricity production costs).

Parameter Scenario

1 1a 2 3 4 5?
Anhydrous ethanol production (L/TC) 82 82 102 107 116 35
Surplus electricity (KWh/TC) 173 34 86 77 81 42
Process steam consumption (kg steam/TC) 902°¢ 373 682 642 649 270
Lignocellulosic material hydrolyzed (kg/TC, dry basis) - - 123 133 102 104
Second generation ethanol production (L/ton dry LM) - - 158 181 335 338
Second generation ethanol production (L/TC) - - 19 24 34 35
Investment (million US$) 263 218 367 346 316 200
IRR (% per year) 14.9 14.9 11.6 134 16.8 10.0
Ethanol production costs (US$/L) 0.37 0.39 0.39 0.36 0.33 0.35
Electricity production costs (US$/MWh) 52.63 55.69 55.53 51.83 46.48 49.25

2 No sugarcane is processed in scenario 5 (results are provided on a sugarcane basis for comparison purposes only).

b TC: tons of sugarcane.

€ All the lignocellulosic material is burnt to produce steam; steam required in the production process is equal to 373 kg of steam/TC; the rest is processed in condensing

turbines.

future technology and pentoses fermentation to ethanol (scenario
4) present equivalent impacts. This means that the integrated first
and second ethanol plant is able to produce ethanol with environ-
mental impact categories equivalent to a modern first generation
scenario, in spite of producing a larger amount of ethanol per unit
of biomass (around 30% more). This fact highlights the benefits of
integrating second generation ethanol production to the first gen-
eration units in Brazil, as well in countries with similar conditions.

Melamu and von Blottnitz (2011) showed that diverting bagasse
(which is replaced by coal as source of energy for the process) for
second generation ethanol production without efficiency improve-
ments from its current use in an ethanol biorefinery in South Africa
would backfire for its environmental impacts. However, results
from the present study show that current technologies for second
generation ethanol production in Brazil (scenario 2) present better
environmental impacts in relation to the first generation ethanol
production process (scenarios 1 and 1a). This is achieved mainly be-
cause partial trash recovery from the sugarcane field, significant
improvements in the industrial process energy efficiency and the
use of residues (pentoses and lignin) as fuels provide surplus energy
and lignocellulosic material for second generation ethanol produc-
tion, without requiring extra sources of energy from fossil fuels. This
reinforces that energy efficiency improvements in the industrial
process, considering energy integration among first and second gen-
eration ethanol production, as well as efficient technologies for
trash recovery are crucial points for the success of the integration
of second generation ethanol production process into the first
generation sugarcane biorefineries in Brazil.
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60%

3.3. Sensitivity analyses

In order to evaluate the impact of changes of prices and invest-
ment on the internal rate of return (IRR), taking into consideration
eventual uncertainties on the investment and market fluctuations,
sensitivity analyses were carried out. For ethanol, electricity and
sugarcane prices and investment, changes on the IRR due to varia-
tion of +25% over the average value of these variables (displayed in
Tables 4 and 5) were assumed. For enzyme and sugarcane trash
costs, changes of £50% on prices were evaluated. Results are shown
in Fig. 5.

It can be verified that among the studied variables, the one
which presents the most significant impact on the IRR is ethanol
price: variation of +25% causes the largest changes on the IRR in
all the scenarios evaluated. Changes of +25% on the investment
and sugarcane prices also affect the IRR significantly, but with less
intensity than ethanol prices. Changes in electricity prices have
small impacts on the IRR, and changes of +50% on enzyme and sug-
arcane trash prices have very little effect on the IRR in all the
scenarios.

Sugarcane trash is not yet transported in large scale to the
industrial plant in Brazil because of its low density and consequent
high transportation costs. Nevertheless, the impact of changes of
1+50% in sugarcane trash price on the IRR of whole enterprise over
all the project lifetime is very low, even when an increase of 50% on
sugarcane trash price is considered (in this situation, sugarcane
trash (with 15% moisture) costs more than sugarcane - US$
25.58/ton trash against US$ 17.05/TC). For enzyme price, a similar
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Fig. 4. Comparative environmental impact indicators of the different scenarios.
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Fig. 5. Sensitivity analyses for the impact of investment and ethanol, electricity, sugarcane, sugarcane trash and enzymes prices on the internal rate of return (IRR) for the

studied scenarios.

situation is observed: very small effects on the IRR for changes of
+50% on enzyme prices, considering an average value of
US$ 0.11/L cellulosic ethanol. Since the fraction of costs in the
industrial process concerning enzymes is proportional to the
amount of cellulosic ethanol produced, which correspond to a
small fraction of the overall ethanol produced, the impact of en-
zymes on all the costs is not so significant in the entire project
lifetime.

An important observation is that in scenario 5, an increase in
electricity prices does not lead to an increase on the IRR, differently
from the other scenarios, since feedstock price in scenario 5 (ligno-
cellulosic material) is calculated as the opportunity price of the lig-
nocellulosic material in scenario 1a. Thus, higher electricity prices
lead to higher feedstock prices on scenario 5, and as a consequence
the IRR is decreased.

IRR on scenario 4, which represents the integrated first and sec-
ond generation with advanced hydrolysis technologies and pen-
toses fermentation, reaches the highest values considering the

changes on the selected variables. For this scenario, the worst sit-
uation (lower ethanol prices) causes an IRR of 10%, which is the
highest value obtained for the worst result in the IRR among all
the scenarios in the sensitivity analysis. The stand-alone second
generation plant presents the lowest IRR values for all the
variables.

A sensitivity analysis was performed to assess the impact of se-
lected environmental impact categories as well. In this analysis
scenario 4 was selected because it presented the best results in
the economic evaluation. Three important environmental impact
categories were selected: Global Warming Potential (GWP), Eutro-
phication Potential (EP) and Human Toxicity Potential (HTP)
(Fig. 6). Quantity variation in five important process inputs were
evaluated: sodium hydroxide, zeolite and equipment weight (steel)
for the ethanol industrial process; and nitrogen fertilizer and diesel
used in the agricultural operations for sugarcane growing and har-
vesting. As expected by the results already discussed in this study,
sodium hydroxide is the most impacting parameter in GWP
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Fig. 6. Sensitivity analyses for Global Warming Potential (GWP) (a) Eutrophication Potential (EP) (b) and Human Toxicity Potential (HTP) (c) for scenario 4 (integrated first
and second generation ethanol production from sugarcane, using advanced hydrolysis technologies and pentoses fermentation).

(Fig. 6a), EP (Fig. 6b) and HTP (Fig. 6¢). Nitrogen fertilizers and die-
sel used in the agricultural operations also play an important role
in the three environmental impacts evaluated while zeolite and
equipment used in the industrial process have minor influence in
the ethanol production environmental impacts.

Based on the sensitivity analysis, scenarios 3-5 were evaluated
considering that all the sodium hydroxide is recovered in the indus-
trial production process. Results indicate that ethanol production in
scenario 4 presents lower environmental impacts than scenarios 1,
1a, 2 and 3. Ethanol production in scenario 5 would present the
lowest environmental impacts if all the sodium hydroxide would
be recovered; this is mainly due the low economic value of the lig-
nocellulosic material reflecting on its allocation factor (because
economic allocation is used in this paper). The economic value of
the lignocellulosic material was evaluated in this study as the
opportunity price of electricity generation. Using economic alloca-
tion criteria, most of the ethanol production environmental impacts
in scenario 1a are attributed to ethanol (81%) and smaller part to the
lignocellulosic material (14%) and electricity (5%) output. Because
of that, second generation ethanol production in scenario 5 is car-
ried out using this “clean” lignocellulosic material from scenario
1a. However, scenario 4 still presents a better environmental profile
in comparison to ethanol production in the equivalent stand alone
plant in scenario 1a plus 5 (weighted average) even if would be pos-
sible to recover all the sodium hydroxide in the second generation
ethanol production process.

4. Conclusions

Evaluation of scenarios considering different levels of integra-
tion between first and second generation ethanol production plants
from sugarcane showed that the integrated first and second gener-
ation process using advanced hydrolysis technologies and pentoses
fermentation presents several advantages over the stand-alone sec-
ond generation ethanol production plants, besides the largest

ethanol production and the best economic results. If the solvent
used in the alkaline delignification is recovered, this configuration
also presents the best environmental indicators among the
alternatives.
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Capitulo 8

Contribuicoes ao desenvolvimento de
processos de producao de etanol de

segunda geracao

8.1 Introducao

Grande parte dos trabalhos experimentais publicados na literatura relacionados a pro-
dugao de etanol lignocelulosico busca a maximizacao do rendimento das reacoes que ocor-
rem no pré-tratamento e hidrolise do material lignocelulésico, apresentando resultados em
termos de conversao a glicose ou a etanol, ou producao de glicose ou etanol por quanti-
dade de material lignocelulosico processado (CARRASCO et al., 2010; RABELO, 2010;
RUEDA, 2010; SILVA et al., 2010; PETERSEN et al., 2009).

Como mostrado no Capitulo 7, o processo integrado de producao de etanol de primeira
e segunda geracao apresenta uma série de vantagens em relacao ao processo independente
de produgao de etanol de segunda geragao. Neste caso, ou mesmo considerando-se um

processo independente onde o material lignoceluldsico seja utilizado como combustivel, um
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6timo resultado em termos de producao de etanol por material lignocelulésico processado
nao necessariamente leva a bons resultados em termos de producao de etanol global, ja que
a energia necessaria no processamento do material lignoceluldsico afeta consideravelmente
a quantidade de material disponivel para hidroélise - a nao ser que sejam utilizados com-
bustiveis fosseis para suprir as necessidades energéticas do processo, o que nao é aceitavel

na realidade brasileira.

8.2 Desenvolvimento

No desenvolvimento deste capitulo é apresentado o trabalho Integrated first and se-
cond generation bioethanol production from sugarcane - technical evaluation of alternative
process configurations, apresentado na forma de poster no 1% Brazilian BioEnergy Science
and Technology Conference, em Campos de Jordao em 2011, e submetido para publicacao
na revista Fuel Processing Technology em 2011. Neste trabalho sao estudadas diferentes
condigoes de processos de pré-tratamento e hidrolise, visando a maximizacao da produgao
de etanol no processo integrado com uma destilaria autonoma otimizada para producao de
etanol de primeira geracao. Foi utilizada como base a destilaira autonoma otimizada, com
producao de vapor em caldeiras de 65 bar (que sdo as mais comuns em novos empreendi-

mentos no Brasil atualmente (SEABRA et al., 2010) apresentada no Capitulo 5.

Foram estimados diferentes valores para a conversao da celulose na etapa de hidrolise
enziméatica para cada teor de solidos, havendo uma diminuicao na conversao para um
aumento no teor de sélidos na hidrolise, além da inclusao de etapa de deslignificacao alcalina
(com consequente aumento no rendimento da hidrolise) e fermentacao ou biodigestao das
pentoses. Verificou-se que dentro das condicoes adotadas no estudo, a realizagao de uma
etapa de deslignificacao alcalina nao leva a ganhos significativos na producao de etanol,
devido ao fato de que ocorre a temperaturas relativamente elevadas (100 °C) e baixo teor de
solidos (10%). Além disso, verificou-se que as maiores conversoes de material lignocelulosico

a etanol ocorrem para os cenarios nos quais sao empregados baixos teores de solidos, e
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consequentemente maior conversao da celulose na hidrolise enzimética; porém, devido ao
fato de que o meio apresenta-se muito diluido, a energia necessaria para concentrar o licor
hidrolisado é muito elevada, diminuindo a quantidade de material lignocelulésico disponivel
para hidrolise. Assim, processos com baixos teores de solidos (5%) e elevadas conversoes
(80%) levam a producao global de etanol menores do que aquelas obtidas em condig¢oes
intermediarias (por exemplo, 15% de solidos e 60% de conversao), ja que o consumo de

energia é muito elevado.

Sendo assim, a obtencao de elevados rendimentos em um processo de pré-tratamento e
hidroélise de materiais lignocelulésicos nao necessariamente leva & maior producao de etanol,
considerando-se o cenério brasileiro no qual o proprio material lignocelulésico é utilizado

como combustivel para atender a demanda energética do processo. E essencial que este

processo apresente também baixo consumo de energia.
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Integrated first and second generation bioethanol
production from sugarcane — technical evaluation of

alternative process configurations *

Abstract

Since sugarcane bagasse and trash are used as fuels in conventional bioethanol pro-
duction, the amount of surplus lignocellulosic material used as feedstock for bioethanol
production depends on the energy consumption of the production processes. Residues
from the second generation process (e.g., unreacted lignocellulosic material) may be
used as fuels and increase the amount of surplus bagasse, along with improved tech-
nologies for cogeneration and for conventional bioethanol production process. Pen-
toses fermentation to ethanol instead of biodigestion to produce biogas will lead to
higher ethanol production, increasing energy consumption of the process and, conse-
quently, decreasing the amount of surplus lignocellulosic material available. In this
work different configurations of the second generation ethanol production process
(e.g. pretreatment with steam explosion coupled or not with delignification, pentose
biodigestion or fermentation to ethanol, solids loading on hydrolysis), are evaluated in
terms of ethanol production and energy consumption through simulation using Aspen
Plus. The results show which process alternatives, potentially, may lead to higher
ethanol production, pointing towards where research should be directed in order to

provide important gains on ethanol production in the integrated process.

1 Introduction

Bioethanol has been considered in the world as the alternative renewable fuel with

the largest potential to replace fossil derived fuels, responsible for a significant fraction

*Co-autores deste trabalho: T.L. Junqueira, C.E.V., Rossell, R. Maciel Filho e A. Bonomi
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of greenhouse gases emissions. In face of increasing energy demand, forecasted depletion
of oil resources, and concerns regarding land use, the world has turned its attention to
lignocellulosic or second generation ethanol, which is produced from abundant and cheap
feedstock that do not compromise food security (Nigam and Singh, 2011; Sims et al., 2010).
Nevertheless, second generation bioethanol production technologies are still under devel-
opment: the intense structure connecting the three main components of the lignocellulosic
biomass (cellulose, hemicellulose and lignin) hinders its transformation into fermentable
sugars (Damartzis and Zabaniotou, 2011; Nigam and Singh, 2011; Silva et al., 2010).

Brazil has been producing bioethanol on a large scale basis for fuel for more than 30
years. During sugarcane processing, large amounts of lignocellulosic material - sugarcane
bagasse and trash (comprised by sugarcane leaves and tops), are produced; bagasse is
currently used as fuel in boilers to supply energy to the process or even to sell surplus
electricity to the grid, while most of the trash is burnt or left in the field (Pippo et al.,
2011).

The integration of second generation ethanol production process from lignocellulose
with first generation ethanol production from sugarcane may improve its feasibility. In
comparison with a stand-alone second generation unit, the integrated process will require a
lower investment, since operations like sugar concentration, fermentation and distillation,
utilities and storage sectors may be shared between both plants (Dias et al., 2009). In
addition, fermentation inhibitors generated during pretreatment will have minor effects on
yields since the hydrolyzed liquor will be fermented mixed with sugarcane juice.

In the Brazilian scenario, where the potential feedstock for second generation ethanol
production is also used as fuel to supply the energy demand of the process, it is essential
to maximize the amount of surplus lignocellulosic material through reduction on process
steam consumption. Several improvements may be included in the conventional first gen-
eration ethanol production process, leading to production of larger amounts of surplus
bagasse and trash; several authors have studied forms of increasing energy efficiency dur-
ing sugarcane processing (Dias et al., 2011a,b; Ensinas et al., 2007, 2009; Morandin et al.,
2011; Serra et al., 2009). Nevertheless, the introduction of second generation ethanol
production from sugarcane bagasse and trash will also require the improvement of the en-
ergy consumption on second generation operations, such as pretreatment and hydrolysis;
most of the published literature about the experimental development of second generation
ethanol production focuses on maximizing yields and minimizing catalyst consumption,
like the work developed by Brienzo et al. (2009) and Xu and Cheng (2011), among others.
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However, it is important to look at the process as whole, taking into account the ethanol
production as well as the net energy available.

In this work different configurations of the second generation ethanol production pro-
cess (e.g. pretreatment with steam explosion coupled or not with delignification, pentose
biodigestion or fermentation to ethanol, solids loading for hydrolysis), are evaluated in
an integrated first and second generation ethanol production process through simulation
using Aspen Plus (v. 7.1). The results show which process alternatives may lead to higher
ethanol production, pointing towards where research should be directed in order to provide

important gains on ethanol production in the integrated process.

2 Methodology

2.1 First generation ethanol production process

The first generation ethanol production process is based on an optimized autonomous
distillery, with process improvements that lead to reduced steam consumption and large
electricity production. Figure 1 shows the basic diagram for the optimized first generation

plant.
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Figure 1: Block flow diagram of the optimized first generation ethanol production process
from sugarcane.
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The main parameters of the optimized first generation plant are depicted in Table 1.

Table 1: Parameters adopted in the simulation of the autonomous distillery.

Parameter Value
Tons of sugarcane (TC) processed 500 TC/h
Sugarcane total reducing sugars content 15.3 %
Sugarcane fibers content 13 %
Sugarcane trash produced in the field (dry basis) 140 kg/TC
Fraction of sugarcane trash transported to the industry 50 %
Efficiency of juice extraction in the mills 96 %
Fermentation efficiency 90 %
Ethanol content of the wine fed in the distillation columns 8.5 °GL
Hydrated ethanol (HE) purity 93 wt%
Anhydrous ethanol (AE) purity 99.6 wt%
65 bar boiler efficiency (LHV basis) 87 %
65 bar steam temperature 485°C
Fraction of bagasse for start-ups of the plant 5 %
Turbines isentropic efficiency — 1°* stage 72 %
Turbines isentropic efficiency — 2" stage 81 %
Generator efficiency 98 %
Steam pressure — process 2.5 bar
Steam pressure — molecular sieves 6 bar
Steam demand — molecular sieves 0.6 kg/L AE

Sugarcane trash composition is assumed to be equal to that of bagasse, except for the
moisture content, which is defined as 15 and 50%, respectively. The lignocellulosic material
composition is based on analyses carried out on 50 different bagasse samples by Rocha et al.

(2010); average values are given on Table 2.

Table 2: Composition of the sugarcane bagasse adopted in the simulation (Rocha et al.,
2010).

Component Fraction (wt %)

Cellulose 43.38
Hemicellulose 25.63
Lignin 23.24
Ash 2.94
Extractives 4.82

Simulation of the processes was carried out using software Aspen Plus. The components

that were not available in the simulator database were introduced in the simulation, and
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their properties were obtained at Wooley and Putsche (1996). Lignin structure, however,
was modified to represent sugarcane lignin, with molecular formula CyOs9Hg¢(OC Hj)
(Marabezi, 2008).

The double effect distillation system was considered and simulated as described by Dias
et al. (2009); a simple-effect lithium bromide absorption system was employed to supply
the chilled water required in the condenser of the distillation column, and its simulation
was carried out based on data provided by Somers (2009). Steam is used as utility, and

the calculated coefficient of performance (COP) of the system is equal to 0.75.

2.2 Second generation ethanol production process

Different process configurations were evaluated for the second generation ethanol pro-
duction process, which consists of pretreatment with steam explosion, followed or not by
alkaline delignification, and enzymatic hydrolysis. The main parameters of the second

generation ethanol production process are presented in Table 3.

Table 3: Parameters adopted in the simulation of the second generation ethanol production
process.

Parameter Value
Pretreatment - hemicellulose conversion 70 %
Pretreatment - cellulose conversion 2%
Pretreatment - temperature 190°C
Pretreatment - reaction time 15 min
Alkaline delignification - lignin solubilization 90 %
Alkaline delignification - temperature 100°C
Alkaline delignification - reaction time 1h
Alkaline delignification - solids loading 10 %
Alkaline delignification - NaOH content 1% (m/V)
Hydrolysis - yield for 5% solids loading 80 %
Hydrolysis - yield for 10% solids loading 70 %
Hydrolysis - yield for 15% solids loading 60 %
Hydrolysis - yield for 20% solids loading 50 %
Hydrolysis - temperature 50°C
Hydrolysis - reaction time 48 h
Filters - solids removal 99.5 %
Filters - soluble solids loss 10 %

Different conditions of the hydrolysis process (solids loading and yields — conversion

of cellulose into glucose and of hemicellulose to pentose) were analyzed; for high solids
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concentration on the reactor, relatively low yields were assumed, and vice versa, as shown
in Table 3. Since removal of lignin improves cellulose accessibility to enzymes (Hernandez-
Salas et al., 2009), when the alkaline delignification step was inserted an increase of 10%
on the enzymatic hydrolysis yields depicted in Table 3 was assumed; thus, when the pre-
treatment was comprised by steam explosion and alkaline delignification, hydrolysis yields
for 20% solids loading were equal to 55%.

Vapor released during steam explosion was used to pre-heat the pretreated bagasse prior
to alkaline delignification, when this step was considered. After each step of the process
(pretreatment, delignification, hydrolysis, etc.), filters are used to separate the solid phase

from the liquor.

2.3 Integrated first and second generation ethanol production pro-

Cess

In the integrated process, sugarcane bagasse and trash are used as fuels in the cogener-
ation system, and the amount that exceeds the requirement to supply the thermal energy
demand of the plant is used as feedstock in the second generation ethanol production

process. A simplified diagram of the integrated process is depicted in Figure 2.

Sugarcane Steam, ]
Electric Ener
Trash eclne nergy
Sllgaicane I-Lignocellulose Cogeneration % Biogas — —
|
Cleaning Unreacted solids |
! |
Extraction of Pretreatment —> Hydrolysis |
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s T i |
Juice Glucose liquor | |
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L—— I e Biodigestion%————
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N A
[Yeast Fermentation
e —
Yeast . . Distillation and . Anhydrous
Centrifugation . . Dehydration
’ Treatment % £ % Rectification H v Ethanol

Figure 2: Block flow diagram of the integrated first and second generation ethanol produc-
tion process from sugarcane - dashed lines represent alternatives for pentose use.
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As shown in Figure 2, residues of the second generation process are also used as fuels
in the cogeneration system. When only steam explosion is employed, the unreacted solids
comprised by residual cellulose and lignin are fed to the boilers; when alkaline delignification
is used, the lignin is removed prior to hydrolysis, and the unreacted solids obtained after
removal of the glucose liquor produced in the enzymatic hydrolysis reactor contains mainly
residual cellulose; both lignin and unreacted cellulose are fed to the boilers. Pentoses
released during pretreatment are either biodigested, producing biogas which is also burnt

to produce energy as well, or fermented into ethanol.

3 Results and discussions

Several configurations combining steam explosion pretreatment, alkaline delignification,
pentose biodigestion and fermentation, different hydrolysis conditions (displayed in Table
3) were simulated using Aspen Plus. The flowsheet developed allowed evaluation of the
exact amount of lignocellulosic material available for hydrolysis, since the amount of hy-
drolyzed liquor also affects the energy consumption. In addition, ethanol and electricity
production were assessed. An example of the flowsheet developed in Aspen Plus for a sce-

nario where the pentoses released during biomass pretreatment are biodigested is shown

CELLULIG
= TRASH COGEN _(_l—i_ 2G
BAGASSE b TO-COGEN HIERARCHY LM > HIERARCHY

in Figure 3.

MILLS
= CANE
HIERARCHY FINES
Y

GLUCOSE

TREATFER
JUICE ETOH-REC

HIERARCHY

DISTILL DEHYDR
WINE HIERARCHY AEAC o

HIERARCHY

BRLI

IERARCHY

Figure 3: Flowsheet for the simulation of the integrated first and second generation ethanol
production process in Aspen Plus.
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All the unit operations necessary to represent the process were inserted on the corre-
spondent hierarchy block (MILLS for sugarcane cleaning and extraction of sugars; TREAT-
FER for juice treatment and fermentation; DISTILL for distillation; DEHYD for dehydra-
tion, COGEN for cogeneration, BRLI for lithium bromide absorption chillers and 2G for
second generation — pretreatment and hydrolysis, as shown in Figure 3). Several oper-
ations (mills, filters, settlers and adsorption column, among others) were represented as
component splitters, due to the lack of more adequate description of such unit operations
in the simulator database.

Due to the various recycle streams present in the simulation, convergence of the process
is not easily achieved. This is a consequence of the fact that the amount of lignocellulosic
material surplus (stream LM) directed for 2G process depends on the amount of residues
(LIGNIN, CELLULOS and PENTOSE) produced on second generation (represented by the
block 2G) and on the entire steam consumption of the process, which in turn depends on
the amount of hydrolyzed liquor (HYDROL) sent to fermentation with the sugarcane juice.
In addition, the cogeneration unit also provides steam to the lithium bromide absorption
unit, which depends on the amount of chilled water required in the distillation columns
(utility streams are not shown in the flowsheet).

Ethanol and electricity production in the evaluated configurations is shown in Figure
4. Results presented in Figure 4 show that even though high hydrolysis yields (80%) are
assumed for low solids loading on hydrolysis (5%), this configuration always presents the
lowest overall ethanol production (integrated first and second generation). Nevertheless,
the highest solids loading analyzed (20%) does not present the highest ethanol production,
as a consequence of the low hydrolysis yield assumed (50%). In fact the largest ethanol
production is obtained for intermediate conditions (15% solids and 60% yield).

In addition, even though alkaline delignification promotes an increase on hydrolysis
yields (assumed to be of 10%), overall ethanol production does not increase in the scenarios
where alkaline delignification takes place; in fact, it even presents lower ethanol production
in the cases where pentose fermentation takes place. This is a consequence of the high
energy demand of the alkaline delignification step, which takes place at 100 °C, as well as
on the relatively low solids loading (10%) in this operation. Overall increase on ethanol
production in comparison with the first generation (1G) ethanol production process varies
from 20% (for low solids loading on hydrolysis - 5%, steam explosion, pentose biodigestion
scenario) to 52% (high solids loading — 20 or 15%, steam explosion and pentose fermentation

to ethanol scenario).
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Figure 4: Anhydrous ethanol and surplus electricity production per ton of sugarcane (TC)
on each process configuration (s stands for solids loading on hydrolysis (%) and y for yields
on enzymatic hydrolysis (%)).

Electricity production on each scenario is also shown in Figure 4, and it may be observed
that it increases along with the decrease on solids loading in hydrolysis, due to the fact
that low solids loading lead to high steam consumption and, consequently, high electricity
production on turbo generators.

Most of the experimental works in the literature concerning second generation (2G)
ethanol production present as results optimization of the pretreatment or hydrolysis stages
maximizing of either the amount of ethanol (or sugars) released per amount of lignocellu-
losic material (LM) hydrolyzed or the conversion of cellulose into glucose (Carrasco et al.,
2010; Hernandez-Salas et al., 2009; Monte et al., 2011; Silva et al., 2010). However, in
the Brazilian scenario, or in any other situation where the LM is also used as fuel for the
production of energy to meet the thermal demand of the process, it is of crucial importance
to analyze the energy demand of the whole process, since the amount of ethanol produced
is directly proportion to the amount of surplus LM.

For this reason, the steam demand of the process, given on kg of steam per ton of
sugarcane processed - this is the common unit used to evaluate energy consumption dur-
ing sugarcane processing in Brazil, was evaluated for each process configuration analyzed.
Results are illustrated in Figure 5, along with the amount of LM hydrolyzed, second gener-

ation (2G) ethanol produced calculated per ton of dry LM and overall ethanol production.
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Figure 5: Overall ethanol production (L/TC), lignocellulosic material (LM) hydrolyzed,
second generation (2G) ethanol production per ton of dry LM and steam consumption
per ton of sugarcane (TC) on each process configuration (s stands for solids loading on
hydrolysis (%) and y for yields on enzymatic hydrolysis (%)).

Results displayed in Figure 5 show that the fraction of LM hydrolyzed is inversely
proportional to the steam consumption of the process, as expected. In addition, the specific
second generation ethanol production from the LM increases for low solids loading and high
yields, as does the steam consumption of the process, contrasting with the amount of LM
available for hydrolysis. This is the reason why overall ethanol production (that can be
produced using the whole sugarcane plant) decreases for low solids loading, even though
the specific second generation ethanol production increases. This is also the explanation for
the fact that the alkaline delignification considered in this work (10% increase on hydrolysis
yields) provides no significant gains on ethanol production: the configurations with alkaline
delignification demand more energy than those with steam explosion only.

When the different scenarios studied in this work are compared, it can be verified that
pentose fermentation to ethanol leads to higher ethanol production, but the amount of LM
hydrolyzed is lower than those on the configurations where pentoses are biodigested. This is
a consequence of both the elimination of biogas production, which is used to supply energy
and, as a result, increases the amount of LM available for hydrolysis, and the increase on
the energy demand of the concentration and distillation steps, due to increase on ethanol

production.
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4 Conclusions

Simulations of the integrated first and second generation ethanol production process
showed that high hydrolysis yields, that may be achieved using low solids loading on the
hydrolysis reactor, do not lead to the best results in terms of overall ethanol production;
because the lignocellulosic material used as feedstock in second generation is also used as
fuel, low solids loading requires more steam on the concentration step. Thus, even though
that situation leads to the highest second generation ethanol production per lignocellulosic
material processed, lower yields and higher solids loading lead to larger amounts of ethanol
produced per ton of sugarcane.

This study confirmed the importance of evaluating the whole process in order to better
understand it and to guide further experiments aiming to reach the viability of second

generation bioethanol production.
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Capitulo 9

Analise economica de diferentes

alternativas

Neste capitulo sao apresentados outros trabalhos envolvendo a analise econdmica de
diferentes alternativas de processo, de forma mais detalhada do que aquela apresentada

nos capitulos anteriores.

9.1 Estudo de diferentes condicoes do processo de pro-

ducao de etanol de 22 geracgao

Nesta secao é apresentado um trabalho desenvolvido utilizando-se o simulador Super-
Pro Designer, no qual diferentes processos de pré-tratamento do material lignocelulésico e
diferentes condicoes de hidrolise (teor de solidos e tempo de reacdo) sao utilizados em um
processo integrado de producao de etanol de 1* e 2% geracao. O trabalho Simulation of
integrated first and second generation bioethanol production from sugarcane: comparison
between different biomass pretreatment methods foi apresentado na forma de poster no 327

Symposium on Biotechnology for Fuels and Chemicals, nos EUA em 2010 e publicado na
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revista Journal of Industrial Microbiology and Biotechnology'. Neste trabalho foi simulado
o processo integrado de producao de etanol de 1* e 22 geracao comparando diferentes pro-
cessos de pré-tratamento (explosdo a vapor, peroxido de hidrogénio alcalino e organosolv)
seguidos ou nao de uma etapa adicional de deslignificacao alcalina, variando-se as condigoes

de hidrolise (teor de solidos de 5 ou 15% e tempo de hidrolise de 24, 48 ou 72 horas).

O processo de producao de etanol de 1* geracao é baseado em uma destilaria autéonoma
otimizada, que processa 500 TC /h, com algumas melhorias do processo (produ¢ao de vapor
a alta pressao, eletrificacao dos acionamentos, reducao do consumo de vapor por meio de
integragao energética, concentracao do caldo em evaporadores miltiplo efeito, etc.). No
processo de 2% geracao, resultados de conversao nas operagoes de pré-tratamento e hidrolise
foram obtidos na literatura, sendo que para hidrolise com teor de solidos de 15% considerou-
se a mesma conversao da hidrélise com teor de solidos de 5% (resultados experimentais), em
um cendario hipotético de melhoria da tecnologia. A simulacao do processo de cogeracao foi
conduzida usando planilhas eletronicas; a quantidade de material lignoceluldsico disponivel
para hidrolise em cada caso foi calculada considerando-se o consumo de energia do processo
integrado, j& que parte do material lignocelulésico disponivel no processo ¢ utilizada como

combustivel nas caldeiras.

Resultados similares para a producao de etanol nos processos que empregam perdxido
de hidrogénio e explosao a vapor como métodos de pré-tratamento foram obtidos. Verificou-
se que a capacidade instalada em reatores de hidrolise necessaria para os processos que
consideram 72 horas de reagao é excessivamente grande, e que a quantidade de catalisador
necessaria para o processo com peroxido de hidrogénio alcalino inviabiliza o processo. Uma
andlise econdmica preliminar foi conduzida, permitindo concluir que os melhores cenérios
para o processo de producao integrada de etanol de 1* e 2* geracao deve considerar tempo

de hidrolise reduzido (entre 24 e 48 horas) e elevado teor de solidos.

'With kind permission from Springer Science+Business Media: Journal of Industrial Microbiology and
Biotechnology, Simulation of integrated first and second generation bioethanol production from sugarcane:
comparison between different biomass pretreatment methods, 38, 2011, p. 955-966, M.O.S. Dias et al.,
License Number 2631380666554
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Abstract Sugarcane bagasse is used as a fuel in con-
ventional bioethanol production, providing heat and power
for the plant; therefore, the amount of surplus bagasse
available for use as raw material for second generation
bioethanol production is related to the energy consumption
of the bioethanol production process. Pentoses and lignin,
byproducts of the second generation bioethanol production
process, may be used as fuels, increasing the amount of
surplus bagasse. In this work, simulations of the integrated
bioethanol production process from sugarcane, surplus
bagasse and trash were carried out. Selected pre-treatment
methods followed, or not, by a delignification step were
evaluated. The amount of lignocellulosic materials avail-
able for hydrolysis in each configuration was calculated
assuming that 50% of sugarcane trash is recovered from the
field. An economic risk analysis was carried out; the best
results for the integrated first and second generation etha-
nol production process were obtained for steam explosion
pretreatment, high solids loading for hydrolysis and
24-48 h hydrolysis. The second generation ethanol pro-
duction process must be improved (e.g., decreasing
required investment, improving yields and developing
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pentose fermentation to ethanol) in order for the integrated
process to be more economically competitive.

Keywords Simulation - Sugarcane - Sugarcane bagasse -
Ethanol - Pretreatment - Enzymatic hydrolysis

Introduction

Bioethanol has been produced from sugarcane in Brazil on
a large scale for more than 30 years [14]. Until 2005,
Brazil was the largest ethanol producer in the world, but
international interest in ethanol as a fuel aroused and
motivated an increase of ethanol production from corn in
the USA. Nevertheless, sugarcane remains the most effi-
cient raw material for bioethanol production, with lower
consumption of fossil energy for ethanol production, pro-
ducing an average of 9.3 units of renewable energy for one
unit of fossil energy consumed [22].

In the search for the expansion of bioethanol production
without compromising food security and assuring fuel
supplies, the use of lignocellulosic materials such as sur-
plus bagasse, trash and other agricultural residues has been
encouraged; it is estimated that the use of these raw
materials for bioethanol production will improve process
efficiency as well as reduce environmental impacts [23,
37]. Bioethanol production from lignocellulosic materials
(second generation (2G) bioethanol), including pretreat-
ment processes and enzymes technology for cellulose
saccharification, has been investigated with increasing
interest for the past few years [36], due to the growing
concerns about climate change, increased energy demand
and the forecast depletion of fossil resources [10, 32].

One of the major lignocellulosic materials that can be
employed for bioethanol production is sugarcane bagasse,
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the fibrous lignocellulosic residue generated in large
amounts (approximately 140 kg/ton of sugarcane, dry
basis) during sugarcane processing for sugar and ethanol
production [20]. Where bioethanol is produced from sug-
arcane (first generation (1G)), such as in Brazil, sugarcane
bagasse is already available at plant sites, and production
of second generation bioethanol can share part of the
infrastructure where first generation bioethanol is pro-
duced, such as juice concentration, fermentation and dis-
tillation [7], and the utilities sector (cogeneration and water
cooling systems). Another important residue that may be
employed for bioethanol production in the sugarcane
industry is sugarcane trash, which includes sugarcane
leaves and tops, usually burnt or left in the field; trash is
produced at a rate of approximately 140 kg/ton of sugar-
cane (dry basis). With the elimination of burning practices,
large amounts of trash will be available for use as an
energy source [34].

Since sugarcane bagasse is used as a fuel in conven-
tional bioethanol production, providing heat and power for
the plant [11], the amount of surplus bagasse available for
use as raw material for second generation bioethanol pro-
duction is directly related to the energy consumption of
bioethanol production processes (both first and second
generation). Pentose and lignin, byproducts of the second
generation bioethanol production, may be used as fuels
[21] to increase the amount of surplus bagasse, along with
improved technologies for cogeneration and optimization
of the conventional bioethanol production process [11].

In order to be used as raw materials for bioethanol
production, lignocellulosic materials such as sugarcane
bagasse and trash must undergo a pretreatment process
through which the hemicellulose is removed and the cel-
lulose is made more accessible to enzymatic attack during
hydrolysis [28, 31]. Different pretreatment processes have
been investigated including physical (comminution),
chemical (alkali, acid and solvents attack), physico-chem-
ical (steam explosion) and biological (white-rot fungi
attack) approaches [35], but none have yet upgraded sec-
ond generation to levels of production competitive with
conventional first generation ethanol production.

In order to point toward the most adequate configuration
of the second generation ethanol production process, in a
process integrated with conventional first generation from
sugarcane, simulations of the integrated bioethanol pro-
duction process from sugarcane, surplus bagasse and trash
were carried out using the SuperPro Designer process
simulator [17]. Selected pre-treatment methods (steam
explosion, hydrogen peroxide and organosolv) followed, or
not, by an alkaline delignification step were evaluated,
along with the subsequent enzymatic hydrolysis step. The
amount of lignocellulosic material available for hydrolysis
on each configuration was calculated assuming that 50% of
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sugarcane trash is recovered from the field [7, 39] and used
either as fuel in the cogeneration system or as raw material
for bioethanol production, if the thermal requirements of
the plant are low enough, resulting in surplus trash. Yields,
process and conversion parameters were obtained in the
literature and from the industry for the first generation
process, and bioethanol production was evaluated for each
process configuration.

This work provides a basis for economic evaluations to
determine the feasibility of integrated second generation
bioethanol production.

Process description

Sugarcane is comprised of sugars (mainly sucrose and
small fractions of the reducing sugars fructose and glu-
cose), water, fibers and impurities. Sugarcane composition
varies greatly among varieties, climate, soil and age. It is
expected that over the next few years sugarcane quality
will be enhanced, with an increase in its sugars and fiber
content [22]; thus, an improvement in these parameters is
considered in this work, in comparison with present sug-
arcane quality in Brazil.

In this work an autonomous distillery is considered, that
is, a plant in which all the processed sugarcane is diverted
for ethanol production. A typical large scale plant (crushing
around 12,000 tons of sugarcane—TC per day) is simu-
lated. The main parameters of the plant are displayed in
Table 1.

First generation bioethanol production from sugarcane

The conventional bioethanol production process in an
autonomous distillery follows these main steps: sugarcane
reception and cleaning, extraction of sugars, juice treat-
ment and concentration, fermentation, distillation and
dehydration.

Upon reception in the factory, sugarcane must be
cleaned to remove part of the dirt carried along from the

Table 1 Plant design: main parameters

Parameter Value Unit
Sugarcane crushing rate 500 TC/h
Days of operation 180 days/year
Fiber content 14 wt%
Sugars content 15 wt%
Amount of sugarcane trash 140 kg/TC
produced in the field
Fraction of sugarcane trash 50 %

recovered from the field

TC tons of sugarcane
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field. Sugarcane cleaning is usually carried out using wash
water, which is recycled to the cleaning process after
removal of dirt and other impurities.

Extraction of sugars is done using mills, where sugarcane
juice and bagasse are separated. Water at a rate of 28 wt% of
sugarcane flow is used to improve sugars recovery. Sugar-
cane juice contains water, sucrose and reducing sugars,
along with impurities such as minerals, salts, organic acids,
dirt and fiber particles which must be removed prior to
fermentation. First, screens are used to remove sand and fine
particles of bagasse [5]. Juice then receives a chemical
treatment to remove other impurities. In the process con-
sidered in this work, juice undergoes heating from 30 to
70°C; addition of lime takes place afterwards along with a
second heating, up to 105°C. Hot juice is flashed to remove
dissolved air and, after addition of a flocculant polymer,
impurities are removed in a settler, where mud and clarified
juice are obtained. A filter is used to recover some of the
sugars carried along with the mud, and the filtrate is recy-
cled to the process prior to the second heating operation.

Clarified juice contains around 15 wt% solids; a fraction
of the clarified juice is concentrated in a 5-stage multiple
effect evaporators (MEE) up to 65 wt% solids. The con-
centrated juice is mixed with the remaining clarified frac-
tion to produce a final juice containing 22.5 wt% solids
which is cooled and fed to the fermentors.

A fed-batch fermentation process with cell recycling
(Melle-Boinot process) is used [33]. In this process, yeast
(recovered from a previous fermentation batch) is fed to the
fermentor prior to the juice; the mixture remains in the
reactor for a few hours, and the sugars (sucrose, glucose
and fructose) are converted into ethanol, carbon dioxide
and by-products (alcohols, organic acids, etc.). Since fer-
mentation reactions are exothermic, fermentation vats are
cooled in order to attain high ethanol concentration in the
fermented liquor (also called wine) [9]. The wine produced
in fermentation is centrifuged to remove yeast cells, which
undergo a chemical treatment using water and sulfuric acid
to reduce bacterial contamination. Yeast cells are used in
the next batch, while centrifuged wine is purified in dis-
tillation and rectification columns, producing hydrous
(around 93 wt%) ethanol. Anhydrous ethanol (99.3 wt%) is
produced in an adsorption process using molecular sieves.

The main parameters of the unit operations of the bio-
ethanol production process that constitutes an autonomous
distillery are represented in Table 2. The efficiencies and
other parameters displayed in Table 2 represent equipment
commercially available in Brazil.

Second generation bioethanol production processes

Second generation biofuels are produced from lignocellu-
losic biomass, which is basically composed of three
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Table 2 Unit operation design: main parameters
Parameter Value  Unit
Efficiency of dirt removal on sugarcane cleaning 90 %
Sugar losses on sugarcane cleaning 0.8 kg/TC
Sugarcane wash water 2.2 m*/TC
Efficiency of sugars extraction on the mills 97.5 %
Sugarcane bagasse moisture content 50 wt%
Recovery of sugars on juice treatment 99.5 %
Fermentation yield 92 %
Ethanol recovery on distillation and dehydration ~ 99.7 %
Pressure of steam produced in the boilers 90 bar

TC tons of sugarcane

polymers: cellulose, hemicelluloses (mainly xylan) and
lignin [1]. While the hemicellulosic fraction is converted
into monomeric sugars (mainly pentoses) under mild pro-
cess conditions, hydrolysis of cellulose into glucose, which
is easily fermented to ethanol, is considerably harder to
accomplish [30].

Due to the close association of the three components
(cellulose, hemicellulose and lignin) in the structure of the
biomass, an intense pretreatment process is required to
separate lignin and hemicellulose from the cellulose by
promoting their solubilization or degradation, reducing
cellulose crystallinity and increasing porosity of the lig-
nocellulosic material, thus improving accessibility of the
remaining cellulose to enzymatic attack [19, 26, 31].

The process of production of bioethanol from lignocel-
lulosic materials consists of the following operations:
biomass pretreatment, hydrolysis, concentration, fermen-
tation, separation, purification and effluent treatment and
disposal [36].

In Brazil, sugarcane bagasse is an important raw mate-
rial to be considered for ethanol production, via hydrolysis,
due to its low costs and the possibility of sharing infra-
structure in existing mills, thus reducing required invest-
ments [39]. In addition, another lignocellulosic residue
obtained from sugarcane—sugarcane trash—may be
recovered from the fields and used as raw material for
second generation bioethanol production. However, a
fraction of the trash produced must be left in the field in
order to provide weed and disease control as well as soil
conservation and fertilizer recycling. The exact amount of
trash that must be left in the field depends on local con-
ditions such as variety, climate, pests and others [15], but
several authors consider that the use of 50% of the trash in
the mills is a feasible figure in the years to come [7, 39].

In this work, different pretreatment methods were con-
sidered and compared: steam explosion, hydrogen peroxide
and organosolv, followed, or not, by an alkaline delignifi-
cation step.
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SO; catalyzed steam explosion

Experimental results of the steam pretreatment process of
sugarcane bagasse and the subsequent enzymatic hydro-
lysis were obtained by Carrasco et al. [3]. The authors
performed a series of experiments in which 300 g of
bagasse (dry weight) was steam pretreated in a 10 L
steam-pretreatment reactor, using SO, as a catalyst, fol-
lowed by enzymatic hydrolysis (1 L reactors) and
fermentation.

The highest values for soluble xylose recovery were
obtained for SO, catalyzed steam pretreatment at 190°C for
5 min, which also provided the highest overall sugar yields
(including monosaccharides produced upon pretreatment
and hydrolysis) after enzymatic hydrolysis [3].

Alkaline hydrogen peroxide

Alkaline processes are expected to cause less sugar deg-
radation than acid processes; since hydrogen peroxide
degrades into water and oxygen, it does not contaminate
biomass. Another advantage of this process is the fact that
it takes place under mild process conditions (pressure,
temperature and no acid catalysts) [28]. In this work, we
used results obtained by Garcia [13] for the enzymatic
hydrolysis of hydrogen peroxide pretreated bagasse at a
solids content of 5%. The optimum pretreatment condi-
tions were defined as 1 h of reaction, 25°C, 11% H,0,,
pH = 11.5 and 8% bagasse (wt/v). The subsequent
enzymatic hydrolysis step was carried out for up to 72 h
[13].

Organosolv pretreatment

Sugarcane bagasse was submitted to ethanol organosolv
pretreatment using a 50 L pilot scale reactor [24], in which
an aqueous ethanol solution (50% v/v) and a solid to liquid
ratio of 1:5 were employed, at a constant temperature of
175°C. Different concentrations of catalysts were evalu-
ated, with varying pretreatment times. The subsequent
enzymatic hydrolysis step was performed on the washed
water-insoluble residue of pretreated bagasse at 5% (w/v)
substrate content on a laboratory scale (25 mL) for up to
24 h. The best pretreatment results in terms of overall
glucose yield (20.9 g glucose/100 g bagasse) were
obtained using 1.25% H,SO, as catalyst for 60 min [24].

Alkaline delignification
Alkali pretreatment decreases both lignin and hemicellu-
lose content of the biomass; combination of dilute NaOH

pretreatment and other treatments seems more efficient
than the exclusive use of alkali pretreatment [1]. Removal
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of lignin from the pretreated material improves cellulose
accessibility to enzymes in the hydrolysis step.

Cogeneration: co-production of heat and power

Fibrous sugarcane residues (bagasse produced in the mills
and trash recovered from the fields) are used as fuels for
production of steam and electric energy in the cogeneration
system, supplying the entire thermal and electrical
requirements of the ethanol production process.

In the production of first generation bioethanol, all the
bagasse and trash available are used as fuel in boilers,
producing high pressure steam. Steam is fed to extraction-
condensation steam turbines, in which low pressure steam
is produced to supply the thermal requirements of the
process as well as electrical energy, while surplus steam is
condensed. When second generation bioethanol is pro-
duced, surplus bagasse and trash are used as raw materials
in the pretreatment and hydrolysis processes, and in this
case the process determines the amount of steam that is
produced in the boilers; thus, back-pressure steam turbines
(no condensation) are employed [11]. A simplified scheme
of the cogeneration systems for first and second generation
bioethanol production is illustrated in Fig. 1.

When second generation bioethanol production is inte-
grated with the first generation, the exact amount of lig-
nocellulosic material available for hydrolysis is determined
according to the thermal requirements of the entire process,
since a portion of the material available must be burnt in
the boilers to supply the energy requirements of the inte-
grated plant. Thus, lower energy demand of the production
process leads to higher amounts of bagasse and trash
available for hydrolysis. One of the tools that can be
employed to reduce the thermal energy requirements of the
process is the Pinch Analysis [7], through which thermal
integration of the process streams is evaluated. Different
authors applied this method to analyze the thermal inte-
gration of the bioethanol production process [7, 8, 11, 12,
16, 27], promoting a significant reduction in steam con-
sumption of the process.

||:<"9

9

T i)

Fig. 1 Simplified scheme of the cogeneration system for the first
(a) and second (b) generation bioethanol production. I: boiler; II:
steam turbines; III: process; IV: condenser
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Process simulation

Simulations were carried out using the SuperPro Designer
process simulator from Intelligen, Inc. An autonomous
distillery with modern commercial technologies was con-
sidered for the first generation bioethanol production. A
simplified scheme of the simulation of the first generation
ethanol production is displayed in Fig. 2.

In order to represent the process more accurately, sev-
eral components that are part of sugarcane composition
(cellulose, hemicellulose, lignin, aconitic acid, which rep-
resents the acids present in sugarcane structure, and
potassium oxide, which represents all the minerals),
material dragged along with sugarcane (dirt), by-products
(such as aconitate, formed during juice treatment, and
pentoses produced during pretreatment and hydrolysis
reactions in the simulation of the second generation pro-
cess) and input material (flocculant polymer, used on juice
treatment in the settler) were inserted into the simulator
database.

First, a mass balance of the first generation process was
carried out using an electronic spreadsheet, using data
collected in the industry (Usina da Pedra, a mill producing
sugar and ethanol located in the state of Sao Paulo) and
from the literature; the main parameters are the ones
reported in Table 2. Simulation of the production process
was carried out using SuperPro Designer; the current ver-
sion of this software (v. 7.5) does not allow the simulation
of the cogeneration system, which was calculated using a
spreadsheet and integrated with the SuperPro simulation.

Fig. 2 Simplified scheme of the
simulation of the first generation
ethanol production from
sugarcane in an autonomous
distillery

Sugarcane
Bagasse

Wash water

The parameters adopted for the simulation of the cogene-
ration system are listed in Table 3.

Simulation was performed considering no thermal
integration of process streams. However, a reduction of
30.8% on the 2.5 bar steam consumption calculated by the
process simulator was taken into account; this reduction
was obtained after applying Pinch Analysis on the simu-
lation of an autonomous distillery by Dias et al. [8].

Simulation of the second generation production process
was carried out considering conversion parameters calcu-
lated from the results published in Carrasco et al. [3] for the
steam explosion (SE), Garcia [13] for the hydrogen per-
oxide (H,O,) and Mesa et al. [24] for the organosolv
pretreatment (OS). The main parameters for the 2G pro-
cesses analyzed are presented in Table 4.

The values presented in Table 4 were obtained for the
hydrolysis of sugarcane bagasse at a solid load of 5%; these
figures were used in the simulations. An advanced hydro-
lysis scenario was also considered for each studied pre-
treatment process, in which enzymatic hydrolysis is carried
out at a solids load of 15%, assuming that the same
hydrolysis yields illustrated in Table 4 are achieved. In
addition, alkaline delignification of pretreated bagasse for
both steam explosion and hydrogen peroxide pretreatments
was considered; in this case, a hypothetical increase of 20%
on the hydrolysis yields displayed in Table 4 was assumed.

The integrated 1G and 2G production process considers
fermentation of mixed sugarcane juice and hydrolyzed
glucose liquor; a block-flow diagram of the integrated
process is shown in Fig. 3.

mFilter cake
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Filter
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Table 3 Cogeneration design:

main parameters Parameter Value Unit
Boiler pressure 90 bar
Boiler efficiency—LHV basis 86 %
Live steam temperature 520 °C
Isentropic efficiency—first stage of steam turbine 72 %
First extraction—steam pressure 22 bar
Isentropic efficiency—second stage of steam turbine 81 %
Generator efficiency 98 %
Isentropic efficiency—condensing turbine 70 %
Condensation pressure 0.11 bar
LHYV sugarcane bagasse—50% moisture 7565 kl/kg
Electricity demand—1G production process 30 kWh/TC
Electricity demand—2G production process 24 kWh/t*
LHV sugarcane trash—15% moisture 12960 kl/kg
LHV biogas 21320 kJ/Nm®

TC tons of sugarcane Process steam pressure 2.5 bar

* Electricity demand as a Molecular sieves—steam pressure 6 bar

function of the lignocellulosic Steam explosion pretreatment—steam pressure 12.5 bar

material processed in the second Organosolv pretreatment—steam pressure 10 bar

generation production process

Table 4 Second generation pretreatment process design: steam
explosion (SE), hydrogen peroxide (H,O,) and organosolv (OS):
main parameters

Parameter SE H202 OS
Conversion of xylan during pretreatment (%) 57 67 57
Conversion of cellulose during pretreatment (%) 5 07 0
Conversion of cellulose—24 h hydrolysis (%) 50 61 38
Conversion of cellulose—48 h hydrolysis (%) 70 70 NA
Conversion of cellulose—72 h hydrolysis (%) 72 77 NA

Enzymatic load—cellulase (FPU/g dry biomass) 15 10 15
Enzymatic load—p-glucosidase (IU/g dry biomass) 24 20 15

NA data not available

The 2G bioethanol production in this work considered
exclusively the fermentation of the glucose obtained from
cellulose hydrolysis; the pentose fraction, obtained from
the hemicellulose, is biodigested, producing biogas which
is used as a fuel. Cellulignin, another by-product of the 2G
production, which comprises the remaining solid material
after hydrolysis, is also used as fuel in boilers, besides the
lignin obtained after alkaline delignification. The use of the
process by-products (pentose, lignin and unreacted cellu-
lose) as fuels allows processing of larger fractions of
bagasse, since they supply part of the energy required to
run the process.

In order to calculate the energy provided by cellulignin
burning, Eq. 1 was employed [6]:

HHV = 0.0877(L) + 16.4951 (1)
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in which the higher heating value (HHV, kJ/g) is calculated
based on the lignin content of the lignocellulosic material
(L, wt%). The value calculated using this correlation pre-
sented a difference from the experimental value of less than
2% for materials such as tobacco leaf, corncob, corn straw
and wheat straw, among others [6]. Lower heating values
(LHV) for unreacted cellulignin (moisture content around
50% and varying composition according to the pretreat-
ment and hydrolysis yields) around 10,000 kJ/kg were
obtained.

Economic assumptions and parameters

A preliminary economic risk analysis was carried out,
considering the basic parameters displayed in Table 5
and the most relevant costs and prices presented in
Table 6.

Investment data for the first generation biorefinery was
calculated based on data provided by Dedini (one of the
major equipment manufacturers for the ethanol industry in
Brazil). Table 7 shows these data for an autonomous dis-
tillery crushing 2,000,000 tons of sugarcane per year,
operating with 22 bar boilers and with azeotropic distilla-
tion as the ethanol dehydration method.

Process improvements considered dehydration with
molecular sieves (increase of 40% on the distillation sec-
tor), boilers for production of 90 bar steam (increase of
40% on the cogeneration sector) and a heat exchanger
network (increase of 10% on the distillation sector).
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Fig. 3 Block-flow diagram of
the integrated 1G and 2G Sugarcane
production process i

‘ Cleaning

Unreacted solids———---,
' Combined Heat and | -Steam,
Power generation Electric Energy

Extraction of | [ ' e igni
Sugarcane || o otreatment |—Pentoses—> B|od|gest|0nj Kenin
sugars Bagasse | | | :
J, | I —— i
i Cellulignin-=---~ ) : Dellgn.lflcatlon e bt
treatment Sugarcane Trash | el ose_l i |
—): Hydrolysis |—) Filtration —
Juice . I Raw materials I
: Glucose liquor
concentration | \2 : - )
Yeast——> Fermentation ‘ Distillation and ’ '
{ 0 | T Rectification
R
Yeast | . ; : ' Anhydrous
«— Centrifugation Dehydration
‘ Treatment | | - | / Ethanol

Table 5 Economic analysis: main adopted parameters

Parameter Value
Project lifetime 25 years
Salvage value of equipment -
Construction and start-up 2 years
Depreciation (linear) 10 years
Tax rate (income and social contributions) 34.0%

Changes in equipment capacity were correlated to costs
considering a coefficient of 0.6.

Investment calculation on the 2G process considered
results obtained for equipment dimensions and data

Table 6 Average costs and prices adopted in the economic risk analysis

available from SuperPro Designer [17], and values for
individual equipment available at the “Corn Stover to
Ethanol Model” [18].

Results and discussions

Nineteen Alternatives (hereafter named scenarios) were
simulated, considering production of 1G and 2G ethanol,
different pretreatment methods, such as steam explosion
(SE) and hydrogen peroxide (H,0,) followed, or not, by an
alkaline delignification step (NaOH) and organosolv
pretreatments, considering different length of hydrolysis

Parameter Lower Medium Higher
Overall investment x — 30 X x + 30
Sugarcane average cost (US$/TC)* 18.37 19.44 20.50
Sugarcane trash average cost (US$/t) 10.02 15.02 20.03
Electricity average price (US$/MWh)® 59.09 70.61 82.14
Ethanol average price (US$/L)° 0.46 0.50 0.54
Enzyme average cost (US$/t)" 40.27 118.44 196.61
Hydrogen peroxide average cost (US$/t)° 308.45 462.44 616.44
Sulfur average cost (US$/t) 43.00 126.46 209.92
Sulfuric acid average cost (US$/t)° 32.24 65.79 99.35
Sodium hydroxide average cost (US$/t)° 104.08 189.24 274.40

% 6-year moving average of sugarcane prices (Dec 2009 values) in Sdo Paulo state (SP), from July 2000 to December 2009 [38]

° Minimum, medium and maximum prices on renewable energy auctions, values for 2009

¢ 6-year moving average of anhydrous ethanol prices paid to the producer (Dec 2009 values) in SP, from July 2000 to December 2009 [4]

4 Enzyme prices correspond to approximately between US$ 0.50 and US$ 1.25/gal 2G ethanol [25], for a steam explosion pretreatment with 5%

solids loading on hydrolysis

¢ Catalyst average prices obtained from Brazilian average import and export prices from 2000 to 2009 [2]; the exchange rate of US$ 1.00 = R$

1.99 was adopted
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Table 7 Investment data for an autonomous distillery

Parameter Value

Overall investment (million US$) 150

Investment on sugarcane reception and juice extraction (%) 15

Investment on juice treatment, fermentation 17
and distillation (%)

Investment on the cogeneration system (%) 30

Investment on other sectors (%) 38

(24, 48 and 72 h) and different solids loading on hydrolysis
(5 and 15%). The amount of lignocellulosic material
available for hydrolysis in each scenario was calculated.
The main results are displayed in Table 8.

Ethanol production in the integrated process

It can be verified that for the same hydrolysis conditions,
the overall ethanol productions (L/TC liters per ton of
sugarcane processed) are very similar for both hydrogen
peroxide and steam explosion pretreatments, considering
the conversion parameters obtained in the literature
(Table 4)—for instance, 108.6 and 107.5 for H,O, and SE
pretreatments at 5% solids for 24 h hydrolysis, respec-
tively. In addition, the increase on overall ethanol pro-
duction obtained when hydrolysis is carried out at a 5%
solids load for 72 h is not significant (less than 3%) when
compared to that obtained after only 24 h of hydrolysis.

The organosolv pretreatment presented the overall lowest
ethanol production in the integrated process, due to the fact
that it requires a larger amount of energy during pretreat-
ment, leading to lower amounts of surplus lignocellulosic
material for 2G ethanol production.

On the other hand, increasing the solids load during
hydrolysis leads to a decrease in energy consumption of the
process, and so has a significant impact on the amount of
lignocellulosic materials available for hydrolysis, thus
improving 2G ethanol production.

Equipment size

While installed capacity in pretreatment reactors is a
function of the amount of lignocellulosic materials pro-
cessed and the solids content on the pretreatment operation,
hydrolysis reactor sizes also vary tremendously depending
on the hydrolysis time (24, 48 or 72 h) and solids loading
on hydrolysis (5 or 15%), as can be verified in Fig. 4.

Thus, increasing the time of hydrolysis leads to extre-
mely large hydrolysis reactors (up to 77,000 m®). As
mentioned before, increasing the time of hydrolysis from
24 to 72 h leads to small increments on overall ethanol
production: from 2.6% for the hydrogen peroxide (H,O,)
pretreatment with 5% solids to 6.2% for the steam explo-
sion (SE) pretreatment with 15% solids.

In addition, performing an alkaline delignification step
(NaOR) after pretreatment promotes a reduction in the size

Table 8 Overall anhydrous
ethanol production, surplus
electricity and 2G ethanol
production based on the amount

of sugarcane (TC—tons of 1G
sugarcane) and amount of
lignocellulosic materials used as
feedstock for second generation
ethanol production for each
scenario

1G, first generation ethanol
production; H,O,, hydrogen
peroxide pretreatment; SE,
steam explosion; OS,
organosolv; NaOH, alkaline
delignification after
pretreatment; 5 and 15%, solids

Scenario Ethanol Surplus Lignocellulosic 2G ethanol
production electricity material processed (L/TC)
(L/TC) (KWh/TC) (t/day, dry basis)

92.7 173.4 0 0.00
1G + H,0,, 5%, 24 h 108.6 98.0 1,311 15.84
1G + H,0,, 5%, 48 h 110.3 95.9 1,260 17.58
1G + H,0,, 5%, 72 h 111.4 94.5 1,226 18.69
1G + H,0,, 15%, 24 h 116.0 62.8 1,923 23.31
1G + H,0,, 15%, 48 h 119.0 62.7 1,879 26.29
1G + H,0,, 15%, 72 h 120.8 62.4 1,835 28.04
1G + SE, 5%, 24 h 107.5 115.2 1,532 14.74
1G + SE, 5%, 48 h 111.3 108.7 1,396 18.57
1G + SE, 5%, 72 h 111.6 107.9 1,379 18.92
1G + SE, 15%, 24 h 113.5 72.7 2,143 20.73
1G + SE, 15%, 48 h 119.9 71.8 2,033 27.20
1G + SE, 15%, 72 h 120.6 71.6 2,018 27.82
1G + OS, 5%, 24 h 105.4 107.3 766 12.68
1G + OS, 15%, 24 h 110.2 98.5 1,056 17.51
1G + H,0,, 5%, 24 h, NaOH 112.4 83.8 1,379 19.67
1G + H,0,, 15%, 24 h, NaOH 118.5 59.7 1,805 25.80
1G + SE, 5%, 24 h, NaOH 111.7 97.5 1,685 18.97
1G + SE, 15%, 24 h, NaOH 116.0 68.0 2,055 23.28

loading on hydrolysis; 24, 48
and 72 h, hydrolysis length
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of the hydrolysis reactors, due to the fact that most of the
lignin present in the pretreated bagasse (which comprises
around 40% of the dry cellulignin) is removed. Conse-
quently, the best configurations for the production of 2G
seem to be those that consider 24 h hydrolysis with
increased solids load and delignification of the pretreated
material.

Input materials and catalysts

Another issue that must be addressed when evaluating 2G
ethanol production is the consumption of catalysts and
other substances. Due to the fact that the hydrogen per-
oxide pretreatment takes place in a reactor with 8 wt%
solids and 11% peroxide (v/v), enormous amounts of H,O,
are required to run the process: from 60 t/h (for the
hydrogen peroxide pretreatment with 5% solids and 72 h of
hydrolysis) to 95 t/h (15% solids, 24 h hydrolysis) of H,O,
(100%); the actual amount employed would be larger, since
industrial H,O, is obtained at concentrations up to 70% (v/v).
In fact, the amount of hydrogen peroxide consumed in this
process is larger than the amount of overall anhydrous
ethanol produced, including 1G ethanol. Thus, unless the
amount of catalyst is reduced dramatically, this process
requires a large industrial plant for hydrogen peroxide pro-
duction to be placed next to the sugarcane processing plant.
Studies considering reduction on catalyst consumption are
under development [29].

In the organosolv pretreatment, an aqueous ethanol
solution (50% v/v) is employed at a solid to liquid ratio of
1:5; after pretreatment, the mixture is filtered and the liquid
fraction is fed to a distillation column, where solvent
recovery takes place. In this column, some ethanol loss on
the bottom stream occurs, thus decreasing the overall
production of ethanol. In addition, the extreme pretreat-
ment conditions (175°C, around 20 bar) involve a large

5%, 24h 5%, 48h 5%, 72h

15%, 24h  15%, 48h 15%, 72h 5%, 24h, 15%, 24h,
NaOH NaOH

Process alternative

consumption of energy, which reduces the amount of sur-
plus bagasse and trash available for 2G ethanol production
when compared to the other pretreatment methods ana-
lyzed in this work. Sulfuric acid is used in this process as
well.

Sulfur dioxide for the steam explosion pretreatment is
produced on site by consuming up to 0.9 t/h of sulfur on
combustion chambers. This process is already used in some
sugarcane mills, since sulfur dioxide is used as a bleach to
reduce color in the sugar production process.

The amount of enzymes required on the hydrolysis step
of each process was evaluated based on the values provided
in the literature: 10 FPU/g and 10 CBU/g of dry biomass
material (DM) for the hydrogen peroxide pretreatment
[13], 15 FPU/g and 15 IU/g DM [24] for the organosolv
pretreatment and around 15 FPU/g and 24 1U/g DM [3] for
the steam explosion pretreatment (these conditions were
defined for 5% solids on hydrolysis). The amount of
enzymes was estimated considering that the enzymes
employed have the following activities, based on values
determined by Carrasco et al. [3]: 65 FPU/g for cellulase
and 376 1U/g of p-glucosidase.

Economic analysis

Results for the overall investment for each alternative are
shown in Fig. 5.

A significant increase of investment is required for the
integrated process where 2G considers hydrolysis at 5%
solids loading and longer hydrolysis times.

An economic risk analysis was carried out in order to
evaluate the processes for 2G ethanol production employed
in an integrated sugarcane plant. The values depicted in
Tables 5 and 6 were employed. An electronic spreadsheet
was developed to evaluate the internal rate of return for the
different alternatives of integrated 1G and 2G ethanol
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production. A normal distribution of overall investment,
ethanol and electricity average prices, sugarcane, sugar-
cane trash, chemicals and enzyme average costs, presented
in Table 6, was assumed for each alternative, considering
10,000 possible scenarios with random combinations of
these variables.

It was verified that in order to achieve similar IRR
values obtained for steam explosion or organosolv pre-
treatments, the hydrogen peroxide pretreatment requires
that the catalyst (H,O,) price be reduced to 5% of its ori-
ginal value, or the ethanol price paid to the producer must
be raised extremely (at least double that of the other
alternatives). Thus, results for the economic evaluation of
the integrated process with hydrogen peroxide pretreatment
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are not presented. In addition, due to the massive installed
capacity of hydrolysis reactors required for the integrated
processes with 72 h of hydrolysis, their results of the
economic analyses are also omitted.

The results obtained for the average internal rate of
return (IRR) on each scenario is illustrated in Fig. 6, and in
Fig. 7 the IRR for a 99.7% confidence interval is presented.

Results in Figs. 6 and 7 for the steam explosion
pretreatment with 5% solids load on hydrolysis (SE 5%
24/48 h) present a decrease of the IRR value, in spite of an
increase in hydrolysis time. This is due to the fact that, for
dilute solutions, an increase in hydrolysis time requires
larger investments and provides few gains in overall
ethanol production. Thus, increasing hydrolysis time (and
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consequently, its yields) does not necessarily lead to an
increase in process profitability; other factors, such as
solids loading on hydrolysis, must be addressed.

Ethanol and surplus electricity production costs were
evaluated, proportionally decreasing the prices of both
products until the internal rate of return is equal to zero.
Results for calculated production costs are shown in Fig. 8.

Several sensitivity analyses were performed as well.
Sugarcane and enzyme costs have significant impact on the
IRR of the integrated process. Results for these two sen-
sitivity analyses are shown in Fig. 9.

It can be observed that large (66%) changes in the
enzyme cost leads to similar impacts on the IRR as rela-
tively small (15%) changes on sugarcane costs. Therefore,
research towards development of sugarcane varieties that
lead to decreased sugarcane costs may eventually yield
greater economic gains than decreases in enzyme costs.

Conclusions

In this work, simulations of the integrated bioethanol
production process from sugarcane, bagasse and trash were
carried out using the SuperPro Designer process simulator.
Selected pre-treatment methods (steam explosion, hydro-
gen peroxide and organosolv) followed, or not, by an
alkaline delignification step were evaluated, along with
the subsequent enzymatic hydrolysis step, considering

Enzyme cost (USS$/t)

different solids loading on hydrolysis (5 or 15%) and
hydrolysis length (24, 48 or 72 h). The amount of ligno-
cellulosic material available for hydrolysis was determined
for each configuration, considering that the thermal
requirements of the integrated plant are supplied by using
part of the lignocellulosic material as fuel in boilers. An
economic risk analysis was carried out, allowing evaluation
of the internal rate of return of each scenario. Similar
results for overall ethanol production for the integrated first
and second generation processes with both hydrogen per-
oxide and steam explosion pretreatments were obtained for
the same process conditions (solids loading and hydrolysis
time). Performing hydrolysis for long periods (72 h)
requires extremely large hydrolysis reactors and provides
only small increments on yield; thus, the best conditions
for 2G production integrated with the conventional 1G
process seems to be those that consider around 24-48 h of
hydrolysis and increased solids loading on the hydrolysis
reactor. The amount of catalyst used in the hydrogen per-
oxide pretreatment and its price must be reduced in order
for the process to become feasible. The 2G production
process must be improved (e.g. decreasing investment,
improving yields, developing pentose fermentation to eth-
anol) in order to improve competitiveness of 2G integrated
with 1G production process, reaching higher forecasted
IRR values.
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9.2 Avaliacao de diferentes sistemas de cogeragao no

processo integrado

Nesta secao é apresentado um trabalho desenvolvido utilizando-se o simulador Aspen
Plus, no qual diferentes configuracoes do sistema de cogeracao foram avaliadas em um

processo integrado de producao de etanol de 1* e 2% geracao.

O trabalho intitulado Fuvaluation of different cogeneration systems in first and second
generation ethanol production from sugarcane foi submetido para apresentacio no 22" Eu-
ropean Symposium on Computer Aided Process Engineering, a ser realizado em Londres em
2012. Neste trabalho considerou-se uma destilaria autonoma otimizada, com recuperacao
de uma parte da palha e reducao no consumo de vapor, integrada a um processo de produ-
cao de etanol de 2* geracao com a tecnologia “futura” de hidrolise descrita no Capitulo 3.
Sistemas de cogeragao para producao de vapor a 22, 42, 65 e 82 bar foram avaliados. Para
os processos empregando caldeiras para produgao de 22 bar, pequenos ganhos na produgao
de etanol sao obtidos, mas com grandes perdas na producao de energia elétrica em com-
paracao com caldeiras de 82 bar, similarmente aos resultados apresentados no Capitulo
5. Neste Capitulo buscou-se determinar as potenciais vantagens de cada configuracao em
termos técnico-econdémicos. Parametros e dados de investimento do sistema de cogeragao
foram baseados em informacoes fornecidas pela industria (DEDINI, 2009) e obtidas na
literatura (MELLO, 2007). E apresentada aqui uma versdo estendida do trabalho a ser

apresentado no simpdsio.

Maiores detalhes sobre a simulacao e a estimativa de investimento apresentadas neste

trabalho sao apresentados no Apéndice A.
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Evaluation of different cogeneration systems in first
and second generation ethanol production from

sugarcane

Abstract

Sugarcane bagasse and trash may be used as feedstock for second generation
ethanol production. Since sugarcane bagasse and trash are used as fuels in con-
ventional bioethanol production for generation of steam and electricity in cogener-
ation systems, the amount of surplus lignocellulosic material used as feedstock for
bioethanol production depends on the energy consumption of the production process.
Residues of the pretreatment and hydrolysis operations (residual cellulose, lignin and
eventually biogas from pentoses biodigestion, as a first approach to pentoses utiliza-
tion) may be used as fuels and increase the amount of lignocellulosic material available
as feedstock in hydrolysis. The configuration of the cogeneration system (boiler pres-
sure, lignocellulosic material consumption and steam production, turbines efficiencies,
among others) has a significant impact on consumption of fuel and electricity out-
put; in the integrated first and second generation, it also has an important impact
on overall ethanol production. In this work simulations of the integrated first and
second generation ethanol production processes were carried out using Aspen Plus,
comparing different configurations of the cogeneration systems in order to assess the
most suitable ones for implementation of the second generation production process.
Economic analysis was carried out as well, for comparison of different configurations.
Results show that coproduction of second generation ethanol and electricity increases

the internal rate of return of the enterprise, even for small electricity surpluses.

*Co-autores deste trabalho: T.L. Junqueira, O. Cavalett, C.D.F. Jesus, P.E. Mantelatto, C.E.V. Rossell,
R. Maciel Filho e A. Bonomi
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1 Introduction

Climate change and concern about the future of oil prices and reserves have motivated
the search for renewable fuels, such as bioethanol (Luo et al., 2009), which is foreseen as the
biofuel with the largest potential to replace fossil fuels. Second generation ethanol (derived
from lignocellulosic materials) presents advantages over conventional first generation, such
as no competition with food production and abundance and low price of feedstock (éuéek
et al., 2011). Thus, increasing ethanol production using lignocellulosic feedstock is of
fundamental importance for the development of a sustainable energy future (Nigam and
Singh, 2011).

First generation ethanol from sugarcane has been produced on large scale for more than
thirty years in Brazil (Soccol et al., 2010). The integration of second generation ethanol
production process from lignocellulose with first generation ethanol production from sugar-
cane may improve its feasibility. In comparison with a stand-alone second generation unit,
the integrated process will require a lower investment, since some operations (e.g. concen-
tration, fermentation, distillation, storage and cogeneration) may be shared between both
plants (Dias et al., 2009). In addition, fermentation inhibitors generated during pretreat-
ment will have minor effects on yields since the hydrolyzed liquor will be fermented mixed
with sugarcane juice (Dias et al., 2012).

Since sugarcane bagasse and trash are used as fuels in conventional bioethanol pro-
duction for generation of steam and electricity in cogeneration systems (Ensinas et al.,
2007), the amount of surplus lignocellulosic material used as feedstock for bioethanol pro-
duction depends on the energy consumption of the production process. Residues of the
pretreatment and hydrolysis operations (residual cellulose, lignin and eventually biogas
from pentoses biodigestion, as a first approach to pentoses utilization) may be used as
fuels and increase the amount of lignocellulosic material available as feedstock in hydroly-
sis. The configuration of the cogeneration system (boiler pressure, lignocellulosic material
consumption and steam production, turbines efficiencies, among others) has a significant
impact on consumption of fuel and electricity output; in the integrated first and second
generation, it also has an important impact on overall ethanol production.

In this study simulations of the integrated first and second generation ethanol produc-
tion processes were carried out using Aspen Plus, comparing different configurations of
the cogeneration systems in order to assess the most suitable ones for implementation of
the second generation production process. Economic analysis was carried out as well, for

comparison of different configurations.
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2 Process description

An integrated first and second generation ethanol production process from sugarcane
was evaluated in this study; the main steps of the process are illustrated in Figure 1.

Further details about the ethanol production processes may be found in a previous work
(Dias et al., 2012).

Sugarcane Steam, ]
Electric Ener
Trash ¢clric “nergy
rcan . . .
Sugalca € —Lignocellulosse-————  Cogeneration < Biogas — —
|
Cleaning Unreacted solids |
' |
Extraction of Pretreatment }% Hydrolysis |
—Bagasse
sugars |
e | X '
Juice Glucose liquor | |
treatment Pentoses :
I
Sugarcane juice e | |
. — — — 1 — — —> Biodigestion — — — — —
concentration
Yeast Fermentation

N
Yeast . . Distillation and . Anhydrous
Treatment % Centrifugation % Rectification Dehydration

Figure 1: Block flow diagram of the integrated first and second generation ethanol produc-
tion process from sugarcane (dashed lines represent alternatives for pentoses use.

In the integrated process, surplus bagasse and trash are used as feedstock for second
generation, as shown in Figure 1. The pentoses released in the lignocellulosic material
pretreatment may be used in different ways, since there is not yet a commercial technology
for pentoses conversion to ethanol. In this work, pentoses biodigestion and fermentation
to ethanol were compared. The main parameters for these operations and for the main

operations of the whole process are shown in Table 1.
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Table 1: Parameters adopted in the simulation of the integrated first and second generation

ethanol production from sugarcane.

Parameter

Value

Sugarcane processed
Days of operation

500 TC/h ®

167 days/year

Sugarcane total reducing sugars content 15.3%
Sugarcane fibers content 13%
Sugarcane trash produced in the field (dry basis) 140 kg/TC
Fraction of sugarcane trash transported to the industry 50%
Sugarcane bagasse/trash cellulose content (dry basis) 43.38%
Sugarcane bagasse/trash hemicellulose content (dry basis) 25.63%
Sugarcane bagasse/trash lignin content (dry basis) 23.24%
Sugarcane bagasse moisture 50%
Sugarcane trash moisture 15%
Efficiency of juice extraction in the mills 96%
Fermentation efficiency 90%
Anhydrous ethanol (AE) purity 99.6 wt%
Fraction of bagasse for start-ups of the plant 5%
Steam pressure — process 2.5 bar
Steam pressure — molecular sieves 6 bar
Steam demand — molecular sieves 0.6 kg/L AE
Pretreatment - hemicellulose conversion 70%
Pretreatment - cellulose conversion 2%
Pretreatment - temperature 190°C
Pretreatment - reaction time 15 min
Alkaline delignification - lignin solubilization 90%
Alkaline delignification - temperature 100°C
Alkaline delignification - reaction time/solids loading 1 h/10%
Alkaline delignification - NaOH content 1% (m/V)
Hydrolysis - cellulose /hemicellulose conversion 0% / 70%
Hydrolysis - solids loading/reaction time 15% / 48 h
Pentoses biodigestion - COD removal 70%
Pentoses fermentation to ethanol conversion 80%
Filters - efficiency of solids recovery 99.5%
Filters - soluble solids losses 10%

Electricity consumption (second generation)

24 kWh /t LM®

TC: Tons of sugarcane
5LM: Lignocellulosic material

Different configuration of the cogeneration systems were evaluated; parameters for boil-
ers were obtained in the industry (Mantelatto, 2010), and represent those commercially
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available today. In most of the industrial plants, however, low efficiency cogeneration sys-
tems are employed, since their lifetime expands over 25 years and only after 1999 the mills
decided to invest more on electricity generation (Seabra, 2008).

The main parameters of the cogeneration systems are shown in Table 2.

Table 2: Parameters of the cogeneration systems evaluated.

Parameter Boiler pressure
22 42 65 82

Steam pressure (bar) 22 42 65 82

Steam temperature (°C) 300 400 485 520

Steam production

(kg steam /kg bagasse)
Boiler efficiency
“LHV basis (%) $5.8 87.0 87.2 87.3
Gases outlet temperature (°C) 180 160 160 160
Electricity demand 12 19 i i

- direct drivers (kWh/TC)
Electricity demand

- direct drivers (kWh/TC)
Electricity demand

- electric drivers (kWh/TC) 508003080
Steam turbines efficiency (Mello, 2007)(%) 78 78 85 85
Mechanical drives efficiency (%) 55 bb - -

250 236 223 218

16 16 - -

3 Methodology

3.1 Simulation

The different configurations were evaluated through simulation using Aspen Plus. A
simplified scheme of the simulation is shown in Figure 2. Details about the simulation may
be found in a previous work (Dias et al., 2012).

Due to the various interactions among each simulation block, convergence of the simu-
lation is not easily achieved; iterative calculations are carried out until the energy (steam)
produced in the cogeneration system is equal to the energy demand of the process (both
first and second generation), which in turn provide fuels (unreacted solids) to be used in
the cogeneration as well as receive feedstock (surplus bagasse and trash) for the production

process.
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Figure 2: Simplified scheme of the simulation developed to represent the integrated first
and second generation ethanol production from sugarcane.

Simulations were developed to represent the integrated first and second generation pro-
cess with cogeneration systems for the production of 22, 42, 65 and 82 bar steam. For
22 and 42 bar boilers, both direct and electric drivers for mills and other equipment were
analyzed; for 65 and 82 bar boilers, only electric drivers were evaluated. Pentoses biodi-
gestion, producing biogas to be used as fuel in the cogeneration system, and fermentation
to ethanol were evaluated.

Besides bagasse, other fuels are used in the cogeneration systems in the integrated
first and second generation ethanol production process (trash, residual cellulose and lignin,
biogas from pentoses biodigestion); the same boiler efficiencies shown in Table 2 were

assumed for these fuels.

3.2 Economic analysis

Economic analysis was carried out using a spreadsheet on which data representing the
Brazilian scenario were inserted. The main parameters adopted in the economic analysis
are shown in Table 3.

Investment was estimated based on data provided by Dedini: a standard autonomous
distillery processing two million tons of sugarcane per year, using azeotropic distillation
and cogeneration for the production of 22 bar steam requires an investment of R$ 300
million (2009 value), distributed into each sector of the plant according with the fractions
displayed in Table 4; 2009 values were updated for 2010 according with inflation for the
period (5.9%).
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Table 3: Data used in the economic analysis (values for 2010).

Parameter Value
Project lifetime 25 years
Salvage value of equipment 0
Construction and start-up 2 years
Depreciation (linear) 10 years
Tax rate (income and social contributions)  34.0%
Sugarcane price (R$/TC)® 40.91
Sugarcane trash price (R$/ton) 30.00
Electricity price (R$/MWh) 149.33
Anhydrous ethanol price (R$/1)® 1.05
Enzyme price (R$/L cellulosic ethanol) 0.08

26 years moving average of sugarcane prices, from January 2001
to December 2010 (UDOP, 2009)

b6 years moving average of anhydrous ethanol price paid to the
producer, from January 2001 to December 2010 (CEPEA, 2009)

Table 4: Investment data for the traditional 1% generation autonomous distillery (Dedini,
2009).

Investment by sector Share (%)
Sugarcane reception and juice extraction 15
Juice treatment, fermentation and distillation 17
Cogeneration system 30
Buildings, laboratories, water treatment 5)
Control and automation, insulation 7
Packaging and transportation 3
Set up 20
Engineering, services 3

According to Dedini (2009), an increase of 40% in the investment of the section in-
cluding distillation must be considered when dehydration is done employing adsorption on
molecular sieves. In addition, increases of 40% and 30% in the investment of the cogen-
eration system must be assumed when boilers for the production of 82 and 65 bar steam,
respectively, are used. An increase of 20% in the cogeneration sector was assumed for 42
bar boilers. No changes on investment were assumed when electric drivers were employed,
and a 10% increase on the distillation sector was assumed to account for the heat exchanger
network responsible for the reduction of 20% in process steam consumption. Additionally
to the values previously shown, an investment of R$ 20 million for transmission lines was in-

cluded - this value represents an estimate for the investment in transmission lines of 40 km,
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which is the average distance between mills and distribution stations in the Center-South
region in Brazil.

For the second generation plant, investment data was based on CGEE (2009), which
provided an estimate for the investment in a second generation ethanol production plant
annexed to a first generation autonomous distillery, considering two technological levels.
Details about the investment in the second generation plant are provided in a previous
work (Dias et al., 2011). In this study, the most advanced technology was assumed, for
which an investment of R$ 133 million is required for processing 462 thousand tons of
lignocellulosic material (2009 value). Changes in processing capacity were correlated to
costs considering a coefficient of 0.6 (Tao and Aden, 2009).

Economic analysis was based on estimation of the internal rate of return (IRR) and pro-
duction costs. Ethanol and electricity production costs were evaluated as the prices which
lead to an IRR equal to zero, decreasing the actual prices shown in Table 3 simultaneously

at the same rate.

4 Results and Discussions

Results for the first generation plant with maximization of electricity production (82
bar boilers, condensing steam turbines - all the lignocelullosic material available is burnt)

are shown in Table 5.

Table 5: Results for the autonomous distillery (1% generation ethanol only) with maxi-
mization of surplus electricity.

Parameter Value
Anhydrous ethanol production  82.3 L./TC
Surplus electricity 199 kWh/TC
Investment R$ 462 million
IRR 15.9%
Ethanol production cost R$ 0.63/L

This was the configuration used as basis for the comparison of the different configura-

tions of the integrated first and second generation ethanol production.

4.1 Use of electric or direct drivers

Firstly, the use of direct (steam) and electric drivers was compared for the integrated

process with 22 and 42 bar boilers and pentoses biodigestion. Results are shown in Table
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Table 6: Results for the integrated first and second generation ethanol production with
pentoses biodigestion and 22 and 42 bar boilers, direct and electric drivers.

Parameter Configuration

22 direct 22 electric 42 direct 42 electric
Anhydrous ethanol (L/TC) 109.2 109.0 108.6 108.1
Surplus electricity (kWh/TC) 20.3 25.2 45.3 50.8
Steam consumption (kg/TC) 707 708 672 680
Hydrolyzed LM (dry kg/TC) 148 147 144 142
Second generation
ethanol (L/t dry LM) 181 181 181 181
Investment (R$ million) 582 581 598 597
IRR (% per year) 12.8 12.9 13.1 13.2
Ethanol production cost (R$/L) 0.67 0.66 0.66 0.65

Electric drives are more efficient than direct drives; thus, even though the electric drivers
increase electricity demand, since steam is used more efficiently more surplus electricity is
produced when compared with the systems employing direct drivers for mills and other
equipment. This leads to small gains on the IRR for the systems employing electric drivers.

22 bar boilers consume less bagasse to produce steam, as shown in Table 2; thus, small
increases on the amount of lignocellulosic material available for hydrolysis are obtained,
when compared with 42 bar boilers. In addition, the investment for the cogeneration
system with 22 bar boilers is lower than that of the system with 42 bar. Nevertheless, the
increase on ethanol production and lower investment do not compensate for the losses in
electricity production, and the IRR of the processes employing 22 bar boilers is lower than
the IRR of the ones employing 42 bar boilers.

The TRR of the configurations presented in Table 6 is lower than the TRR of the opti-
mized first generation autonomous distillery, even though ethanol production in the inte-
grated process is up to 33% higher than that of the first generation plant.

Since ethanol production costs were calculated as the prices that provide an IRR equal
to zero, as described in section 3.2, ethanol production costs also decrease for electric
drivers and for 42 bar boilers, in comparison with direct drivers and 22 bar boilers, respec-

tively. Because of their advantages, only electric drivers were considered in the remaining
configurations.
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4.2 High pressure boilers

65 bar boilers represent the current trend in Brazilian sugarcane mills (Seabra et al.,
2010). Nevertheless, higher pressure boilers, such as those for production of 82 bar steam,
are available in the industry. Thus, 65 and 82 bar boilers were evaluated in the integrated

process with pentoses biodigestion as well. Results are shown in Table 7.

Table 7: Results for the integrated first and second generation ethanol production with
pentoses biodigestion and 65 and 82 bar boilers.

Boiler pressure

Parameter 65 bar 82 bar
Anhydrous ethanol production (L/TC) 106.7 105.8
Surplus electricity (kWh/TC) 79.0 89.5
Steam consumption (kg/TC) 658 651
Hydrolyzed LM (dry kg/TC) 134 129
Second generation ethanol production (L/t dry LM) 181 181
Investment (R$ million) 600 606
IRR (% per year) 13.7 13.7
Ethanol production cost (R$/L) 0.64 0.63

Comparing the results shown in Table 7 with those shown in Table 5, ethanol production
in the integrated process is lower for higher pressure boilers, but surplus electricity is much
larger - at the expense of a higher investment. Nevertheless, IRR of the processes with
high pressure boilers is higher than those with low pressure boilers, but still lower than

that of the first generation ethanol production plant (shown in Table 5).

4.3 Pentoses fermentation

In all the results previously presented, the pentose liquor obtained after lignocellulosic
material pretreatment is biodigested, producing biogas for burning in the cogeneration sys-
tem. In order to verify the impact of increased ethanol production, pentoses fermentation
into ethanol was evaluated as well, for the different cogeneration systems. In this case,
no pentoses biodigestion takes place, and a conversion of pentoses to ethanol of 80% was
assumed.

Results for the integrated first and second generation ethanol production with pen-
toses fermentation are shown in Table 8. Electric drivers are used in the plant in all the

configurations.
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Table 8: Results for the integrated first and second generation ethanol production with 22,
42, 65 and 82 bar boilers and pentoses fermentation.

Boiler pressure

Parameter 29 49 65 82
Anhydrous ethanol (L/TC) 121.7 119.5 1179 115.7
Surplus electricity (kWh/TC) 26.5 523 80.0 91.7
Steam consumption (kg/TC) 703 678 654 654
Hydrolyzed LM (dry kg/TC) 117 111 106 100

Second generation
ethanol (L/t dry LM) 336 33433335
Investment (R$ million) 533 549 553 559
IRR (% per year) 16.8 16.7 171 16.9
Ethanol production cost (R$/L) 0.58 0.58 0.57 0.57

Thus, the use of low pressure (22 bar) boilers in the integrated first and second gener-
ation ethanol production process with pentoses fermentation allows an increase in ethanol
production of almost 50%, when compared with the first generation process; an increase
of 41% is obtained for high pressure (82 bar) boilers. When pentoses fermentation takes
place, ethanol production increases significantly and the IRR of the configurations with
pentoses fermentation are much higher than those with pentoses biodigestion - in this case,
all the configurations present an IRR higher than that of the optimized first generation
ethanol production as well.

The highest TRR is obtained for the process with boilers for the production of 65 bar
steam - this configuration presents an electricity output of 80 kWh/TC and an increase
on ethanol production of 43% (compared with the first generation plant). Even though
the process with 82 bar boilers presents a higher electricity output (91 kWh/TC), higher
investment and lower ethanol production lead to a lower IRR. The processes with low pres-
sure boilers have a lower investment and higher ethanol production, but the low electricity
output (26 and 52 kWh /TC for 22 and 42 bar boilers) balance those advantages and lead to
lower TRR values. Nevertheless, the IRR obtained for all the configurations with pentoses
fermentation are similar.

An additional configuration was evaluated, to assess the impact of electricity selling in
the integrated process with pentoses fermentation - since the electricity output is much
lower than that of the other configurations, a simulation of the process with 22 bar boiler
was carried out considering that no surplus electricity is produced. Therefore, the invest-

ment is reduced, since no transmission lines are required. Its results are shown in Table
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Table 9: Results for the integrated first and second generation ethanol production and
pentoses fermentation with 22 bar boilers with no electricity sale.

Parameter 22 bar
Anhydrous ethanol production (L/TC) 122.2
Surplus electricity (kWh/TC) 0
Steam consumption (kg/TC) 697
Hydrolyzed LM (dry kg/TC) 119
Second generation ethanol production (L/t dry LM) 335
Investment (R$ million) 514
IRR (% per year) 16.6
Ethanol production cost (R$/L) 0.60

Results in Table 9 show that sale of surplus electricity, even in relatively low amounts,
leads to a small increase on the IRR - the revenues of electricity sale do not balance the
decrease on investment, when no surplus electricity for sale is produced. Nevertheless, if
there is no market for electricity sale in the region where the mill is installed, small gains
may be obtained in ethanol production when employing efficient, low (22 bar) pressure

boilers.

5 Conclusions

Different configurations of the integrated first and second generation ethanol produc-
tion process were compared through simulation. Different cogeneration systems (boiler
pressures and electricity production) were evaluated, as well as different destinations for
the pentoses obtained after pretreatment of the lignocellulosic material (biodigestion or
fermentation to ethanol). Economic analyses based on estimates provided by the industry
and by specialists showed that coupling second generation and electricity production in the
integrated process improves its profitability, even when electricity is produced in relatively
low amounts, as is the case with 22 bar boilers. In addition, fermentation of the pentoses
allow an increase on ethanol production over first generation between 40 and 50%, when
compared with the gains of around 30% obtained when pentoses are biodigested. In addi-
tion, high pressure boilers consume more bagasse than low pressure boilers, thus ethanol
output for high pressure boilers is smaller. Nevertheless, revenues obtained with sale of
electricity in the processes employing cogeneration systems with high pressure boilers may

outweigh the losses in ethanol production and the increased investment of these systems.
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Capitulo 10

Conclusoes e sugestoes de trabalhos

futuros

Estudos relacionados a insercao da producao de etanol de 2* geracao no Brasil sao
essenciais para a viabilizagao desta tecnologia e a manutencao do Pais na posicao de grande
produtor de etanol no mundo. A producao de cana-de-acticar em larga escala oferece
vantagens para a inser¢ao da producao de etanol de 2* geracao no Brasil em relagao a outros
paifses, tais como: producao de material lignocelulésico na propria planta onde etanol de
12 geracao é produzido (bagago), ou proximo a ela (palha); a possibilidade de compartilhar
parte da infraestrutura disponivel para producao simultanea de etanol de 1* e 2* geracao,
como evaporadores, reatores de fermentacao, colunas de destilacao e desidratacao, sistema
de cogeracao; a possibilidade de fermentar o licor hidrolisado em mistura com o caldo; etc.
Neste sentido, foram desenvolvidas simulacoes computacionais visando a determinacao das
melhores condicoes para insercao de processos de producao de etanol de 2* geracao no

Brasil a partir das fra¢oes lignocelulosicas da cana-de-agicar (bagaco e palha).

As principais conclusbes apresentadas ao longo deste trabalho sdo resumidas no item

10.1.
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10.1 Conclusoes

O uso integral da cana-de-actcar, considerando recuperacao e transporte de parte da
palha produzida no campo até a usina, apresenta vantagens tanto no caso onde se maximiza
a producao de eletricidade quanto de etanol de 2* geracao. Mesmo considerando-se as
incertezas no transporte da palha na forma de aumento no seu custo, os ganhos que podem

ser obtidos, tanto na producao, quanto na rentabilidade do processo, sao significativos.

Quando se considera a integracao de uma unidade de producao de etanol de 2* geragao
em uma destilaria auténoma, s6 ocorrem aumentos significativos na producao de etanol
quando sao considerados a recuperagio de parte (50% foi o valor avaliado neste trabalho)

da palha e melhorias no processo, com reducao no consumo de vapor.

A insercao de melhorias (destilagao duplo efeito, recuperacao de parte da palha, desi-
dratacao com peneiras moleculares, concentracao do caldo em evaporadores miltiplo efeito,
uso de caldeiras eficientes) no processo de produgao de etanol de 1* geragdo em destilarias
autonomas permite reducao significativa no consumo de vapor do processo em comparagao
com um processo padrao (de 520 para 320 kg de vapor por tonelada de cana, dentro das

condi¢oes estudadas).

Como o processo de fermentacao é responsavel pela maior parte das perdas na produ-
¢ao de etanol, foram estudadas duas configuracoes alternativas ao processo de fermentacao
convencional empregado na industria. Verificou-se que o processo de fermentagao extra-
tiva a vacuo tem potencial para reduzir significativamente o volume de vinhaca produzido
na destilaria e aumentar o rendimento da producao de etanol, porém consumindo mais
eletricidade, mas as vantagens deste processo em relacao ao processo de fermentacao con-
vencional s6 sao expressivas quando ¢ considerada a concentracao da vinhaga no processo
convencional. A outra alternativa avaliada foi a fermentacdo a baixa temperatura usando
resfriamento com agua gelada produzida por absorcao com brometo de litio; neste caso, a
vinhaca produzida na destilacao nao é capaz de fornecer todo o calor necessario para operar

este sistema de resfriamento, o que aumentou o consumo de vapor do processo, apesar de
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serem obtidos altas concentracoes e elevados rendimentos na producao de etanol. No en-
tanto, integracao térmica pode vir a reduzir o consumo de vapor e aumentar as vantagens
deste processo. Sendo assim, os processos alternativos de fermentacao podem reduzir o
consumo de vapor do processo e a producao de vinhaca, e estudo mais detalhados devem

ser conduzidos para otimizar o processo completo.

Comparando-se a maximizacao da producao de eletricidade em uma destilaria auto-
noma ao processo integrado de producao de etanol de 1* e 2* geracao, a rentabilidade do
processo de producao de etanol de 2* geragao s6 é maior que a da planta com maximiza-
cao da producao de eletricidade quando sao utilizadas tecnologias avancadas de hidrolise

e fermentacao das pentoses.

Como varios paises tém considerado a producgao de etanol de 2* geracao em plantas
independentes, isto é, nao anexas a destilarias convencionais para producao de etanol de
1? geracgao, foi feita a comparacdo entre o processo integrado e o processo independente.
Verificou-se que o processo integrado com a producao de etanol de 1* geragao permite uma
reducao significativa no investimento em equipamentos, ja que as unidades de concentra-
cao, fermentacgao, destilacao, desidratacao e cogeragao sao compartilhadas entre os dois

processos, o que leva a ganhos expressivos na rentabilidade do processo integrado.

A realizacao de uma etapa de deslignificacao alcalina apoés o pré-tratamento, com um
ganho hipotético de 10% na conversao da celulose na etapa de hidrolise, em comparacao
ao bagaco pré-tratado sem deslignificacao, nao leva a ganhos significativos na producao
de etanol no processo integrado (etanol de 1* e 2% gera¢ao) devido ao elevado consumo de
energia desta etapa do processo. No entanto, a remoc¢ao da maior parte da lignina leva a

uma reducao no tamanho do reator na etapa posterior de hidrolise enzimatica.

Verificou-se também que elevadas conversoes de material lignocelulosico a etanol, fre-
quentemente utilizadas para quantificar o desempenho de processos de pré-tratamento e
hidroélise, nao necessariamente levam a maior producao de etanol no processo integrado

de 1* e 2* geracao. Nestes casos, como aqueles que empregam baixo teor de s6lidos nos
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reatores de hidrolise, o consumo de energia necessario para concentrar o licor hidrolisado é
muito elevado, sendo necessario consumir grandes quantidades de material lignocelulésico
como combustivel, diminuindo a quantidade de material disponivel para uso como matéria

prima na 2* geracao.

Dentre os aspectos especificos estudados no processo de producgao de etanol de 2* gera-
¢ao, verificou-se que a capacidade instalada necessaria para reatores de hidrolise com 72h
de tempo de residéncia e baixo teor de so6lidos é enorme, com pequenos ganhos na produgao
de etanol no processo integrado se comparado a menores tempos de rea¢ao (etanol de 1*
e 2% geracao). Quando foram comparados os processos de pré-tratamento por explosao a
vapor e com peroxido de hidrogénio, verificou-se que a quantidade de catalisador necessa-
ria no processo oxidativo inviabilizaria o processo, sendo necessarios maiores estudos para

reduzir seu consumo.

Caldeiras novas para producao de vapor a 22 bar apresentam menor consumo especi-
fico de bagago do que caldeiras para produgao de vapor de alta pressao (82 ou 90 bar),
porém a quantidade de eletricidade que pode ser produzida expandindo-se vapor a 22 bar
em turbinas de contra-pressao é muito menor do que aquela produzida para 90 bar. As-
sim, verificam-se pequenos ganhos na producdo de etanol no processo integrado de 12 e
2% geracao quando sao empregadas caldeiras de 22 bar, mas as perdas na producao de
eletricidade em relacao a caldeiras de 90 bar sao significativas. Andlise econdémica mostrou
que os ganhos na produgao de etanol para o processo integrado com caldeiras de 22 bar
nao compensam as perdas na rentabilidade obtida nos processos com producao de grandes
excedentes de energia elétrica, e mesmo no caso de caldeiras de 22 bar é interessante vender
o pequeno excedente de eletricidade obtido. No entanto, se existe mercado para venda de
energia elétrica, caldeiras para produgao de vapor a alta pressdo (65 e 82 bar) oferecem

maior rentabilidade ao processo integrado de 1* e 2% geracao.

225



10.2 Sugestoes de trabalhos futuros

Ao longo do desenvolvimento deste trabalho verificaram-se algumas oportunidades para
aprimoramento e detalhamento das simulacoes desenvolvidas; algumas destas sugestoes de

trabalhos futuros sao listadas a seguir.

Considerando-se a simulagao do processo convencional de producao de etanol de 1* ge-
racao, ¢ necessario validar a simulagao para que ela represente adequadamente a realidade
de uma destilaria. Esta validacao deve ser feita utilizando-se como base dados reais de uma
planta operando em escala industrial, que devem ser inseridos na simulagao apos a ade-
quacao do fluxograma de processo. Além disso, é importante também validar as melhorias
estudadas neste trabalho; a maioria delas nao sao encontradas em plantas industriais, mas
algumas ja vém sendo estudadas em plantas piloto e unidades de demonstracao. Nestes

casos, estes dados devem ser coletados e inseridos na simulagao.

Outro ponto importante que merece estudo é o levantamento detalhado do investi-
mento em equipamentos no processo de producao de etanol de primeira geracao. Neste
estudo foram utilizados dados globais disponibilizados pela indistria, mas notou-se que
informacoes mais detalhadas sao necessarias para fazer estimativas mais confiaveis, ja que

o impacto do investimento na andlise econdmica ¢ significativo.

Estudos mais detalhados relacionados & integracao de processos de producao de etanol
de 2% geracao no Brasil sao necessarios principalmente no que se refere aos processos de pré-
tratamento e hidrolise enzimatica, ja que neste trabalho foram utilizados essencialmente
dados hipotéticos que, apesar de condizentes com o que é obtido em escala laboratorial, nao
foram obtidos experimentalmente. Sendo assim, dados reais obtidos em laboratorio para
processos de pré-tratamento do bagaco e palha, seguido de hidroélise enzimatica realizada
nas condi¢oes esperadas para viabilizagao de um processo comercial (com teor de solidos
relativamente elevado) devem ser inseridos na simulagao do processo convencional para se
quantificar os ganhos na producao de etanol. Além disso, o investimento em unidades de

producao de etanol de 2% geracao deve ser levantado com base em estimativas do setor, de
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forma mais detalhada para representar melhor a realidade.

No caso da realizacao de reacoes de hidroélise com elevado teor de so6lidos, o consumo de
energia na agitacao do reator é uma variavel que pode apresentar impactos significativos
na quantidade de energia elétrica disponivel para venda e que nao foi considerada neste
trabalho (foi considerado um valor fixo dependente da quantidade de material lignocelulo-
sico processado na planta de etanol de 2* geracao). Assim, o levantamento desta variavel

¢ de grande importancia para o aprimoramento das simulagoes.

A biodigestao do licor de pentoses e a queima do biogés e dos residuos do processo de
hidrolise (lignina e celulose ndo consumida) foram consideradas nesta tese; no entanto, a
viabilidade destas operacoes deve ser confirmada experimentalmente. O uso destes mate-
riais como combustivel é essencial para aumentar a quantidade de material lignocelulésico

bagaco e palha) disponivel para uso como matéria prima na 2* geragao.
g g

Considerando-se os processos alternativos de fermentacao alcodlica, é necessario reali-
zar estudos detalhados sobre as op¢oes apresentadas neste trabalho (fermentagao extrativa
a vacuo e fermentagao a baixa temperatura) visando a diminuigao do consumo de energia
destes processos. No caso do processo de fermentacao a baixa temperatura, a andlise do
processo completo com estudos de integracao energética pode diminuir o consumo de ener-
gia e aumentar a viabilidade deste processo. Analise de diferentes processos de producao
de 4gua gelada também deve ser conduzida. Para a fermentagao extrativa, um estudo mais
detalhado de otimizacao do processo, considerando a pressao de operacao do tanque flash,

deve ser conduzido de modo a diminuir o consumo de eletricidade no sistema a vécuo.
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Apéndice A

Dados complementares

Neste apéndice sao apresentadas informacoes mais detalhadas do processo integrado de
producao de etanol de primeira e segunda geracao, considerando a configuracao apresentada

na secao 9.2, com fermentacao das pentoses e caldeira para producao de vapor a 65 bar.

A.1 Dados das correntes

Nesta segao sao apresentados as vazoes das correntes principais, além de alguns para-

metros importantes para a caracterizacao da corrente.

A.1.1 Preparo da cana e extracao dos acticares

Na Tabela A.1 é apresentada a vazao das principais correntes das unidades de preparo

da cana e extracao dos acucares.

Na Tabela A.2 sdao apresentadas algumas das principais caracteristicas das correntes

das unidades de preparo da cana e extracao dos acuicares.
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Tabela A.1: Vazao das principais correntes das unidades de preparo da cana e extracao
dos agucares.

Corrente Vazao (t/h)
Cana 503
Agua de embebicio 141
Caldo misto 555
Bagaco 136

Tabela A.2: Principais caracteristicas das correntes das unidades de preparo da cana e
extracao dos actcares.

Parametro Valor
ART da Cana 152,5 kg/TC
Pol da cana 14%
Terra na cana 0,6%
Brix do caldo misto 14,6%
ART do caldo misto 13,4%
ART do bagaco 2,3%
Fibra do bagago 46,1%

Umidade do bagaco 46,1%

A.1.2 Tratamento do caldo

Na Tabela A.3 é apresentada a vazao das principais correntes das operacoes de trata-

mento do caldo.

Tabela A.3: Vazao das principais correntes das unidades de preparo da cana e extragao
dos actcares.

Corrente Vazao (t/h)
Caldo misto 555
Bagacilho 3

Lodo 146
Torta 13
Filtrado 198
Caldo clarificado 598

Na Tabela A.4 sao apresentadas algumas das principais caracteristicas das correntes

da unidade de tratamento do caldo.
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Tabela A.4: Principais caracteristicas das correntes da unidade de tratamento do caldo.

Parametro Valor
Pol da torta 1,4%
Umidade da torta 64,9%
Quantidade de torta produzida 26,7 kg/TC
Umidade do lodo 91%
Bagacilho nos filtros 0,6%
Brix do caldo clarificado 14%

A.1.3 Produgao de etanol de segunda geragao (2G)

Na Tabela A.5 é apresentada a vazao das principais correntes da unidade 2G, e na

Tabela A.6 suas principais caracteristicas.

Tabela A.5: Vazao das principais correntes da unidade 2G.

Corrente Vazao (t/h)
Material lignoceluldsico hidrolisado 97
Bagaco explodido 103
Licor de pentoses 103
Bagaco deslignificado 88
Lignina para cogeracao 25
Licor hidrolisado (hexoses) 191
Celulose residual para cogeracao 24

Tabela A.6: Principais caracteristicas das correntes da etapa de fermentacao.

Parametro Valor
Umidade do material lignoceluldsico 41%
Brix do licor de pentoses 14°Bx
Umidade do bagago deslignificado 88%
Brix do licor hidrolisado (hexoses) 11°Bx

Umidade da lignina e da celulose residual ~ 49%

A.1.4 Concentracao do caldo e licor

Na Tabela A.7 sdo apresentados vazao e teor de solidos (brix) das principais correntes
da unidade concentragao do caldo. Nesta unidade é feita a concentragao do caldo clarificado

em mistura com o licor hidrolisado (licor de pentoses e hexoses) obtido na unidade 2G.
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Tabela A.7: Vazao e teor de solidos soluveis (brix) das principais correntes da unidade de

concentracao do caldo.

Corrente Vazao (t/h) Teor de so6lidos (°Bx)
Caldo clarificado 556 14
Licor hidrolisado 294 12
Caldo concentrado 58 65
Mosto 625 18

A.1.5 Fermentacao

Na Tabela A.8 é apresentada a vazao das principais correntes da etapa de fermentacao,

e na Tabela A.9 suas principais caracteristicas.

Tabela A.8: Vazao das principais correntes da etapa de fermentacao.

Corrente Vazao (t/h)
Mosto 625
Pé de cuba 210
Vinho levedurado 788
Gases da fermentagao 48
Agua de lavagem de gases 24
Gases (COq) 47
Solucgao alcodlica da lavagem de gases 25
Vinho delevedurado 668
Purga de células 13
Vinho 694

Tabela A.9: Principais caracteristicas das correntes da etapa de fermentacao.

Parametro

Valor (% em massa)

Células no pé de cuba (base seca)
Células no vinho levedurado (base seca)
Etanol no vinho levedurado

Etanol nos gases da fermentacao

COg3 nos gases da fermentacao

Etanol na solucao alcoodlica

Etanol no vinho delevedurado

Células na purga de levedura (base seca)
Etanol no vinho

10,0
3,0
7.0
1,6

96,4

3
7.0

19,8

6,8
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A.1.6 Destilacao e desidratacao

Na Tabela A.10 sao apresentados vazao e teor de etanol das principais correntes das

unidades de destilagao e desidratagio (adsor¢ao em peneiras moleculares).

Tabela A.10: Vazao e teor de etanol das principais correntes das unidades de destilacao e

desidratacao.

Corrente Vazao (t/h) Teor de etanol (% em massa)
Vinho 694 6,8

Flegma liquida 50 47,5

Flegma vapor 47 49,0

AEHC 61 93,0

Vinhaca 595 <0,02

Flegmaca 50 <0,02

Solucao alcodlica das peneiras 15 72,1

AEAC 47 99,6

A.1.7 Cogeragao

Na Tabela A.11 é apresentada a vazao das principais correntes do sistema de cogeracao.

Tabela A.11: Vazao das principais correntes da etapa de fermentacao.

Corrente Vazao (t/h)
Bagaco 133
Palha 41
Reserva de bagaco 7
Material lignocelulésico queimado 70
Material lignocelulésico para 2G 97
Lignina residual 25
Celulose residual 24
Gases 588
Vapor a 65 bar 329
Vapor para explosao (12 bar) 18
Vapor para peneiras (6 bar) 35
Vapor para processo (2,5 bar) 265
Reposicao de agua 30
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A.2 Estimativa do investimento

Nesta secao sao apresentadas as bases para a estimativa do investimento adotada na

analise economica de diferentes cenérios.

A.2.1 Investimento na destilaria de primeira geracao

A estimativa do investimento foi feita a partir de dados fornecidos pela Dedini: uma
destilaria auténoma processando 2 milhoes de toneladas de cana por ano, com tecnologias
“basicas” (destilagdo azeotropica e caldeiras de 22 bar) custaria R$ 300 milhoes em 2009.

O investimento na nos setores da usina é dividido como mostrado na Tabela A.12.

Tabela A.12: Dados de investimento para a destilaria autonoma de 1* geracao (DEDINI,
2009).

Setor Fracao do
investimento (%)
Recepcao da cana, preparo e extragao 15
Tratamento e concentracio do caldo, 1 7 """""
fermentacao e destilacao
~ Geracdo de vapor, energia elétrica,
e . 30
rede elétrica industrial
~Prédios, laboratério industrial, 5 """""
oficinas, tratamento de dgua
~Sistema de controle e automagio, 7 """""
isolamentos, interligagoes
- Embalagem, transporte 3
~ Obras civis, montagem mecanica 20
~Pecas de reposicdo, supervisao, 3 """""

engenharia, servigos, etc

Desta forma, o valor de investimento para a destilaria basica (R$ 300 milhoes) foi
distribuido entre os setores da destilaria de acordo com os valores apresentados na Ta-
bela A.12. De acordo com estimativas fornecidas pela (DEDINI, 2009), para sistemas de
desidratacao do etanol composto por adsorcao em peneiras moleculares, deve ser consi-

derado um aumento de 40% no item que inclui a destilacao; para caldeiras de 65 e 90
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bar, aumentos de 30 e 40% devem ser considerados no item que inclui geracao de vapor,
respectivamente. Considerou-se investimento adicional de 10% do valor do item que inclui
a destilacao quando se considerou reducao do consumo de vapor, representando o custo da

rede de trocadores de calor.

Além disso, considerou-se variacao do custo com a capacidade de acordo com a equacao

Al:

(A.1)

Capacidadey \**
Custoy = Custoy - <M)

Capacidade,

Assim, a equacao A.1 foi utilizada para correlacionar o custo com mudancas na capa-
cidade. Por exemplo, para o sistema de geracao de vapor, assumiu-se o valor de 500 kg
vapor/TC para a destilaria “basica”; assim, o investimento na cogeracao de cada cenario

foi estimado considerando-se a vazao de vapor produzida.

A.2.2 Investimento na unidade de producao de etanol de segunda

geracao

Para a produgao de etanol de segunda geragao, o investimento foi baseado em estimati-
vas fornecidas por (CGEE, 2009), que estimou o investimento em uma planta de produgao
de etanol de segunda geragao anexa a uma destilaria autonoma. O processo é baseado em
pré-tratamento por explosao a vapor com adi¢ao de acido sulfurico seguida de hidrolise
enzimatica; o investimento adicional nas unidades de fermentacao e destilacao, que sao
compartilhadas com a producao de etanol de primeira geracao, ja esta contabilizado no
investimento calculado para a unidade de segunda geracao. Foram estimados investimen-
tos para dois niveis da tecnologia: 2015 e 2025. Em 2025 é assumida uma melhora da
tecnologia, com reducao do tempo de rea¢ao de hidrolise (de 48 para 24 horas), aumento
dos rendimentos da reacao e fermentacao das pentoses. Os valores calculados por CGEE

(2009) sao apresentados na Tabela A.13.
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Tabela A.13: Dados de investimento para a unidade de producao de etanol de segunda
geracao anexa a destilaria (CGEE, 2009).

Parametro Tecnologia 2015 Tecnologia 2025
Bagaco para hidrolise (t/safra) 268.350 462.451
Estimativa dos investimentos (milhoes R$) 124 133

Assim, o investimento na unidade de producao de etanol de segunda geracao foi es-
timado utilizando os valores apresentados na Tabela A.13 e a equacao A.1, considerando
a vazao de bagacgo processado na unidade de hidrolise. Nos casos em que nao ocorre fer-
mentacao das pentoses, o investimento no setor que inclui a destilacao nao foi alterado
em relacao ao investimento obtido para a destilaria de primeira geragao; foi considerada a
correlacao entre custo e capacidade para diferenciar o investimento no setor de destilagao
quando ocorre fermentacao das pentoses, considerando-se a vazao de etanol produzido a

partir das pentoses.

Nos casos em que foi considerada a biodigestao das pentoses, foi utilizado como base o
valor de uma planta turn key de biodigestao da vinhaca fornecida pela Dedini: para uma
produgio potencial de biogas de 76.000 Nm?3/dia, o investimento necessario ¢ de R$ 22

milhoes.

A.2.3 Investimento para venda de energia elétrica

Além disso, considerou-se um investimento adicional para as linhas de transmissao
para venda de energia elétrica. Neste caso, foi estimada a distancia média entre usinas e
subestagoes na regiao centro-sul: 50% das usinas na regiao selecionada encontram-se a até
40 km de distancia de subestacoes. Para estimar o investimento nas linhas de transmissao,

considerou-se o valor de R$480.000 por quilometro .

! Disponivel online em “Do bagaco ao megawatt” - Revista Exame

252



A.2.4 CAalculo do investimento

Na Tabela A.14 é apresentado o valor obtido para o investimento da destilaria basica
e para o processo integrado de producao de etanol de primeira e segunda geragao, consi-
derando a configuragao apresentada na secao 9.2, com fermentacao das pentoses e caldeira

para producao de vapor a 65 bar.

Tabela A.14: Investimento dividido por setor para a destilaria “basica” e para o cendario
selecionado do processo integrado de producao de etanol de primeira e segunda geragao.
Investimento na destilaria (mi R$)

Setor

“Basica” Integrada
Recepcao da cana, preparo e extragao 45 45
Tratamento e concentracio do caldo, 51 """""""" 7'9 """""""
fermentacao e destilacao
Geragdo de vapor, energia elétrica, .
e . 90 138
rede elétrica industrial
~Prédios, laboratério industrial, .
. , 15 15
oficinas, tratamento de agua
~Sistema de controle e automacao, 21 """""""" 2’1 """""""
isolamentos, interligacoes
Embalagem, transporte 9 9
~Obras civis, montagem mecanica 60 60
Pecas de reposicao, supervisao, é """"""""" é """""""
engenharia, servigos, etc
Etanol de segunda geracéfo - 20
Biodigestdo das pentoses - -
‘Linhas de transmissao - v
‘Rede de trocadores de calor - s
Investimento total (valor 2009) 30 523
Investimento total (valor 2010) 318 553

O investimento em 2010 foi calculado considerando-se a correcao do valor obtido em

2009 pela inflacao de 2010 2.

Inflagdo efetiva (IPCA % ao ano) em 2010 de 5,91% (Banco Central do Brasil)
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