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RESUMO

A avaliacdo do ciclo de vida (ACV), metodologia normatizada pela 1SO
14040 e 14044, tem sido amplamente incorporada como uma pratica de
gestdo ambiental por empresas e por entidades governamentais no
mundo todo na tentativa de conduzir os atuais padrdes de consumo para
uma economia menos agressiva a sociedade e ao meio ambiente. No
entanto, apesar de ser considerada uma metodologia consolidada, ainda
existem aspectos que necessitam de evolucdo para aumentar a confianca
na tomada de decisdo. Ciente da relevancia dos temas de ACV e
producdo sustentavel, esta tese teve como objetivo avaliar as incertezas
associadas as escolhas da abordagem em processos multifuncionais e a
avaliacdo de impactos na avaliacdo do ciclo de vida, aplicado ao estudo
de caso comparativo de sistemas de manejo de dejetos na suinocultura.
Conduziu-se uma ACV para quantificar os impactos ambientais da
suinocultura variando quatro sistemas de manejo dos dejetos (MMS):
esterqueiras (Sce.Ref); biodigestores por flare (Sce.Flare); biodigestores
com aproveitamento energético (Sce.CHP); e compostagem
(Sce.Comp). Um roteiro de calculo de emissbes de gases dos dejetos foi
proposto. Para estimar as incertezas nos fatores de emissao utilizados na
estimativa de emissdes foi realizada uma analise de Monte Carlo. Para
as incertezas metodolégicas realizou-se uma analise de sensibilidade da
abordagem nos processos multifuncionais e dos métodos de avaliacdo de
impactos do ciclo de vida. A avaliacdo de incertezas metodoldgicas
também foi realizada por meio de uma simulacdo de Monte Carlo com
base na variacdo dos resultados da sensibilidade, seguida por uma
andlise de variancia (ANOVA) com o Teste de Tukey de diferenca
honestamente significativa (HSD). Dentre os MMS, Sce.CHP ¢é a
melhor alternativa para reducdo dos impactos ambientais das mudancas
climaticas, eutrofizacéo de aguas doces, demanda acumulada de energia,
ecotoxicidade terrestre, danos a biodiversidade e transformacéao de terra
natural; enquanto o Sce.Ref é a melhor op¢do para diminuir os impactos
de acidificacdo terrestre e eutrofizacdo marinha. No tocante as incertezas
metodoldgicas, as categorias de impacto de acidificacdo, eutrofizacéo e
ecotoxicidade de 4guas doces foram muito sensiveis a abordagem usada
nos processos multifuncionais e aos métodos de avaliacdo de impacto do
ciclo de vida (AICV). A categoria de impacto de ecotoxicidade de &guas
doces ndo apresentou diferenca estatistica entre os resultados dos
cenarios, deste modo para esta categoria ndo é possivel apontar o
cenario com menor impacto. As incertezas nos parametros apresentaram



um coeficiente de variacdo (CV) de até 6,8% para acidificagdo terrestre,
reforcando a necessidade de desenvolver fatores de emissdo especificos
para a realidade brasileira para reduzir a incerteza associada aos dados
do estudo de caso. Com relacdo as incertezas metodoldgicas, conclui-se
que toda tomada de decisdo com base em um estudo de ACV deve ser
acompanhada de uma analise de incertezas, pois a variabilidade dos
resultados é grande (CV de 197% para ecotoxicidade) e, em
determinadas situacBes somente uma andlise de sensibilidade nos
métodos de AICV pode levar a uma interpretacéo errada dos resultados.
A metodologia proposta para avaliar as incertezas demonstrou-se
eficiente e capaz de diminuir as incertezas na tomada de decis&o.

Palavras-chave: ACV. Avaliacdo do ciclo de vida. Incertezas. Escolhas
metodoldgicas. Sistema de manejo de dejetos.



ABSTRACT

Life cycle assessment (LCA) is a methodology standardized by ISO
14040 and 14044. LCA has been widely used as an environmental
management practice by companies and government worldwide in an
attempt to lead the current consumption patterns to a less aggressive
economy in respect to society and the environment. However, despite
being considered a consolidated methodology there are some issues that
require constant methodological developments to increase the reliability
in the decision-making. Aware of the importance of both themes - LCA
and sustainable production - the aim of this PhD thesis was to evaluate
the uncertainty due to the definitions on the approach used in multi-
functional processes and in the impacts assessment in life cycle
assessment, applied to a comparative case study of manure management
systems of swine production. A LCA was conducted to quantify the
environmental impacts of swine production considering four manure
management systems (MMS): liquid manure storage in slurry tanks
(Sce.Ref); the biodigestor by flare (Sce.Flare); the biodigestor for
energy purposes (Sce.CHP); and composting (Sce.Comp). We proposed
a specific procedure to estimate the manure emissions. Additionally, we
performed a Monte Carlo simulation to evaluate the uncertainty due to
different emissions factors to estimate nitrogen-related emissions from
the manure-handling stage. For the methodological uncertainties, we
conducted a sensitivity analysis of the approaches used in the multi-
functional processes and in the life cycle impact assessment methods.
The uncertainty analysis of the methodological choices was also
performed through a Monte Carlo simulation based on the results of the
sensitivity analysis, followed by an analysis of variance (ANOVA) with
a Turkey’s honestly significant difference (HSD) test. For the MMS,
Sce.CHP is the best alternative to decrease the environmental impacts
on climate change, freshwater eutrophication, cumulative energy
demand, terrestrial ecotoxicity, biodiversity damage potential and
natural land transformation; while Sce.Ref is the best option to decrease
the emissions of terrestrial acidification and marine eutrophication.
Regarding to the methodological uncertainties, the impact categories of
acidification, eutrophication and freshwater ecotoxicity were very
sensitivity to the approach used in the multi-functional processes and the
life cycle impact assessment (LCIA) method. For freshwater ecotoxicity
impacts, there were no statistical difference between the options for
MMS, therefore is not possible to indicate the scenario in order to



decrease the environmental impacts. The uncertainties in the parameters
showed a coefficient of variation (CV) up to 6.8% for terrestrial
acidification, highlighting the need to create specific emissions factors
for swine production in Brazil to decrease the uncertainty related to the
inventory data in the case study. Regarding to the methodological
uncertainties, we conclude that every decision-making based on the
LCA outcomes should be accomplished by an uncertainty analysis. It
was observed high variability in the results (CV up to 197% for
ecotoxicity) and in specific situations, only a sensitivity analysis in the
LCIA method can lead to a misleading interpretation of the LCA
outcomes. The proposed methodology to evaluate the uncertainty due to
methodological choices was effective and able to reduce uncertainty in
decision-making.

Keywords: LCA. Life cycle assessment. Uncertainty. Methodological
choices. Manure management system.
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Capitulo 1. Introducéo geral, objetivos e revisédo
bibliogréafica

1.1 INTRODUGAO DA TESE

A busca pela reducdo dos impactos ambientais dos atuais
sistemas produtivos exige primeiramente o conhecimento do atual perfil
ambiental do produto/servigo para depois propor alternativas para este
sistema. Tal avaliagdo ndo é uma tarefa simples e exige metodologias e
ferramentas adequadas, dada a complexidade das cadeias produtivas
atuais, que tendem a alterar seu sistema produtivo verticalizado para um
processo horizontal e desta maneira demandam matérias-primas de
diversas localidades.

Analisando o quilo de produto ‘suino’, por exemplo, quando este
chega até o prato do consumidor, ele vem acompanhado de todo um
ciclo de vida que inicia desde a produgdo do fertilizante utilizado para a
adubacdo da area usada para o cultivo dos grdos, que sdo a base da
alimentacdo suina. Os grédos passam pelo plantio, crescimento, colheita e
beneficiamento, transporte até a fabrica de racdo, e depois para a
propriedade responsavel pela criacdo animal. Na propriedade ocorre o
crescimento dos animais e manejo dos dejetos, depois transporte para o
abatedouro, beneficiamento da carne, congelamento, armazenamento e
distribuicdo do produto para as redes de supermercado, deslocamento do
consumidor para aquisi¢do do produto, preparo ¢ o ‘uso’ do produto
pelo consumidor. Esse ciclo de vida ndo finaliza com o consumo, mas
continua com o descarte final de embalagens, que precisam ser coletadas
e devidamente destinadas (e.g. aterro e/ou reciclagem). Cada uma dessas
etapas carrega consigo uma carga ambiental que precisa ser conhecida,
guantificada e avaliada para que melhorias possam ser sugeridas. Em
cada uma dessas etapas, energia e matérias-primas sdo consumidas e
poluentes sdo emitidos (DALGAARD, 2007; NGUYEN;
HERMANSEN; MOGENSEN, 2010).

Devido a complexidade que envolve uma cadeia produtiva, sua
avaliacdo exige métodos de determinacdo de impactos ambientais que
considerem todo o ciclo descrito. A avaliacéo do ciclo de vida (ACV?) é
uma metodologia que permite alterar o foco dos impactos in loco, i.e.,

! Do inglés, life cycle assessment (LCA).
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dentro dos portdes da empresa para uma avaliacdo sistémica de todas as
emissdes e recursos usados em toda a cadeia de valor.

A ACV realiza a analise dos aspectos e potenciais impactos
ambientais por meio da compilacdo e avaliagcdo de entradas e saidas de
um sistema de produto ao longo do seu ciclo de vida (ISO, 2006a,
2006b). A metodologia contribui, dessa forma, para uma melhor
compreensdo do cenario® atual do produto avaliado, podendo indicar
oportunidades e estratégias para governantes e demais tomadores de
decisdo em busca da sustentabilidade ambiental do setor, em particular
no atendimento as conformidades dos mercados interno e externo e o
desenvolvimento de processos inovadores de gestéo.

No entanto, embora a metodologia seja normatizada pela série
ISO 14040, existem algumas escolhas durante a realizacdo de um estudo
de ACV que podem gerar davidas e discussdes, principalmente nas
decisBes tomadas no momento de definicdo de objetivo e escopo, dentre
as quais: definicdo da funcdo de um produto, unidade funcional,
métodos de atribuicdo de impactos em processos multifuncionais,
fronteira do sistema e 0 método de avaliagdo de impacto do ciclo de vida
(AICV).

Na literatura, percebem-se esforcos para entender as
consequéncias que estas escolhas possuem nos resultados de uma ACV
(BAKER; LEPECH, 2009; BASSON; PETRIE, 2007; BENEDET,
2007; CELLURA; LONGO; MISTRETTA, 2011; CHERUBINI;
STROMMAN; ULGIATI, 2011; DE SCHRYVER; HUMBERT;
HUIJBREGTS, 2013; GEISLER; HELLWEG; HUNGERBUHLER,
2005; KOTA; CHAKRABARTI, 2010; LLOYD; RIES, 2007; LO; MA;
LO, 2005; LUO et al., 2009; WARDENAAR et al., 2012; WEIDEMA,;
SCHMIDT, 2010). De modo geral, esses estudos sdo voltados para uma
avaliacdo de incertezas nos dados ou em fatores de caracterizacdo de
determinadas categorias de impacto ambiental com o wuso de
metodologias estatisticas como, por exemplo, a simulacdo de Monte
Carlo.

Com relacdo as incertezas nos resultados geradas pelas escolhas
metodoldgicas de uma ACV, as pesquisas normalmente se limitam a
variacdo de procedimento de alocagdo (CEDERBERG; FLYSJO, 2004;
CHERUBINI; STROMMAN; ULGIATI, 2011; GALINDRO, 2012;
LUO et al., 2009; SCHMIDT; DALGAARD, 2012; WIEDEMANN et

2 Na presente tese, entende-se por cenério a descricdo de sequencias hipotéticas de
situagBes complexas, e, tem como finalidade descrever a realidade de uma situacdo
e/ou configurages alternativas a esta realidade mediante simulagdes.
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al., 2010) e variagcdo de métodos de AICV (BOVEA; GALLARDO,
2006; CAVALETT et al., 2012; DREYER; NIEMANN; HAUSCHILD,
2003; OWSIANIAK et al., 2014), sem o0 uso de algum método
estatistico.

Diante do exposto, 0 objetivo desta tese foi avaliar as incertezas
associadas as escolhas da abordagem em processos multifuncionais e a
avaliacdo de impactos na avaliacdo do ciclo de vida, aplicada ao estudo
de caso comparativo de sistemas de manejo de dejetos na suinocultura.

1.1.1  PERGUNTA DE PESQUISA

O uso da ACV para a comparacdo de alternativas para reducéo de
impacto ambiental, tais como a avaliacdo de diferentes sistemas de
manejo de dejetos, deve ser sempre realizado com ressalvas devido a
alta sensibilidade nas escolhas metodoldgicas e pressupostos assumidos.

Segundo Reap et al. (2008b), a ACV oferece uma abordagem
racional e abrangente para avaliagdo ambiental de sistemas de produto,
no entanto, conforme destacam os autores, ndo esta livre de incertezas.
Bjorklund (2002), afirma que a credibilidade de uma ACV pode ser
guestionada se os resultados ndo forem acompanhados de uma andlise
de incertezas, pois os valores sem uma distribuicdo de incertezas podem
superestimar a exatiddo dos resultados.

A sensibilidade nos resultados devido a escolhas metodolégicas,
dependendo do sistema de produto avaliado, pode gerar a inversao entre
as alternativas de melhor e pior desempenho. Por exemplo, Luo et al.
(2009) avaliaram cenarios de producdo de biocombustiveis e concluiram
gue para mudancas climaticas a escolha do método de alocagdo resulta
em uma inversdo de desempenho ambiental entre os cenarios analisados,
destacando que questdes relacionadas as escolhas metodoldgicas,
principalmente no que diz respeito a alocacdo, é um desafio do ponto de
vista cientifico.

Diante da problematica associada as incertezas, foram definidas
as seguintes perguntas de pesquisa:

1. Como apresentar os resultados de uma ACV frente as
incertezas metodoldgicas?

2. Qual escolha metodolégica gera maior incerteza nos
resultados, para o caso da suinocultura?
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1.1.2  HIPOTESES

A partir da problematica observada na literatura associada as
incertezas metodolégicas da ACV, foram desenvolvidas algumas
perguntas de pesquisa e, a partir destas foram definidas algumas
hipoteses que serdo descritas a seguir:

. Dependendo da abordagem utilizada na divisdo de impactos
em processos multifuncionais e dos métodos de avaliagdo de
impacto, podem ocorrer sobreposi¢cdes na identificacdo da
melhor alternativa, levando a incerteza na tomada de deciséo.

o E possivel diminuir os efeitos das incertezas na tomada de
decisdo a partir de um estudo de ACV.

1.1.3  OBJETIVOS
1.1.3.1 Objetivo geral

Avaliar as incertezas associadas as escolhas da abordagem em
processos multifuncionais e a avaliacdo de impactos na avaliagdo do
ciclo de vida, aplicado ao estudo de caso comparativo de sistemas de
manejo de dejetos na suinocultura.

1.1.3.2 Objetivos especificos

1. Quantificar os impactos ambientais do sistema de producéo
vertical integrado de suinos no sul do Brasil, com diferentes
sistemas de manejo de dejetos;

2. Avaliar a sensibilidade da ACV devido as escolhas da
abordagem em processos multifuncionais e a avaliacdo de
impacto;

3. Diminuir as incertezas na tomada de decisdo por meio de
andlise de Monte Carlo e testes de médias;

4. Fornecer informacbes que possam subsidiar a tomada de
decisdo para reducdo dos impactos ambientais na cadeia
produtiva dos suinos.

1.1.4  JUSTIFICATIVA

Do ponto de vista cientifico no desenvolvimento e compreensao
da metodologia de avaliagdo ambiental de produtos, podem ser
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identificados quinze problemas principais relacionados com as quatro
fases de um estudo de ACV (REAP et al., 2008a), que diminuem a
confianga dos resultados. Problemas como a definicdo da abordagem
usada em processos multifuncionais e dos métodos de avaliagdo de
impacto do ciclo de vida (AICV) precisam ser melhor compreendidos,
para entdo reduzir a incerteza na tomada de decisdo com base nos
resultados de ACV.

Conforme Bjorklund (2002) e Cellura, Longo e Mistretta (2011),
as escolhas metodoldgicas possuem uma grande influéncia em um
estudo de ACV, que podem sobrepor outros tipos de incertezas, como
por exemplo, as incertezas associadas aos dados de inventario. Segundo
Cherubini, Stremman e Ulgiati (2011), a escolha do procedimento de
alocacdo para processos multifuncionais estd entre 0s aspectos
metodoldgicos mais debatidos quando se trata de estudos de ACV, dado
a grande influéncia que esta escolha possui nos resultados.

Com relacdo a caracterizacdo dos aspectos em impactos
ambientais, elemento obrigatério por norma (ISO, 2006b) na fase de
AICV, de acordo com Hauschild et al. (2013), nenhum dos métodos
desenvolvidos atualmente, atendem a todos os requisitos que a ISO
demanda, e desta maneira, o especialista define qual o melhor método a
ser usado. Essa liberdade de escolha gera diferentes resultados para
algumas das categorias de impacto (DREYER; NIEMANN;
HAUSCHILD, 2003; PIZZOL et al., 2011), se tornando uma fonte de
incerteza.

Desta maneira, a anélise de incertezas é uma ferramenta
indispensavel caso pretende-se comparar os resultados de diferentes
modelos (KONING et al., 2010). Dada as incertezas que caracterizam as
fases da ACV, os resultados devem ser verificados por meio de analises
de sensibilidade e de incerteza para melhorar a sua robustez e
transparéncia (GUO; MURPHY, 2012; NIERO et al., 2014). Diante do
exposto, desenvolveu-se nesta tese uma metodologia que integra
procedimentos estatisticos, juntamente com andlises de sensibilidade
para diminuir a incerteza na tomada de decisdo com base em uma ACV
comparativa.

Para ilustrar como as escolhas do especialista em ACV podem
gerar incertezas e validar a metodologia proposta para diminuir a
incerteza na tomada de decisdo, foi conduzida uma ACV comparativa
em um estudo de caso original no Brasil da producéo de suinos e seus
diferentes sistemas de manejo de dejetos. Deste modo, os resultados
desta analise também séo inéditos.



32

O estudo de caso da suinocultura, por sua vez, justifica-se por ser
uma atividade-alvo de um dos programas de adaptacdo as mudancas
climaticas do Plano de Agricultura de Baixo Carbono (ABC) (BRASIL,
2012), que é um dos planos setoriais desenvolvidos para cumprir o
compromisso brasileiro de reducdo das emisses de gases de efeito
estufa (GEE), entre 31,1% e 38,9% até 2020. Compromisso voluntario
gue estd previsto na Politica Nacional de Mudangas Climaticas
(BRASIL, 2009).

A suinocultura, atividade relevante dentro do contexto econdémico
do estado de Santa Catarina, tem sido tema de estudos para verificar a
viabilidade ambiental do uso de biodigestores e/ou compostagem como
alternativas ao uso de esterqueiras (e.g. Dal Mago (2009); Kunz, Miele e
Steinmetz (2009) e Sarda et al. (2010)). Desta forma, dentro deste tema
secundario na tese, pretendeu-se verificar, se 0 uso de biodigestores e
compostagem como sistemas de manejo dos dejetos suinos sdo menos
impactantes do que o manejo convencional (esterqueiras). Também,
quais os gargalos cientificos e as oportunidades de melhoria para
reducdo dos impactos ambientais na cadeia produtiva de suinos no
Brasil?

Portanto, do ponto de vista da relevancia e ineditismo esta
pesquisa contribui com discussfes metodologicas, realizando uma
analise de sensibilidade e incertezas na escolha da abordagem em
processos multifuncionais e nos métodos de AICV, demonstrando uma
abordagem para reduzir a incerteza na tomada de decisdo. Contribui
também com as discussdes sobre aplica¢do de uma ACV inédita no setor
agropecuario (cadeia produtiva de suinos) comparando diferentes
sistemas de manejo de dejetos. Para viabilizar a comparagdo, foi
desenvolvido um roteiro para estimar as emissdes de gases nos dejetos
para a suinocultura brasileira, com a rotina a ser usada para avaliar a
incerteza associada aos dados (APENDICE A e APENDICE G,
respectivamente).

A tese também esta em conformidade com as linhas de interesse
do Programa de Pos-Graduacdo em Engenharia Ambiental, em
especifico a linha de pesquisa de Gestdo Ambiental em Organizagdes e
esta alinhada com os interesses do Grupo de Pesquisas em Avaliagdo do
Ciclo de Vida (CICLOG) da Universidade Federal de Santa Catarina
(UFSC).
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1.1.5 ESTRUTURA DA TESE

Para facilitar a leitura e levando em conta o formato definido para
a elaboragdo desta tese — na forma de artigos — 0 documento esta
estruturado em quatro capitulos. Deste modo, os Capitulos Il e 1l
representam alguns dos artigos desenvolvidos no periodo de
doutoramento. O primeiro ja publicado (pagina 83) e o segundo a ser
submetido (pagina 119), portanto, ambos estdo escritos em inglés, e sdo
acompanhados de resumos expandidos em portugués, conforme
determinado pelo Programa de Po6s-Graduacdo em Engenharia
Ambiental (PPGEA).

A principal finalidade desta estrutura é permitir a leitura dos
capitulos isoladamente sem sentir falta de informagdes adicionais, €, por
isso os Capitulos 1l e 1l sdo acompanhados de resumo, introdugdo,
desenvolvimento, conclusdo e referéncias individuais. Embora seja
importante destacar que os conteldos estao relacionados, conforme Fig
I-1 e Quadro I-1, e juntos contribuem para o cumprimento do objetivo
geral desta tese.

Fig I-1. Estrutura da tese.
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Em termos de conteido, o documento procurara abordar primeiro
0 tema da ACV comparativa na suinocultura, para entdo serem
abordadas as incertezas devido a escolhas metodoldgicas. E justificada
esta ordem dos contetdos, pois o primeiro serve como estudo de caso
utilizado para validar o procedimento para avaliar as incertezas
metodoldgicas.

Capitulo | (pagina 27): neste capitulo é apresentada a
problemética associada aos impactos da producdo de suinos no Brasil e
as atuais alternativas para manejo dos dejetos, bem como as incertezas
associadas a conducdo de estudos de avaliacdo de ciclo de vida (ACV) e
quais o0s procedimentos utilizados para minimiza-las. Foram
identificados os principais pontos de sensibilidade e incerteza na ACV
(Quadro 1-3, Quadro 1-4 e Quadro I-6), nas quais é destacada a
influéncia dos procedimentos usados em processos multifuncionais e
dos métodos existentes de avaliacdo de impactos do ciclo de vida
(AICV).

Capitulo 1l (pagina 83): este capitulo fornece subsidios para o
alcance dos objetivos especificos relacionados ao estudo de caso
comparativo, utilizado para avaliar as incertezas da ACV. Foi avaliado
pela perspectiva ambiental, o atual sistema de producdo com o manejo
de dejetos (MMS) por meio de esterqueiras, com sistemas de manejo de
biodigestores com o uso de flares e com o aproveitamento energético, e
0 manejo na forma sélida por meio da compostagem. Além disso, foi
realizada uma avaliagdo de incertezas nos pardmetros utilizados para
estimar as emissdes relacionadas a presenca de nitrogénio nos dejetos.
Para complementar a descricdo da metodologia, no APENDICE A, é
apresentado o roteiro desenvolvido com as equagdes utilizadas para
quantificar as emissdes nos MMS. Enquanto no APENDICE G sdo
disponibilizadas duas rotinas para ser implementadas em softwares
comerciais para calcular as emissdes e estimar suas incertezas por meio
de uma simulagéo de Monte Carlo.

Capitulo Il (pagina 119): este capitulo responde os objetivos
especificos associados as incertezas na comparacdo de cenarios com
base na metodologia de ACV. Sédo discutidas a influéncia das
abordagens em processos multi-funcionais e dos métodos de AICV,
demonstrando dentre as categorias de impacto definidas, quais sdo mais
afetadas e os motivos pela variagdo dos resultados. E proposta uma
metodologia baseada na varia¢do de cendrios, analise de sensibilidade e
avaliacdo de incertezas para identificar diferencas estatisticas na
comparacdo de alternativas, e deste modo, possibilitar a reducdo da
incerteza na tomada de decis&o.
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Capitulo IV (pagina 159): as perguntas de pesquisa Ss&0
respondidas e as hipdteses sdo comprovadas ou rejeitadas de acordo
com os resultados obtidos nos Capitulos 1l e Ill. E realizada uma
discusséo geral dos resultados e apresentado a conclusdo da tese além de
perspectivas de estudos futuros. O Quadro I-1 apresenta uma descri¢do
detalhada da tese e as metodologias utilizadas.
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1.2 PRODUGCAO DE SUINOS NO BRASIL

A cadeia produtiva de suinos pode ser dividida em trés partes. A
primeira consiste nas atividades de producdo da ragdo animal: cultivo de
grdos, transporte, processamento dos graos, e a mistura dos ingredientes.
A segunda parte sdo as atividades de criagdo dos animais, que inclui o
transporte das ragdes até a propriedade na qual ocorre a criacdo, a
producdo de matrizes, leitGes e suinos para abate. A terceira parte inclui
o transporte dos suinos terminados até o abatedouro, o abate, e o
processamento até a carne deixar o portdo do frigorifico (KOOL et al.,
2009) como produto bruto ou derivados.

No Brasil, para etapa de criacdo animal podem ser identificados
0s seguintes sistemas: Sistema Extensivo ou a Solta; Sistema Semi-
Extensivo; Sistema Intensivo; e, Sistema Intensivo de Suinos Criados
Ao Ar Livre (SISCAL) (VENTURINI; SARCINELLI; SILVA, 2007).
A producdo industrial de alta qualidade, i.e., sistemas de alta intensidade
representam 90% da producdo de suinos no Brasil® (DE BARCELLOS
etal., 2011).

Nesta tese, definiu-se o sistema de producdo vertical integrada
como objeto de estudo. A escolha foi com base em estimativas de que
este sistema representa 88% dos estabelecimentos suinicolas no Brasil
(DE BARCELLOS et al., 2011; MIELE; WAQUIL, 2007), e desta
maneira pode ser identificado como o mais representativo.

Na produgdo vertical integrada a cadeia produtiva se estende da
distribuicdo a produgdo de insumos (em granjas ndcleo para produgdo da
genética ou em fabricas de racdo para a nutricdo dos animais), sendo que
as propriedades suinicolas normalmente sdo inseridas por meio de
programas de fomento pecuario e de contratos (MIELE, 2006; MIELE;
WAQUIL, 2007).

O modelo de producdo é composto por: agroindustria,
propriedades produtoras de leitdes (PP*) e propriedades para
crescimento-terminacdo de suinos (GF°). As agroindUstrias sdo
responsaveis pelo fornecimento de racdo, de reprodutores (matrizes,
machos e sémen) as PP, leitbes as GF, medicamentos, assisténcia
técnica e todos os transportes envolvidos na cadeia produtiva (e.g.
matrizes, leitdes, suinos, graos, racdo), incumbindo ao suinocultor os

% Estima-se que 10% seja de producdo de subsisténcia (DE BARCELLOS et al.,
2011).

4 Do inglés, Piglet Production (PP).

® Do inglés, Growing-finishing (GF).
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investimentos e manutencdo em instalacdes, a mao de obra e despesas
com energia, agua e manejo dos dejetos (DILL et al., 2010; MIELE;
WAQUIL, 2007).

O dejeto da suinocultura, um dos maiores passivos ambientais
desta atividade, é composto por agua, proveniente da limpeza das baias,
nebulizagdo, equipamentos de dessedentacéo, chuvas que podem entrar
nas calhas, fezes e urina, residuos da racgdo, cerdas, poeira e outros
materiais do processo de criacdo (DIESEL; MIRANDA; PERDOMO,
2002; HENN, 2005; TAVARES, 2012). Nos dejetos, ainda sao
encontradas a presenca de metais pesados como cobre (Cu) e zinco (Zn)
usados como promotores de crescimento e antibidticos na ra¢do animal
(KUNZ; HIGARASHI; OLIVEIRA, 2005).

Devido a limitacdo da eficiéncia do processo de digestdo dos
suinos, as fezes e urinas dos animais sdo carregadas em nutrientes, que
devem ser adequadamente coletados, armazenados e tratados para sua
posterior disposi¢do final (OLIVEIRA; SILVA, 2006). Nos itens a
sequir serdo descritos alguns dos sistemas de manejo de dejetos
utilizados pelos produtores brasileiros.

121 MANEJO DOS DEJETOS DA SUINOCULTURA POR
ESTERQUEIRAS

No Brasil o uso de esterqueiras é o sistema mais comum de
manejo dos dejetos de suinos (KUNZ; HIGARASHI; OLIVEIRA,
2005), e pode ser definida como uma unidade de estocagem dos dejetos
liquidos para que ocorra a fermentacdo anaerdbica da matéria organica,
0 abastecimento das esterqueiras é diario. Quanto aos aspectos
construtivos elas podem ter o formato retangular ou cilindrico, sendo de
alvenaria, pedras, solo cimento ou lona PVC especial, devendo ter
profundidade minima de 2,5 m para favorecer a degradacdo anaerébia
(DIESEL; MIRANDA; PERDOMO, 2002; KUNZ; HIGARASHI;
OLIVEIRA, 2005).

Nesse sistema os dejetos devem ser armazenados por um periodo
minimo de 120 dias para redugdo do material carbonaceo, transformagéo
dos compostos nitrogenados e adsor¢do do fésforo e reducdo dos
microrganismos patogénicos, apds esse periodo os dejetos sdo
aproveitados na forma de adubo orgénico sendo aplicados no solo, que
de acordo com a Normativa IN-11/2004 ndo pode exceder a quantidade
de 50 m*ha-ano™ (FATMA, 2014).
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.22  TRATAMENTO DOS DEJETOS DA SUINOCULTURA POR
BIODIGESTORES

Os biodigestores sdo cadmaras que a partir da fermentacdo
anaer6bia da matéria organica produzem biogds por meio da
transformacdo de compostos organicos complexos em substancias mais
simples como CH,4 e CO,. Os biodigestores podem ser construidos de
pedra ou tijolo com revestimento de lonas especiais como o PVC, e por
um gasémetro (campénula) (DIESEL; MIRANDA; PERDOMO, 2002).
O tempo de retencdo é de 30-50 dias (HENN, 2005; OLIVEIRA,
2004a).

Segundo Perdomo, Oliveira e Kunz (2003), o uso de
biodigestores tem se tornado uma alternativa tecnoldgica interessante
para o setor suinicola, pois permite agregar valor ao residuo pela
geracdo do biogés que pode ser utilizado como energia elétrica e calor.

Exemplos de aplicagdo da tecnologia dentro da realidade
brasileira podem ser encontrados em (OLIVEIRA; HIGARASHI,
2006a), que constataram que o biogas pode substituir o0 Gas Liquefeito
de Petroleo (GLP) ou outra fonte combustivel no aquecimento de
aviarios e salas de creche e para uso como energia elétrica. A
composicdo do biogas é de: 50 a 70% de CH,, 30 a 40% de CO; e 2g de
H,S'm™ (HENN, 2005; LAGRANGE, 1979). De acordo com La Farge
$19951), a produgdo de biogas a partir dos dejetos suinos é de 0,45 m*> kg’

SV

A producdo do biogés pode ser calculada por meio da quantidade
de solidos volateis removidos, que representam cerca de 70% dos
solidos totais nos dejetos de suinos (DIESEL; MIRANDA; PERDOMO,
2002). Os dejetos depois de um periodo de armazenamento (30 a 45
dias) nos biodigestores sdo armazenados por um periodo de 90 dias em
esterqueiras para posterior aplica¢do no solo como biofertilizante.

No Brasil o0 modelo de biodigestor mais usado é o de lagoa
anaerdbica coberta, que é uma unidade semelhante a uma esterqueira
com uma cobertura para captar e armazenar o biogas, normalmente de
Policloreto de Vinila (PVC) ou Polietileno de Alta Densidade (PEAD)
(DAL MAGO, 2009; OLIVEIRA, 2004a).

1.2.3 TRATAMENTO DOS DEJETOS DA SUINOCULTURA POR
COMPOSTAGEM

O tratamento dos dejetos por compostagem consiste no uso de um
substrato (serragem ou maravalha), podendo conter uma camada de
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calcério e fosforo, e uma camada de dejeto, sendo que a Gltima camada
deve ser de substrato. A decomposicdo nesse sistema de tratamento €
obtida por processos fisicos, quimicos e bioquimicos e biolégicos
(DIESEL; MIRANDA; PERDOMO, 2002).

No manejo dos dejetos na forma sélida o objetivo é promover a
fermentacdo aerdbia dos residuos (SARDA, 2009). O dejeto liquido é
langado fracionadamente sobre o leito da unidade de compostagem até a
saturacdo liquida do substrato usado. A mistura permanece na unidade
de compostagem por um periodo compreendido entre 2 a 3 meses, até
sua maturacdo total (OLIVEIRA; HIGARASHI; NUNES, 2003).

Esse sistema de tratamento converte os dejetos liquidos de suinos
para uma matriz solida facilitando o seu manejo. Um aspecto positivo
dessa forma de tratamento é o aproveitamento de materiais organicos de
outras atividades agropecuérias como o uso de palha de café e bagaco de
cana-de-acucar (KUNZ; HIGARASHI; OLIVEIRA, 2005). Outra
vantagem apontada por Sarda (2009), é a eliminacdo de grande parte da
agua contida nos dejetos, aumentando a concentracdo dos nutrientes e
reduzindo o volume dos dejetos, necessidade de espago para
armazenamento e equipamentos necessarios para seu transporte e
distribuicdo. Ganhos que representam uma reducdo de custo para o
produtor no momento de disposi¢do final deste residuo.
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AVALIACAO DO CICLO DE VIDA (ACV)

A avaliacdo do ciclo de vida (ACV) é uma metodologia

estruturada, abrangente e um método padronizado que compila e avalia
recursos consumidos, emissfes relevantes e seus potenciais impactos no
meio ambiente, na salde humana e a deplecdo de recursos, que estdo
associados a um sistema de produto® ao longo do seu ciclo de vida (EC-
JRC, 2010a; ISO, 2006a).

Segundo a norma ISO (2006a), a ACV possibilita ao gestor

auxilio:

na identificacdo de oportunidades para melhorar os aspectos
ambientais dos produtos em varios pontos de seu ciclo de vida;

na tomada de decisdes na industria, organizagfes governamentais
ou ndo governamentais (por exemplo, planejamento estratégico,
definicdo de prioridades, projeto ou re-projeto de produtos ou
processos);

na selecdo de indicadores pertinentes de desempenho ambiental,
incluindo técnicas de medicéo; e

no marketing (por exemplo, uma declaracdo ambiental, um
programa de rotulagem ecoldgica ou uma declaragdo ambiental
de produto).

Ainda, de acordo com a norma (ISO, 2006a), um estudo de ACV

é composto pelas seguintes fases (Fig 1-2):

Definicdo do objetivo e escopo da analise — nesta fase sdo
definidos a razdo principal para a conducdo do estudo, sua
abrangéncia e limites, a unidade funcional, a metodologia e os
procedimentos considerados necessarios, para a garantia da
gualidade do estudo;

Anadlise do inventario do ciclo de vida (ICV) — é a fase da coleta
de dados e quantificacdo de todas as variaveis envolvidas durante
o ciclo de vida do produto;

Avaliacdo dos impactos ambientais associados as entradas e
saidas do sistema — nesta fase é realizado o processo de
entendimento da relevancia e a significancia ambiental dos
impactos, obtidos na analise do inventario;

Interpretacdo dos resultados das fases de inventério e avaliagao,
levando-se em conta os objetivos do estudo — consiste na

® Entende-se por produto nesta tese qualquer bem ou servico.



42

identificacdo e analise dos resultados obtidos nas fases de
inventario e/ou avaliacdo de impacto de acordo com o objetivo e
0 escopo previamente definidos para o estudo. Os resultados
dessa fase podem tomar a forma de conclusGes e recomendagdes
aos tomadores de deciséo.

Fig I-2. Fases de uma ACV.

Definicéo de objetivo )1
€ escopo

A

A 4

A 4

Gnélise de Inventario )‘ | Interpretago

A

A

A 4

Qvaliagéo de Impacto ):

Adaptado: ISO (2006a).

)4

Conforme destacado pelas normas ISO 14040 e 14044 (ISO,
20064a, 2006b) e por Baumann e Tillman (2004), a ACV é um processo
iterativo, na qual decisfes tomadas no inicio do estudo podem nédo ser
conhecidas plenamente, sendo completamente compreendida durante a
conducao do mesmo, deste modo, a interpretacdo deve estar presente em
todas as fases da ACV.

.31  ACV NA SUINOCULTURA

A revisdo bibliografica sobre ACV na suinocultura demonstrou
gue a literatura é toda estrangeira, embora Spies (2003), em sua tese
realizada na Australia, tenha realizado uma ACV simplificada de suinos
e aves com dados catarinenses. Dentre os sistemas mais avaliados
destacaram-se: a producdo de suinos na Dinamarca (DALGAARD,
2007; HALBERG et al., 2008; KOOL et al., 2009; NGUYEN;
HERMANSEN; MOGENSEN, 2011), Alemanha (BAUMGARTNER,;
DE BAAN; NEMECEK, 2008; HIRSCHFELD et al., 2008; KOOL et
al., 2009; RECKMANN; TRAULSEN; KRIETER, 2013) e Gréa-
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Bretanha (DALGAARD, 2007; KINGSTON; FRY; AUMONIER, 2009;
KOOL et al., 2009; WILLIAMS; AUDSLEY; SANDARS, 2006), sendo
a maioria dos sistemas de manejo de dejetos na forma liquida dentro das
instalagBes com posterior armazenamento em tanques cobertos.

De modo geral, a producéo tipica ou convencional de suinos na
Europa é em sistemas confinados com pisos total/parcialmente ripados
(aprox. 60% na Gré-Bretanha) em que os dejetos sdo manejados na
forma liquida por um periodo médio de 180 dias de reten¢éo hidraulica,
sendo armazenados parte do tempo em calhas sob as ripas (25%) e o
restante em tanques cobertos fora da instalacdo (75%), para posterior
aplicacdo no solo como adubo organico (BASSET-MENS; VAN DER
WERF, 2005; KINGSTON; FRY; AUMONIER, 2009; KOOL et al.,
2009; NGUYEN; HERMANSEN; MOGENSEN, 2011; RECKMANN;
TRAULSEN; KRIETER, 2013; WILLIAMS; AUDSLEY; SANDARS,
2006).

As diferencas no modelo de criacdo animal entre os paises
europeus estdo na capacidade e tamanho das propriedades, na origem
dos grdos utilizados como racdo (importados ‘landless farm’ ou
produzidos na propriedade ‘on-farm’), €, N0 manejo dos dejetos que em
determinadas propriedades sdo armazenados durante todo o periodo nas
calhas sob os pisos ripados (DALGAARD, 2007; HALBERG et al.,
2008; KINGSTON; FRY; AUMONIER, 2009; KOOL et al., 2009).

Na Austrdlia, local em que o modelo de contratacdo é semelhante
ao sistema integrado de producédo vertical no Brasil, Wiedemann et al.
(2010), distinguem entre (i) cadeia produtiva do norte: sistema de
criacdo de suinos sob pisos ripados com gestacdo, lactacdo, creche e
terminagdo dentro de uma mesma propriedade (conhecido como ciclo
completo no Brasil) com racdo produzida fora da propriedade; (ii)
cadeia produtiva do sul: o leitdo é criado até o desmame em instalagdes
de piso ripado, ap6s o desmame é transportado para uma unidade de
criacdo sob cama sobreposta, e por fim é transportado para as unidades
de terminacdo na qual também é criado sob sistema de cama sobreposta
até atingir peso para abate, a racdo é fornecida por uma companhia
contratante e os animais séo encaminhados para um Unico abatedouro.

Analisando os trabalhos de Cederberg e Flysjo (2004), estes
compararam trés cenarios de producéo de suinos na Suécia, na qual (i) o
cenario A possui foco no bem estar animal em um sistema que as
matrizes e leitGes sdo criados ‘outdoor’ com acesso a grandes areas ao ar
livre e os suinos em terminacdo sdo confinados em camas de palha, a
taxa de crescimento dos suinos € mais baixa nesse cenério; (ii) a
preocupacdo ambiental € a prioridade no cendrio B com alta eficiéncia
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alimentar e com grande parte do alimento produzido dentro da
propriedade, as instalacdes sdo de piso ripado equipadas com coletores
de amdnia, os gréos sdo produzidos com boas praticas agricolas; e, (iii)
0 cendrio C com foco na qualidade do produto a precos baixos, 0s
cereais usados na racdo sdo cultivados na propriedade e os alimentos
usados como fontes de proteina sdo importados, a taxa de crescimento é
alta com baixa quantidade de palha usada, sistema confinado de criacéo
animal. Os dejetos sdo armazenados em tanques cobertos.

Kingston, Fry e Aumonier (2009), compararam seis cenarios de
producdo de suinos da Gra-Bretanha: (i) sistema confinado de piso
ripado; (ii) confinado de cama sobreposta; (iii) sistema ‘outdoor’; (iv)
produtor A sistema confinado de piso ripado; (v) produtor B, confinado,
piso ripado, com parte da alimentacdo animal sendo de residuos liquidos
da industria de alimentos e com o tratamento dos dejetos por digestao
anaerdbia; e, (vi) produtor C, produgdo de suino organico com cria¢do
das matrizes e creches ‘outdoor’ e terminagdo em confinamento.

De modo similar Basset-Mens e van der Werf (2005), avaliaram
trés cenarios de producéo de suinos na Franca: (i) boas préticas agricolas
(GAP) que corresponde a atual producdo intensiva (ou produgdo
convencional) com alta densidade animal em instalagdes confinadas de
piso-ripado; (ii) organico (OA) que corresponde criacdo de suinos com
alimentacdo baseada em graos da agricultura organica de acordo com a
versdo francesa das regras Europeias para producdo animal orgénica e
para producdo de lavouras organicas; e, (iii) selo vermelho (RL)
referente ao selo de qualidade “Porc Fermier Label Rouge”. NOS
cenarios OA e RL os porcos sdo criados ‘outdoor’ até o desmame, e
depois em instalacdes de cama sobreposta de baixa densidade animal
apos o desmame, nestes sistemas também é priorizado o bem estar
animal como no estudo de Cederberg e Flysjo (2004).

Comparacdes de desempenho ambiental entre sistemas
convencionais e organicos de producao também foram temas de estudos
de outros autores (KOOL et al., 2009; WILLIAMS; AUDSLEY;
SANDARS, 2006). J& Halberg et al. (2008), analisaram somente
sistemas de produgdo organico na Dinamarca: (i) matrizes e leitbes
criados ‘outdoor’ com acesso a &reas ao ar livre e terminacdo em
sistemas confinados possibilitando 0 manejo dos dejetos na forma
liquida evitando o risco de lixiviado; (ii) matrizes, leitdes e suinos em
terminagdo criados ‘outdoor’, sem coleta dos dejetos; (iii) nesse sistema
0s animais sdo criados em tendas — contendo 4 baias — em cima de
camas sobrepostas em um piso de conchas sob a superficie do solo, em
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gue 0 acesso areas ao ar livre é liberado para 0s animais quando
adequado.

Sistemas de producdo organico comumente sdo bem vistos pela
sociedade, entendidos como menos agressivos ao meio ambiente,
principalmente por ndo utilizarem (ou reduzirem) fertilizantes quimicos
e pesticidas. Estes sistemas também sdo vistos como alternativas de
melhoria do bem-estar animal.

A ACV também tem sido utilizada na comparacdo de sistemas de
producdo em diferentes paises (BAUMGARTNER; DE BAAN;
NEMECEK, 2008; DALGAARD, 2007; KOOL et al., 2009). No
tocante a avaliagdo ambiental de melhorias em sistemas consolidados,
cita-se  Nguyen, Hermansen e Mogensen (2011) que estudaram
alternativas para reducdo das emissdes melhorando parametros da
producdo animal, os cenérios foram: (i) sistema convencional de
producdo de suinos; e (ii) producdo com 25% do rebanho com alta
eficiéncia, considerando aumento da eficiéncia alimentar de 7-8% e 10%
0 ntmero de leitdes/matriz/ano.

Percebeu-se que devido a natureza comparativa da metodologia
da ACV, houve uma tendéncia nos estudos em comparar sistemas de
criacdo, e de maneira mais simplificada diferentes manejos dos dejetos,
como estudos desenvolvidos por Kingston, Fry e Aumonier (2009) e
Nguyen, Hermansen e Mogensen (2011).

O Quadro I-2 apresenta de forma resumida a revisdo bibliogréafica
sobre ACV na suinocultura, e as principais defini¢des de cada estudo.
Adicionalmente sdo informadas as definigdes da rotulagem ambiental
tipo 11, o International EPD® system (ENVIRONDEC, 2015). Este
rétulo, conhecido como Declaragcdo Ambiental de Produto (EPD)’, exige
gue o solicitante realize a ACV do produto. Para viabilizar a
comparabilidade das diferentes ACVs, a EPD determina regras gerais
que sdo descritas na Regra de Categoria de Produto (PCR), por exemplo,
qual a abordagem de alocacdo que deve ser utilizada nos processos
multifuncionais, entre outras defini¢bes. Deste modo, 0 entendimento
das exigéncias da PCR ¢é relevante, pois pode servir como um guia na
conducdo de uma ACV.

" Environmental Product Declaration (EPD) em inglés.
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As principais categorias de impacto avaliadas nos estudos
revisados para a producdo de suinos e que serdo detalhadamente
descritas foram: mudancas climaticas®, eutrofizacdo e acidificacéo.
Outras categorias avaliadas pelos estudos pesquisados foram: demanda
de energia (BASSET-MENS; VAN DER WERF, 2005;
BAUMGARTNER; DE BAAN; NEMECEK, 2008; CEDERBERG,;
FLYSJO, 2004; NGUYEN; HERMANSEN; MOGENSEN, 2011;
RECKMANN; TRAULSEN; KRIETER, 2013; SPIES, 2003;
WIEDEMANN et al., 2010; WILLIAMS; AUDSLEY; SANDARS,
2006), toxicidade terrestre (BASSET-MENS; VAN DER WERF, 2005;
BAUMGARTNER; DE BAAN; NEMECEK, 2008), uso de pesticida9
(BASSET-MENS; VAN DER WERF, 2005; CEDERBERG; FLYSJO,
2004; WILLIAMS; AUDSLEY; SANDARS, 2006), deplecdo de
recursos abidticos (CEDERBERG; FLYSJO, 2004; KINGSTON; FRY;
AUMONIER, 2009; SCHENCK, 2006; WILLIAMS; AUDSLEY;
SANDARS, 2006), formacdo de oxidante fotoquimico (CEDERBERG;
FLYSJO, 2004; DALGAARD, 2007; HALBERG et al., 2008;
SCHENCK, 2006), deple¢do do ozbnio estratosférico (HALBERG et
al., 2008; SCHENCK, 2006), pegada hidrica (WIEDEMANN et al.,
2010), consumo de &gua', toxicidade do ar, toxicidade aquatica,
deplecdo do solo, uso de antibi6ticos, uso de horménios, organismos
geneticamente modificados (SCHENCK, 2006).

O conhecimento das escolhas metodoldgicas na conducédo de uma
ACV é importante quando se pretende realizar uma comparacao devido
a sensibilidade que a variacdo das escolhas (por ex. alocagdo) podem
causar nos resultados finais. Zanghelini et al. (2012), estudaram o0s
efeitos da escolha do método de AICV e constataram que em uma
analise comparativa entre sistemas de produto, o pesquisador precisa

8 Nesta tese, potencial de aguecimento global (global warming potential), mudancas
climaticas (climate change) e pegada de carbono, representam a mesma categoria de
impacto, pois todas utilizam o modelo de caracterizagdo do IPCC e mesmo
indicador de categoria (Forgamento radioativo infravermelho, Wxyr-m), expresso
em kg CO, eq. Diferencas de nomenclatura estdo associadas ao método de AICV na
qual se referem, e.g. potencial de aquecimento global (método CML-IA) e mudancas
climaticas (método ReCiPe 2008).

° Esta categoria € em nivel de inventario, i.e. ndo é realizada a caracterizagdo, 0s
valores sdo apresentados por kg do ingrediente ativo no pesticida.

10 Consumo de &gua e usos de antibidticos, hormonios e organismos geneticamente
modificados séo categorias em nivel de inventério, i.e., indicadores de categoria séo
por massa de A&gua, antibidticos, hormdnios e organismos geneticamente
modificados.
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conhecer os detalhes dos métodos utilizados, atento principalmente as
substancias envolvidas na categoria de impacto e os fatores de
caracterizacéo utilizados.

1.3.1.1 Impactos da producdo de suinos nas mudancas climaticas

Os impactos nas mudancas climaticas da produgdo de suinos,
guando consideradas as etapas do ciclo de vida até o abate, tém sido
causados principalmente pela etapa de producdo de racdo com
participagdes que variam entre 50-78% (BAUMGARTNER; DE
BAAN; NEMECEK, 2008; DALGAARD, 2007; KINGSTON; FRY;
AUMONIER, 2009; KOOL et al., 2009; NGUYEN; HERMANSEN;
MOGENSEN, 2011; RECKMANN; TRAULSEN; KRIETER, 2013;
SPIES, 2003), enquanto na etapa de criagdo animal as emissdes da
fermentacdo entérica e dos dejetos representam 12-30% (KOOL et al.,
2009; NGUYEN; HERMANSEN; MOGENSEN, 2011; RECKMANN;
TRAULSEN; KRIETER, 2013).

De maneira contraria, para a cadeia produtiva dos suinos no norte
da Australia Wiedemann et al. (2010) indicaram o manejo dos dejetos
como principal responsavel pelos impactos sobre mudancas climaticas
devido as emissdes de CH,, seguido pelas emiss6es de N,O da producédo
de gréos. Destaca-se neste sistema produtivo o longo periodo em que 0s
dejetos ficam armazenados, 0 que explica em grande parte as maiores
emissdes de metano.

No manejo dos dejetos, o potencial de causar as mudancas
climaticas tem sido relacionado principalmente as emissfes de CH,
seguido pelo N,O (BAUMGARTNER; DE BAAN; NEMECEK, 2008;
DALGAARD, 2007; NGUYEN; HERMANSEN; MOGENSEN, 2011,
RECKMANN; TRAULSEN; KRIETER, 2013). Percebe-se que embora
0 potencial do N,O seja maior, 0 metano é emitido em maiores
guantidades.

Quando comparados os sistemas de producdo convencional e
organico (BASSET-MENS; VAN DER WERF, 2005; KOOL et al.,
2009), constataram que 0 organico, embora entendido como menos
impactante, para mudangas climaticas ele é pouco efetivo,
provavelmente pelo desempenho zootécnico inferior ao sistema
convencional. De maneira contrastante (WILLIAMS; AUDSLEY;
SANDARS, 2006), concluiram que a maioria dos danos ambientais da
carne suina organica foram menores quando comparados com a carne do
sistema convencional.
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Em sistemas de producdo orgénico ou que privilegiem o bem-
estar animal, como por exemplo, no cenério selo de qualidade (RL)
francés, o elevado potencial de causar mudangas climaticas esta
associado as emissbes de N,O da cama sobreposta na etapa de
terminagdo (BASSET-MENS; VAN DER WERF, 2005). Conclustes
similares sdo apresentados no trabalho de Kool et al. (2009).

Diante do exposto, os sistemas convencionais aparentam emitir
maior quantidade de metano devido ao armazenamento dos dejetos nas
calhas sob os pisos ripados e pela metanogénese nos tanques/lagoas de
armazenamento. Entretanto os sistemas de cama sobreposta apesar de
emitirem menores quantidades de metano, aumentam a emissdo do
oxido nitroso que possui potencial de aquecimento global muito
superior, quando comparados por kg de suino produzido.

Cabe destacar que nos cenarios com cama sobreposta ou na qual
0s dejetos sdo manejados na forma sélida com uso da compostagem nédo
sdo considerados beneficios da fixacdo de carbono no substrato utilizado
para o tratamento dos dejetos, a mesma abordagem tem sido utilizada
em varios outros estudos (BERNSTAD; LA COUR JANSEN, 2012).
Este tema tem sido amplamente discutido na comunidade cientifica, e
depois de varios debates, foi decidido que na ACV a melhor abordagem
é ndo considerar o CO, biogénico (VOGTLANDER; VELDEN; LUGT,
2014). De maneira similar a nova norma de Pegada de Carbono ISO
14067 também néo considera estas emissdes/captura.

A ldgica desta abordagem, é que embora produtos oriundos da
madeira sejam considerados como sequestradores de carbono, eles
representam somente sumidouros temporarios (BRANDAO et al., 2013;
BRANDAO; LEVASSEUR, 2011). Especificamente na ACV esse
pressuposto esta associado ao status-quo da metodologia, na qual ndo
sdo consideradas o tempo em que as emissdes ocorrem, e desta maneira,
também ndo sdo considerados créditos para o periodo em que o carbono
estd armazenado nos produtos de madeira, dado que em determinado
momento o carbono sera novamente lancado na atmosfera (BRANDAO;
LEVASSEUR, 2011).

Nos ultimos anos, tem se discutido a possibilidade de considerar
algum crédito devido a este estoque temporario de carbono em produtos
de madeira ou baseado em sistemas bioldgicos (BRANDAO et al.,
2013; BRANDAO; LEVASSEUR, 2011; VOGTLANDER; VELDEN;
LUGT, 2014). Os guias do International Reference Life Cycle Data
System (ILCD) e a PAS 2050 deixam em aberto a possibilidade de
creditar os beneficios do estoque temporario de CO, biogénico,
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deixando esta abordagem como opcional (BSI, 2011; EC-JRC, 2010a;
VOGTLANDER; VELDEN; LUGT, 2014).

No entanto, apesar de varios esforcos e do desenvolvimento de
métodos robustos que considerem o desconto do atraso das emissées™,
atualmente ndo existe um consenso em como considerar as remogdes
temporarias de carbono ou sua emissdo na ACV e na Pegada de
Carbono (BRANDAO et al., 2013; BRANDAO; LEVASSEUR, 2011).
Ainda, de acordo com Vogtlander, Velden e Lugt (2014), os métodos do
ILCD e da PAS 2050 resultam em uma superestimativa dos beneficios
da fixacdo temporaria de CO; biogénico, contrario ao principio da
precaucdo exigido em estudos de ACV, e por isso devem ser evitados.

Deste modo, na presente tese optou-se por ndo considerar 0s
potenciais créditos da armazenagem temporaria de carbono na serragem
utilizada no cenario de manejo de dejetos por compostagem, e que, até
certo ponto, esta decisdo possui influéncia no resultado, uma vez que, a
serragem utilizada por este cenario poderia representar um crédito
temporario como fixador de carbono.

No tocante a etapa industrial, o abate em todos os estudos foi a
fase que menos contribuiu para as emissdes de CO, eg. com
contribuicdes variando entre 4-7% do total por kg suino™
(DALGAARD, 2007; KINGSTON; FRY; AUMONIER, 2009;
NGUYEN; HERMANSEN; MOGENSEN, 2011; RECKMANN;
TRAULSEN; KRIETER, 2013). Os impactos nesta etapa, sdo causados
pelo consumo de energia para processamento, armazenamento em
camara fria e o transporte dos suinos da propriedade.

Percebe-se que existe um consenso no estado da arte sobre a
importancia do aumento do desempenho no cultivo de grdos e melhoria
na eficiéncia alimentar na criagdo animal, pois a maioria dos estudos
apontaram a racdo como principal responsavel do potencial de
mudangas climaticas.

1.3.1.2 Potencial de eutrofizacdo na producéo de suinos

Para eutrofizagdo o cultivo de graos para a fabricagdo da ragdo é a
etapa mais impactante do ciclo de vida na producdo de suinos
(BASSET-MENS; VAN DER WERF, 2005; BAUMGARTNER; DE
BAAN; NEMECEK, 2008; CEDERBERG; FLYSJO, 2004;
DALGAARD, 2007; RECKMANN; TRAULSEN; KRIETER, 2013).
Resultados um pouco diferentes foram obtidos por (KINGSTON; FRY;

1 Traduco literal de delayed emissions.



52

AUMONIER, 2009; SPIES, 2003), apontando 0 manejo de dejetos
como principal responsavel pelas emissdes eutrofizantes seguido pela
producdo da racéo.

As emissdes de nitrato (NO3) pela aplicacdo de fertilizantes
quimicos e organicos € o principal responsavel pelos impactos nesta
categoria, seguido das emissGes de amonia (NH;) pela volatilizacdo do
N nos dejetos (BASSET-MENS; VAN DER WERF, 2005;
BAUMGARTNER; DE BAAN; NEMECEK, 2008; CEDERBERG;
FLYSJO, 2004; DALGAARD, 2007).

Segundo Basset-Mens e van der Werf (2005) com préaticas de
cultivos intercalados é possivel diminuir o impacto do nitrato nos
cultivos, enquanto que as emissdes de NH3 provenientes do N presente
nos dejetos podem ser reduzidas por medidas nutricionais e também
durante os estagios de gestdo dos dejetos.

Percebe-se que esforgos devem ser realizados no sentido de
reduzir o N na forma de nitrato lixiviado nos campos e a aménia emitida
dos dejetos de suinos, sendo que a contribuicdo do P foi baixa nos
estudos revisados, conforme destacado por Dalgaard (2007).

1.3.1.3 Potencial de acidificagdo na producéo de suinos

A etapa de criagdo animal juntamente com o manejo de dejetos
sdo apontados como principais responsaveis pelos impactos associados a
esta categoria de impacto, com a participacdo variando entre 59-84%
(BASSET-MENS; VAN DER WERF, 2005; DALGAARD, 2007;
KINGSTON; FRY; AUMONIER, 2009; RECKMANN; TRAULSEN;
KRIETER, 2013; SPIES, 2003).

A emissdo de NH; durante a aplicacdo dos dejetos no solo e a
volatilizacdo dentro das instalagdes e no armazenamento dos dejetos é a
principal fonte poluente com potencial de acidificagdo (BASSET-
MENS; VAN DER WERF, 2005; BAUMGARTNER; DE BAAN;
NEMECEK, 2008; KINGSTON; FRY; AUMONIER, 2009;
RECKMANN; TRAULSEN; KRIETER, 2013). O restante é gerado
pelas emissdes do oOxido nitroso e didxidos sulfuricos causados pelo
consumo de energia (DALGAARD, 2007; KINGSTON; FRY;
AUMONIER, 2009), embora estas sejam pouco significantes
(KINGSTON; FRY; AUMONIER, 2009).

O uso de técnicas modernas de filtragem da ventilacdo do ar para
captacdo da amonia nas instalacGes, assim como eficientes técnicas para
a aplicacdo dos dejetos podem levar a uma significativa reducdo do
potencial de acidificacdo, como demonstrado por Cederberg e Flysjo
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(2004). O filtro da ventilacdo do ar capta as emissGes da amdnia em até
75% e apds serem lavados sdo transformados em sulfato de amonia e
tratados como dejetos (CEDERBERG; FLYSJO, 2004).

1.3.2  SENSIBILIDADE E INCERTEZAS EM ESTUDOS DE ACV

Uma das principais dificuldades apontada na comparagdo de
resultados de uma ACV esté na incerteza gerada pela natureza intensiva
dos dados que restringem as conclusdes de um estudo; no uso de uma ou
de diferentes categorias de impacto que pode mascarar uma Visdo mais
ampla do impacto ambiental de um produto (ex. esconder trade-offs); e,
nas escolhas metodoldgicas e 0s pressupostos assumidos que sdo
subjetivos, i.e., dependendo das escolhas do especialista em ACV a
comparagdo pode ser prejudicada (FINNVEDEN et al., 2009;
RECKMANN; TRAULSEN; KRIETER, 2012). Ainda, a comparagao
de estudos é limitada pelas diferentes interpretacbes que a norma
permite.

As incertezas na ACV podem ser classificadas em trés grupos: (i)
incertezas nos parametros, as relacionadas aos valores de entrada (erros
de medicgdo, variabilidade e ou escassez de dados); (ii) incertezas do
cenario, se referem as escolhas na definicdo e modelagem dos cenérios
(inclui escolhas metodoldgicas); e, (iii) incertezas do modelo, devido
aos modelos matematicos usados na tentativa de expressar a realidade
(ex. fatores de emissdo, métodos de AICV) (HUIJBREGTS et al., 2003;
LLOYD; RIES, 2007).

Para diminuir as incertezas na tomada de decisdo, a norma
recomenda que as entradas e saidas de um estudo sejam submetidas a
analises de sensibilidade e incertezas. Por exemplo, em situagdes na qual
mais de um procedimento de alocacdo for aplicavel, uma andlise de
sensibilidade deve ser conduzida para explicitar as consequéncias nos
resultados da alteracdo da abordagem de alocacéo (I1SO, 2006b).

A ISO 14044 define a andlise de incertezas como um
procedimento usado para avaliar como a imprecisdo nos dados e
pressupostos pode afetar a confiabilidade dos resultados, enquanto que,
a analise de sensibilidade € utilizada para determinar o quanto mudancas
nos dados e escolhas metodoldgicas podem afetar os resultados (1SO,
2006b). Deste modo, pode-se dizer que a anélise de sensibilidade auxilia
na verificagdo da consisténcia dos dados usados e dos pressupostos
assumidos.

Segundo Coelho e Brito (2013), a anélise de sensibilidade é
importante quando os dados de entrada em um inventario estdo sujeitos
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a incertezas, o que em estudos de ACV é comum devido a natureza
complexa desta metodologia.

A ACV é um método quantitativo que tem como finalidade
modelar sistemas complexos, tais como 0 ecossistema industrial (i.e.,
tecnosfera) e sua relacdo com a biosfera (CLAVREUL et al., 2013;
MULLER et al., 2014). Desta maneira, os resultados da ACV dependem
de muitas escolhas e grandes quantidades de dados, agregando
incertezas devido a falta de conhecimento da dindmica real do
mecanismo ambiental (CLAVREUL et al.,, 2013; MULLER et al.,
2014).

Diante desta complexidade, Reap et al. (2008a; 2008b),
destacaram quinze principais problemas relacionados a metodologia,
dividindo-os pelas fases da ACV (ver Fig I-2, pagina 42). No Quadro
1-3 podem ser visualizados os principais problemas relacionados com a
definicdo de objetivo e escopo e analise de inventario de ciclo de vida.
Enquanto o Quadro I-4 apresenta os problemas associados a avaliagdo
de impactos e a interpretagéo dos resultados da ACV.

Segundo Reap et al. (2008b), os principais problemas na etapa de
definicdo de objetivo e escopo ocorrem de trés escolhas metodoldgicas:
unidade funcional, fronteira de sistema, e inclusdo ou exclusdo de
aspectos econdmicos e sociais, enquanto na andlise de ICV, estes
problemas estéo relacionados a alocacéo.

A unidade funcional (UF) em um estudo de ACV representa o
“desempenho quantificado de um sistema de produto para utilizacdo
como uma unidade de referéncia” (ISO, 2006a), i.e., os dados coletados
na fase de ICV deverdo ser tratados e quantificados para representar a
guantidade de insumos necessarios para atender a esta UF. Esse
elemento é obrigatdrio em estudos de ACV, pois garante a comparagdo
dos resultados de diferentes cenarios, e é definido a partir da funcéo de
um produto. A escolha de uma UF ndo é uma tarefa simples, pois um
produto frequentemente desempenha mais de uma fungéo, e algumas séo
dificeis de serem quantificadas (BAUMANN; TILLMAN, 2004).
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Exemplos em que os resultados da ACV podem ser alterados de
acordo com a definicdo da UF podem ser encontrados em (BASSET-
MENS; VAN DER WERF, 2005; PRUDENCIO DA SILVA, 2011;
PRUDENCIO DA SILVA et al., 2014; RENOU et al., 2008). Nestes
estudos foram comparados diferentes sistemas considerando duas UFs
(kg de carne versus 1 hectare de area usada — em Basset-Mens e van der
Werf (2005)), enquanto (PRUDENCIO DA SILVA, 2011;
PRUDENCIO DA SILVA et al., 2014) comparam kg de carne com a
funcdo de retorno econdbmico (i.e. 1000€ de receita). Em ambos
trabalhos, dependendo da UF, foram observadas inversdo dos cenérios
mais favoraveis com relacdo a reducdo dos impactos ambientais.
Entretanto, no estudo realizado por Renou et al. (2008), a variagdo da
UF ndo alterou as conclusbes da ACV, embora tenham alterados os
valores absolutos.

Com relagdo a alocagdo, a norma ISO 14040 define como
“reparticdo dos fluxos de entrada ou saida de um processo ou sistema de
produto entre o sistema de produto em estudo e outro (s) sistema (s) de
produto (s)” (ISO, 2006a). Portanto, a alocacdo é a atribui¢do das cargas
ambientais associadas aos diferentes produtos que sdo produzidos
paralelamente em um mesmo processo elementar. De acordo com
Baumann e Tillman (2004), a alocagdo € necessaria em:

e Processos elementares com multiplas saidas;

e Em processos de tratamento de residuos com mdaltiplas entradas
de produtos, ex., em aterros na qual sdo dispostos uma ampla
variedade de produtos e que resultam em um mesmo lixiviado,
neste caso, quanto de lixiviado é proveniente de residuos
alimentares?

e Em reciclagem de ciclo-aberto em que um subproduto é reciclado
em um produto diferente, uma vez que pode envolver a perda de
gualidade.

A escolha do procedimento de alocagdo em processos
multifuncionais é a questdo mais controversa em estudos de ACV
(CHERUBINI;  STROMMAN; ULGIATI, 2011; WEIDEMA,;
SCHMIDT, 2010). A norma recomenda que sempre que possivel seja
evitado o uso da alocagdo por meio da expansdo do sistema (ISO,
2006b). Entretanto, a hierarquia da recomendacdo em relacdo a
abordagem de alocacdo a ser usada quando ndo é possivel o uso da
expansdo do sistema ndo é clara na norma ISO e muitas vezes também
ndo é facil de ser aplicada (PELLETIER et al., 2015). A falta de
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transparéncia da ISO quanto as razbes para a hierarquia das
recomendacdes também é um ponto criticado (PELLETIER et al.,
2015).

A escolha da abordagem preferivel é tdo controversa que as
hierarquias de abordagem para lidar com processos multifuncionais
diferem entre metodologias desenvolvidas com base na ISO 14040-44,
como pode ser observado no Greenhouse Gas Protocol (WRI/WBCSD,
2011), na PAS 2050 (BSI, 2011) e na norma francesa BP X30-323
(ADEME, 2010), para maiores detalhes neste topico veja Pelletier et al.
(2015).

Na comunidade cientifica podem ser identificadas trés diferentes
escolas com relagdo ao entendimento da melhor abordagem para lidar
com processos multifuncionais: (i) defensores da modelagem
consequencial, i.e., expansdo do sistema; (ii) abordagem com base nas
ciéncias naturais (privilegiando solugcdes de alocacdo de causalidade
fisica); (iii) abordagem com base nas ciéncias socioecondmicas
(privilegiando alocacgao econémica) (PELLETIER et al., 2015).

Cada abordagem apresenta suas vantagens e desvantagens e
consequentemente tem seus defensores e criticos (tema descrito
detalhadamente em Pelletier et al. (2015)). De acordo com Heijungs e
Guinée (2007), o uso da expansdo do sistema e/ou o método de
substituicdo™ é baseado em um niimero grande de pressupostos, e que,
como uma ferramenta cientifica, ndo deveria ser colocado como a
primeira opcdo. De maneira contrastante, Weidema e Schmidt (2010),
defendem que somente na expansdo do sistema os balancos de carbono e
energia sao respeitados.

Dentre as diferentes opinides e logicas por tras das diferentes
escolas, entende-se que a melhor definigdo é a de Guinée, Heijungs e
Huppes (2004):

O problema da multifuncionalidade é um artefato
do querer isolar uma funcéo das demais. Como
artefatos s6 podem ser tratados de maneira
artificial, ndo existe uma maneira ‘correta’ de
resolver o problema de multifuncionalidade, nem
mesmo na teoria.

12 Alguns autores argumentam que a expansao do sistema e 0 método de substituigdo
sdo conceitos equivalentes (EKVALL; FINNVEDEN, 2001; EKVALL; TILLMAN,
1997; TILLMAN et al., 1994). Embora, equivalente ndo significa igual, assim como,
também ndo ird gerar os mesmos resultados, 0s conceitos podem ser compativeis
(HEIJUNGS, 2014; WARDENAAR et al., 2012).



59

Neste caso, cabe novamente ao julgamento do especialista em
ACV definir qual a melhor abordagem para lidar com problemas de
multifuncionalidade em processos elementares. Diante disso, a
justificativa pela abordagem utilizada apresentando os pressupostos por
trds da escolha torna-se um elemento importante para a consisténcia da
ACV sob analise, 0 que ndo ocorre na maioria dos casos como
identificado por Pelletier et al. (2015).

Percebe-se na literatura esforgos para diminuir e compreender as
incertezas geradas pela escolha da abordagem de alocacéo, entre outros
pontos de incerteza, tais como dados e definicdo dos métodos de
avaliacdo de impacto do ciclo de vida (AICV). Neste sentido, o uso de
analises de sensibilidade é muito comum para demonstrar a diferenca
dos resultados de ACV de acordo com a abordagem utilizada para lidar
com problemas de multifuncionalidade. Por exemplo, Cederberg e
Flysjo (2004), por meio de uma andlise de sensibilidade avaliaram a
influéncia de dois procedimentos de alocacdo: econdmica (cenario base)
e por massa. As autoras também simularam um cenéario em que todos os
impactos da produgdo de gréos sdo destinados ao farelo de soja e canola.
Os resultados demonstraram que variando os procedimentos de alocagdo
0S impactos no uso de energia podem aumentar em até 4%. E quando
ndo considerada a alocagdo dos subprodutos do processamento dos
grdos, o uso de energia teve um aumento de até 11%.

Ja Wiedemann et al. (2010), conduziram uma andlise de
sensibilidade nos procedimentos de alocacdo e nos fatores de emisséo
utilizados para o célculo do metano e do oxido nitroso. Os resultados
apontaram que a sensibilidade na alocacdo pode gerar uma variacdo de
até +16% para alocagdo econdmica e -26% para expansdo do sistema
para os resultados dos impactos de mudancas climéticas do cenario base.

Analises de sensibilidade na abordagem de alocacdo também
foram realizadas por Cherubini, Stremman e Ulgiati (2011) para uma
biorrefinaria lignocelul6sica, demonstrando que os resultados néo
alteraram o ranking nos impactos dos coprodutos, embora tenham
apresentado diferencas na importancia relativa de cada coproduto, em
termos de emissdes de gases de efeito estufa (GEE). Curran (2007), em
um estudo hipotético analisou vérias abordagens de alocacdo e
demonstrou que o ranking na comparacdo de cenarios ndo é alterado
para aquele caso em especifico, i.e., 0 produto A é preferivel ao B,
independente da metodologia de alocacdo. Resultados parecidos foram
obtidos por Kaufman et al. (2010).

Com relagéo as duas Ultimas fases de um estudo de ACV (Quadro
I-4), as maiores fontes de incertezas estdo associadas a etapa de
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avaliacdo de impacto, principalmente devido a variacdo espacial e as
especificidades ambientais locais consideradas em cada metodologia
usada pelos métodos de avaliagdo de impacto do ciclo de vida (AICV)
(REAP et al., 2008b).

A AICV tem como finalidade transformar os aspectos ambientais
descritos no inventario do ciclo de vida em potenciais impactos ou
danos ambientais. Para tanto, sdo utilizadas metodologias que modelam
0 caminho entre a emissdo/consumo de uma substancia/matéria-prima
dentro do mecanismo ambiental (EC-JRC, 2010b).

Dentro da cadeia de causa-efeito 0s aspectos ambientais podem
ser transformados em indicadores endpoint e representam os danos nas
dreas de protecdo (AoP), enquanto os indicadores midpoint ou
potenciais impactos ambientais sdo modelados considerando o caminho
percorrido pela substancia/matéria-prima até um determinado ponto
dentro da cadeia de causa-efeito.

Atualmente, existem varios métodos de AICV desenvolvidos para
serem utilizados em estudos de ACV, utilizando tanto abordagens em
nivel midpoint e endpoint ou combinando ambas abordagens
(HAUSCHILD et al., 2013). Estes métodos sdo desenvolvidos
considerando diferentes modelos de caracterizacdo e assumindo as
caracteristicas de diferentes regides. Logo, a escolha pelo método de
AICV influencia os resultados do estudo, pois a variabilidade e
especificidade local variam nos modelos de caracterizacdo de cada
método. No Quadro 1-5 sdo descritos os métodos de AICV mais
comumente utilizados em estudos de ACV e sua representatividade.
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Quadro 1-5. Métodos de AICV disponiveis.

| Método | Abordagem | Representatividade |

Global, exceto para acidificacdo e
CML-1A midpoint formagéo oz6nio fotoquimico
(Europa)
Eco-Indicator 99 endpoint Europa
EDIP97 e EDIP2003 midpoint il ((ggl'ﬁgggé)E“rOPa
- Global, excegdo impactos na
EPS 2000 endpoint biodiversidade (S?uécia)
IMPACT 2002+ midpoint/endpoint Europa
LIME midpoint/endpoint Japdo
LUCAS midpoint Canada
ReCiPe midpoint/endpoint Europa
Swiss Ecoscarcity 07 endpoint Suica
TRACI midpoint América do Norte
MEEuP midpoint Europa
USEtox midpoint Global
Ecological footprint endpoint Global
ILCD 2011 midpoint Europa

Nota: A lista ndo é exaustiva, havendo outros métodos disponiveis de AICV.
Adaptado: EC-JRC (2010c).

Diante deste contexto, o Joint Research Centre (JRC) por meio
de um projeto que contou com a colaboracdo de especialistas em ACV,
desenvolvedores dos métodos, especialistas da Comissdo Europeia,
representantes da industria e stakeholders em geral, realizou uma
avaliacdo dos métodos existentes para indicar as melhores préticas
existentes (HAUSCHILD et al., 2013). O resultado do projeto foi uma
séria de guias publicados (EC-JRC, 2010b; 2010c; 2011; 2012) e pode
ser resumido em um método de AICV (ILCD 2011, Quadro I-5) que
reline as categorias de impacto em nivel midpoint que sdo consideradas
satisfatérias e podem ser utilizadas com algumas ressalvas.

Na literatura cientifica, a importancia de validar os resultados de
uma ACV aplicando diferentes métodos de AICV tem sido destacada
por Bovea e Gallardo (2006). Os autores, amparados por uma andlise de
sensibilidade dos métodos de AICV em indicadores de pontuacéo Unica,
demonstraram que podem ser esperadas alteracfes no ranqueamento dos
cenarios de acordo com o método utilizado.

Analises de sensibilidade similares nos métodos de AICV na qual
foram observadas altera¢fes no ranking de cenérios foram realizadas por
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(CAVALETT et al., 2013; DREYER; NIEMANN; HAUSCHILD,
2003; NIERO et al., 2014).

Utilizando uma abordagem semelhante, Patterson et al. (2011),
conduziram uma analise de sensibilidade comparando o método Eco-
indicator 99 H/A com abordagem endpoint (i.e, normalizacdo e
ponderacdo), com o CML 2 (2001 baseline) método sem ponderagdo em
nivel midpoint. Embora a ordem entre o cenario mais favoravel em
relacdo ao menos favoravel ndo tenha alterado, os autores concluiram
que dependendo do método a diferenca em desempenho ambiental
diminui significativamente. Conclusdes iguais foi obtida por Owsianiak
et al. (2014), comparando trés métodos de AICV em nivel midpoint. Os
resultados ndo demonstraram diferencas aparentes no ranking dos
cenarios, embora a diferenca nos scores dos indicadores foi acima de 3
ordens de magnitude para algumas categorias de impacto.

Renou et al. (2008), visando entender como a robustez do estudo
pode ser afetada pelos modelos de caracterizagdo, realizaram uma
andlise de contribuicdo por etapas do ciclo de vida considerando 5
métodos de AICV. Os resultados demonstraram que 0s métodos
convergiram para indicar a etapa com maior participacdo nos impactos
ambientais, excecdo a categoria de toxicidade, na qual houve grande
variabilidade dos resultados, levando a conclusdes opostas quanto a
etapa mais impactante.

De acordo com Zhou, Chang e Fane (2011), algumas razdes para
as divergéncias dos resultados em uma analise de sensibilidade dos
métodos de AICV sdo: nivel de cobertura de diferentes fluxos de
materiais, diferentes modelos de caracterizacdo e diferenciacdo das
intervengBes ambientais entre os métodos de AICV.

No tocante as fontes de incerteza relacionada com a qualidade de
dados e a escolha dos modelos utilizados na ACV, o Quadro 1-6
apresenta de maneira detalhada alguns dos resultados encontrados por
Benedet (2007).
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Tipo de Incertezas Fase_as ACY
(Fig 1-2)
Imprecisio de Os instrumentos utilizadog para qnfilise dos processos
dados estudados podem gerar imprecisdo nos resultados 2
coletados.
§ Devido a complexidade e quantidade de dados
@ necessarios para avaliagdo de um sistema de produto,
(g Falta de dados alguns processos podem estar além do alcance do 2
& pesquisador.
g Vinculado a falta de dados, a lacuna nos dados ocorre
S Lacuna de deNV|do a variagdo do periodo de amostragem, no qual,
< dados s&o coletados os dados relevantes ao estudo de ACV. 2
) Pode também aparecer na perda ou descarte de dados
i
5] por algum motivo.
= Dados que néo representam completamente a realidade
do estudo. Quando sdo utilizados dados de processos
Dado néo semelhantes para preencher a falta de dados, estes 2
representativo podem ser pouco representativos devido: ano de
coleta, de origem geogréfica diferente, ou desempenho
técnico inadequado.
Variabilidade Dados_ de alguns anos altrés podem néo‘rep_re_senEar 0
atual sistema avaliado tdo bem, quanto a utilizagdo de 2
temporal .
% dados mais recentes.
g - Dados de regides diferentes do estudo em questdo
E Var'ab”'.d?de podem possuigr caracteristicas diferentes, meqsmo que 2
= espacia para parametros iguais.
= Relativo as tecnologias utilizadas no estudo e
2> | Variabilidade diferengas no desempenho entre processos 2
tecnoldgica equivalentes ao do sistema estudado (e.g. variagdes
especificas em processos técnicos comparaveis).
Incertezas de Utilizacdo de modelos impréprios podem ndo
- INELS
modelo representar a realidade do estudo.
Quando se lida com escolhas, estas geram incerteza
Incertezas devido as | nos resultados finais, por exemplo, escolha dos limites
- . S 1
escolhas do sistema, métodos de distribui¢éo, metas de
qualidade, etc.
Também conhecida como epistemoldgica, surge por
n&o saber realmente o que ird acontecer. E uma falta de
Incerteza subjetiva conhecimento no sist_ema comportamental ou de 3
aspectos relevantes ao sistema estudado, por exemplo,
a previsao do comportamento ao longo do tempo ou a
caracterizagéo de impactos potenciais.
Enganos Em qualquer fase de uma ACV, ou qualquer outro 1:2:3e4

estudo, enganos podem ocorrer e isto gera incertezas.

Adaptado: Benedet (2007).
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Exemplos de avaliagédo de incertezas devido a imprecisdo e falta
de dados sdo demonstrados em Basset-Mens e van der Werf (2005), na
qual os autores criaram um procedimento que denominaram de
variabilidade realistica para avaliar a incerteza de parametros:

1. Foram definidos um valor alto e um baixo em relagdo ao valor de
referéncia padrdo (de acordo com literatura e pesquisa junto a
painéis de especialistas);

2. Considerado um desvio padrdo de 1 do valor de referéncia. O
intervalo de incerteza ficou com cerca de dois tercos da
variabilidade global para o parametro em questdo, assumindo
uma distribuicdo normal. Valores correspondendo um melhor
desempenho técnico (alto desempenho e baixa taxa de conversao
alimentar) e baixas emissdes foram rotulados como favoravel,
inversamente, valores de baixo desempenho e altas emissGes
foram rotulados como desfavoraveis;

3. Depois foram colocados todos os valores favoraveis para 0s
pardmetros-chave anteriormente definidos para obter uma
variagdo favoravel de cada cenario, e da mesma maneira foi
realizado com os valores desfavoraveis para obter uma variante
desfavoravel de cada cenéario. Ainda foram elaboradas variantes
favoraveis e desfavoraveis de cada parametro separadamente.
Como resultados os autores concluiram que a incerteza foi de +

50% para a categoria de impacto de potencial de aquecimento global
principalmente devido a incertezas relacionadas as emissdes no campo
(BASSET-MENS; VAN DER WERF, 2005).

De maneira similar, Coelho e Brito (2013) modelaram dois
cenarios adicionais na avaliacdo de residuos de construcdo e demolicéo,
variando os dados de entrada no inventario, e obtiveram uma diferenga
em relacdo aos resultados do cenario base, de 200% e 228% em média
para balango energético e de emissdes de CO, eq., respectivamente.

Cellura, Longo e Mistretta (2011), em um estudo sobre telhas
ceramicas identificaram as principais fontes de incerteza e realizaram
uma analise de sensibilidade para avaliar os efeitos do uso de dados
secundarios, da escolha de métodos de AICV e dos fatores de
caracterizacdo. Os resultados usando varios dados secundarios na etapa
de cozimento da telha alcancou a variacdo de até 433% para a categoria
de formacdo de ozbnio fotoquimico, enquanto a sensibilidade pelos
diferentes métodos de AICV foi de 86% para mesma categoria de
impacto, quando comparadas aos valores obtidos pelo cenario base.
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1.3.3  MODELOS ESTATISTICOS NO CONTEXTO DA ACV

Nas ferramentas comerciais de auxilio a estudos de ACV, tais
como o software SimaPro® e GaBi®, é possivel realizar uma analise de
Monte Carlo, método estatistico de propagacdo de incertezas que pode
ser realizado a partir do desvio padrdo, desvio padrdo geométrico,
médias e valores minimos e maximos dos dados quantificados pelo
inventario do ciclo de vida.

A analise de incertezas presente nos softwares assume
distribuicbes de probabilidade para cada pardmetro (e.g. normal,
uniforme, triangular e lognormal) e s&o facilitadas pelas atuais bases de
dados, como por exemplo, a base do ecoinvent® que fornece
informagfes sobre a incerteza de cada parametro. Os fatores de
incertezas do ecoinvent® sdo estimados a partir de uma avaliacdo
gualitativa das caracteristicas dos dados em uma matriz pedigree que
gera um desvio padrdo geométrico default para cada parametro
(CIROTH et al., 2013).

A simulacdo de Monte Carlo, usada nos softwares, consiste em
uma amostragem randdémica da probabilidade de incerteza de cada
parametro (MULLER et al., 2014). Neste método estatistico, a partir da
definicdo da distribuicdo dos pardmetros avaliados sdo geradas
amostragens aleatdrias que determinam a probabilidade do valor ‘real’
estar dentro de um determinado intervalo. De modo resumido, a
simulacdo de Monte Carlo a partir de artificios matematicos ira gerar
novas amostragens diminuindo a necessidade de novas medi¢des do
pardmetro analisado.

Com relacdo ao uso de métodos estatisticos na literatura
cientifica, Lloyd e Ries (2007), desenvolveram uma pesquisa
demonstrando os principais métodos utilizados para avaliar as incertezas
em estudos de ACV, como os dados séo apresentados e qual a principal
fonte de incerteza.

Quando analisados os modelos usados para avaliar a incerteza de
cenario (i.e., devido a escolhas, ver classificacdo incertezas acima), 0s
métodos estatisticos mais utilizados sdo os de amostragem (LLOYD;
RIES, 2007). De acordo com os autores, métodos estocasticos, como o
Monte Carlo, sdo muito efetivos para avaliar a probabilidade dos
resultados de estudos de ACV.

Com relagdo aos modelos analiticos de propagacdo de incertezas
(ex. expansdo em série de Taylor), de acordo com Lloyd e Ries (2007),
0s métodos ndo fornecem estimativas confidveis e exigem solugdes
numéricas complexas. Embora, (HEIJUNGS; LENZEN, 2014; HONG
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et al., 2010) tenham recentemente utilizado modelos analiticos para
avaliar as incertezas associadas a parametros de entrada em bases de
dados e demonstrado algumas vantagens dos métodos, tais como
velocidade computacional para obter os resultados.

Uma limitacdo da abordagem apresentada por Hong et al. (2010),
é a necessidade de aproximar os dados para uma distribuicdo lognormal,
que ndo sdo capazes de representar valores negativos, 0 que
inviabilizaria sua aplicacdo em ICV que considerem impactos evitados
(ou método de substituicdo). Além disso, a abordagem descrita pelos
autores ndo considera variagdes devido a abordagem de alocacéo.

Outro procedimento estatistico utilizado para avaliacdo de
incertezas em parametros de ICV foi descrito por Canter et al. (2002),
por meio de uma analise de variancia (ANOVA), com teste F para
verificar a existéncia de diferencas entre as médias de diferentes
alternativas com 95% de intervalo de confianga de um teste de Tukey.

Procedimentos estatisticos para avaliar as incertezas em métodos
de AICV foram observados no trabalho de Geisler, Hellweg e
Hungerbihler (2005), na qual os autores utilizaram uma simulagéo de
Monte Carlo considerando diferentes fatores de caracterizagdo
disponiveis no método CML-IA (i.e., CML-IA baseline e non-baseline).

Aliando a sensibilidade com uma analise de incertezas, Hung e
Ma (2009), desenvolveram um procedimento estatistico com base em
uma simulacdo de Monte Carlo para avaliar as incertezas geradas pelo
ICV, AICV, normalizacdo e ponderagdo. Entretanto, os autores ndo
analisaram a incerteza devido a abordagem de alocacgéo. Os resultados
demonstraram que os métodos de AICV sdo uma importante fonte de
incerteza, embora os resultados tenham tido grande influencia das etapas
de normalizag&o e ponderacdo, etapas essas ndo consideradas nesta tese.

No tocante a apresentagdo dos resultados, a maioria dos estudos
utiliza indicadores de comparacdo (ex. resultados do Monte Carlo
fornecidos pelo SimaPro®), lista das caracteristicas estatisticas das
incertezas, avaliacdo da contribuicdo das incertezas individuais e por
meio da andlise de componentes principais. Somente cinco tipos de
graficos foram utilizados, como barra de erros, histogramas, box e
whisker plots e funcdo de distribuicdo cumulativa (LLOYD; RIES,
2007).
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1.3.4 CONSIDERACOES DA REVISAO BIBLIOGRAFICA

A partir da revisdo bibliogréafica, alguns topicos podem ser
destacados. No tocante a suinocultura, a etapa agricola representa a
maior parcela dos impactos ambientais. Nguyen, Hermansen e
Mogensen (2011), destacam que em média 96% dos impactos
ambientais sdo provenientes desta fase. O grande gargalo desta etapa é a
producdo da racdo, cuja composi¢cdo desempenha papel fundamental
para a geracdo de impactos, embora 0 manejo dos dejetos também
represente um importante passivo, principalmente com relagdo aos
impactos potenciais de acidificacdo. A escolha dos ingredientes da racdo
influencia muito nos impactos pela composi¢do da dieta animal como
conteldo de proteina bruta, mas também relacionada a origem dos
grdos, uma vez que, o impacto ambiental da produgdo desses difere
entre regides (ELFERINK; NONHEBEL; MOLL, 2008).

De acordo com Dalgaard (2007), o conteido de proteina na racéo
tem impacto nas emissdes em varias etapas do ciclo de vida, e tem efeito
em diversas categorias de impacto. Por exemplo, um alto contetdo
proteico resulta em aumento do uso de farelo de soja e diminuicdo do
uso de outros grdos, 0 que ira aumentar o potencial de mudancas
climaticas por kg de carcaca suina, embora tenha o potencial de diminuir
o0s impactos de eutrofizagdo e acidificacéo.

O menor uso dos produtos derivados da soja tem se demonstrado
uma alternativa interessante na redugdo dos impactos. Quando
substituidos por fontes de proteinas alternativas como o aproveitamento
de residuos do processamento de indUstrias de alimentos vegetais e/ou a
base de vegetais, tais como, residuos de oleaginosos, casca de batata,
melaco, dentre outros (ELFERINK; NONHEBEL; MOLL, 2008; KOOL
et al., 2009).

A composicdo da racdo também possui influéncia na eficiéncia
durante a alimentacdo animal, que quando aumentada pode diminuir a
guantidade de nutrientes nos dejetos e assim reduzir as emissdes pela
volatilizacdo do N na forma de dxido nitroso, amoénia e nitrato quando
aplicado no solo (BASSET-MENS; VAN DER WERF, 2005;
CEDERBERG; FLYSJO, 2004; DALGAARD, 2007; KOOL et al.,
2009; NGUYEN; HERMANSEN; MOGENSEN, 2010). Usar a
alimentacdo da maneira mais eficiente, alcancar o maior nimero de
leitbes por parto e melhorar as técnicas de manejo de dejetos, sdo
algumas das alternativas para reduzir os impactos da producdo suina
(KINGSTON; FRY; AUMONIER, 2009).
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Nguyen, Hermansen e Mogensen (2010), avaliaram algumas
alternativas para reducdo das emissdes de GEE e na demanda de energia
como: melhoria da conversdo alimentar, reduzir o tempo do transporte
do dejeto das instalagdes até o tanque de armazenamento, e 0
aproveitamento do biogas para gerar energia elétrica ou para aquecer
granjas. Os autores concluiram que, aplicando todas essas medidas na
Europa é possivel alcancar uma diminuicdo de 49% das emissdes de
CO, eq. e 61% na demanda de energia. O aproveitamento do biogas
possui um potencial de reduzir em 23% as emissdes dos GEE, reducédo
semelhante pelo uso de biodigestor foi encontrado por Dalgaard (2007).
Enquanto que pela melhoria na conversdo alimentar e praticas de
manejo dos dejetos pode se alcancar uma diminuicéo de 13,7% e 12,3%,
respectivamente (NGUYEN; HERMANSEN; MOGENSEN, 2010).

O melhoramento na producdo da carne de suino sob a perspectiva
ambiental, aparentemente estd associada a uma questdo de melhorias da
producdo de grdos. Deste modo, a taxa de conversdo alimentar € um
pardmetro chave na producdo animal, pois maiores consumos de
alimentos (alta taxa de conversdo) ocasionam maior demanda por graos,
e consequentemente, aumentam a necessidade por ocupacdo de terra,
consumo de energia e potencialmente maior uso de pesticidas.

No tocante as incertezas metodologicas, em especial as
relacionadas a abordagem para lidar com processos multifuncionais e
aos métodos de AICV, a revisdo de literatura demonstrou a dependéncia
dos resultados nas escolhas realizadas pelo especialista em ACV. Neste
sentido, varios autores (CELLURA; LONGO; MISTRETTA, 2011;
CHERUBINI; STROMMAN; ULGIATI, 2011; GEISLER; HELLWEG,;
HUNGERBUHLER, 2005; ZHOU; CHANG; FANE, 2011) destacaram
a importancia de considerar até que medida os resultados da ACV
podem ser afetados pelas incertezas devido as escolhas metodolégicas.

Com relacdo a abordagem para os problemas multifuncionais,
como apresentado por (CHERUBINI; STREMMAN; ULGIATI, 2011;
PELLETIER et al., 2015; WEIDEMA; SCHMIDT, 2010) ndo ha
consenso entre a comunidade cientifica e nas normas que surgiram
baseadas na ISO 14040-44. Diante deste impasse, Pelletier et al. (2015),
sugerem que cada decisdo seja justificada com base na hierarquia
apresentada pela ISO, enquanto Cherubini, Streamman e Ulgiati (2011)
recomendam que nos casos em que mais de um procedimento seja
aplicavel, uma analise de sensibilidade deve ser realizada.

Na fase de avaliacdo de impactos, atualmente existem varios
métodos de AICV sem uma escolha Obvia entre o melhor modelo
(FINNVEDEN et al., 2009) ou mesmo em qual abordagem (midpoint ou
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endpoint). Na literatura cientifica varios autores (ALVARENGA;
PRUDENCIO DA SILVA; SOARES, 2012; BOVEA; GALLARDO,
2006; CELLURA; LONGO; MISTRETTA, 2011; DREYER;
NIEMANN; HAUSCHILD, 2003; PIZZOL et al., 2011; RENOU et al.,
2008; ZHOU; CHANG; FANE, 2011) tém demonstrado a alteracdo das
conclusdes de uma ACV dependendo do método de AICV utilizado.
Deste modo, é recomendado que seja ao menos realizada uma analise de
sensibilidade nos modelos de caracterizacdo para uma tomada de
decisdo mais consistente.

De acordo com Lloyd e Ries (2007), para obter resultados mais
confidveis € preciso incorporar os valores e preferéncias dos
stakeholders, as incertezas de cenarios (i.e. escolhas) e de modelo,
selecionar distribuicGes adequadas, manter a correlagdo entre parametros
e respeitar conservagdo de massa e energia.

Em relagdo aos procedimentos para estimar a variabilidade dos
resultados, na literatura foi perceptivel o maior uso de andlises de
sensibilidade, enquanto procedimentos estatisticos sdo mais aplicados a
pardmetros (i.e. dados de ICV). A andlise de sensibilidade é um
procedimento Util para verificar a consisténcia das escolhas do
especialista e da influencia de pressupostos.

No entanto, em determinadas situacBes o uso dessa abordagem
pode levar a uma decisdo enganosa, pois somente demonstra o quanto o
resultado é sensivel a uma variacdo de parametros e nao a incerteza nos
resultados. Por exemplo, Huijbregts (1998), demonstrou que embora a
andlise de sensibilidade ndo altere o ranking da preferéncia em uma
comparacao de cenarios, por meio de uma analise estatistica é possivel
perceber que em algumas situagbes ndo h& diferengas entre as
alternativas comparadas, i.e., ndo ha diferencas entre o produto A e 0 B,
desta maneira ndo ha como apontar o produto menos impactante. O que
reforca a necessidade da inclusdo de métodos estatisticos para avaliar a
incerteza gerada também por julgamentos de valor.

Os resultados de uma ACV, quando ndo acompanhados de uma
andlise estatistica podem dar margem para uma decisdo errada, na qual
sdo observadas diferengas aparentes entre 0s cenarios comparados, mas
estatisticamente a diferenca é insignificante quando consideradas as
incertezas de modelo, pardmetro e de escolhas (HUIJBREGTS et al.,
2003).

Quanto ao uso de modelos estatisticos, os métodos de
amostragem, como o Monte Carlo parecem ser os mais adequados para
as necessidades da ACV. E preciso destacar que além das fontes de
incertezas supracitadas, pode-se incluir a escolha pelo principio
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utilizado na modelagem de ICV: atribucional™e consequencial™, que
influencia diretamente em quais dados deverdo ser coletados, dados
médios ou dados marginais, respectivamente (DALGAARD et al., 2008;
FINNVEDEN et al., 2009; RECKMANN; TRAULSEN; KRIETER,
2012). Estas incertezas ndo foram consideradas em nenhum dos estudos
levantados na revisdo e também nao serdo abordados na presente tese.
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Capitulo 1. Life cycle assessment of swine production in
Brazil: A comparison of four manure management systems
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Abstract: Population growth and the consequent increase in food demand will
certainly intensify the threat to the environment. Brazil, the fourth largest
producer and exporter of swine meat, has an important role to ensure the
fulfillment of the goals of food security and climate change mitigation.
Therefore, the aim of this study was to evaluate the environmental impact of
swine production in Brazil based on life cycle assessment, comparing four
manure management systems: liquid manure storage in slurry tanks; the
biodigestor by flare; the biodigestor for energy purposes; and composting.
Additionally, we performed a Monte Carlo simulation to evaluate the
uncertainty due to different emissions factors to estimate nitrogen-related
emissions from the manure-handling stage. The functional unit considered was
1000 kg of swine carcass in the equalization chamber for cutting or further
distribution. The results indicated an environmental profile of swine production
in Brazil of 3503.29 kg of CO2 eq. for climate change, 76.13 kg of SO2 eq. for
terrestrial acidification, 2.15 kg of P eq. for freshwater eutrophication, 12.33 kg
of N eq. for marine eutrophication, 21521.12 MJ for cumulative energy
demand, 1.63 kg of 1.4-DB eq. for terrestrial ecotoxicity, 1706.26 BDP for
biodiversity damage potential and 14.99 m? for natural land transformation.
Feed production had a significant contribution with a range of 17.6-99.5% for
all environmental impact categories. Deforestation represented 9.5 and 31.3% of
the total impacts for cumulative energy demand and climate change,
respectively. Therefore, avoiding the use of grain from deforested areas can
significantly decrease the impacts for these impact categories. Regarding the
uncertainty analysis, we observed greater variations for terrestrial acidification
in slurry tanks, biodigestor by flare and for energy purposes, while for the case
of composting, major uncertainties were observed for climate change. For
manure management systems, efforts should be made to reduce the emissions of
methane in the storage and ammonia in the field application. In this sense, the

5 Artigo publicado no Journal of Cleaner Production, v. 87, p. 68-77, 2015. DOI:
10.1016/j.jclepro.2014.10.035
Alteracdes devido a atualizacdo de dados foram destacados em cinza.
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comparative life cycle assessment indicated that the biodigestor for energy
purposes had the best environmental performance for almost all the
environmental impacts, mainly due to the biogas capture and the potential of
energy saves. Nevertheless, if the goal is to decrease the impacts for terrestrial
acidification and marine eutrophication, the slurry tanks is the most preferable
scenario compared to all alternative options.

Key-words: life cycle assessment, LCA, swine production, manure
management systems, uncertainty analysis.
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RESUMO EXPANDIDO EM PORTUGUES

Introducdo. O objetivo deste capitulo é avaliar o impacto ambiental da
producao de suinos no Brasil, com base na metodologia de avaliagéo do ciclo de
vida (ACV), comparando quatro sistemas de manejo de dejetos: esterqueiras,
biodigestor por flare, biodigestor para fins energéticos e compostagem.
Adicionalmente foi realizada uma simulacdo de Monte Carlo para avaliar as
incertezas devido aos diferentes fatores de emissdo utilizados para estimar as
emissBes de nitrogénio no manejo destes dejetos.

Material e métodos. A fronteira do sistema da ACV considera a producéo e
beneficiamento dos grédos utilizados na ragdo, criacdo animal e termina na etapa
de abate com a carcaga suina eviscerada e congelada. A unidade funcional é
1000 kg de carcaga suina na camara de equalizacdo para cortes e posterior
distribui¢do. O inventario do ciclo de vida (ICV) foi elaborado com base em
dados de propriedades integradas de uma agroindustria brasileira e com base na
literatura. Dados relacionados a caracterizacdo de dejetos e emissdo de CO,,
CH,, N,O, N,, NO;, NH; NO, e P foram estimados de acordo com
(DAMMGEN; HUTCHINGS, 2008; HAMELIN et al., 2010, 2011;
HUTCHINGS et al., 2013; IPCC, 2006; NEMECEK; KAGI, 2007; TAVARES
etal., 2014a, 2014b; UNFCCC, 2012) — ver APENDICE A.

O cenario base (Sce.Ref) considera 0 manejo de dejetos por esterqueiras com
tempo de armazenamento de 120 dias. No cenario de biodigestor por flare
(Sce.Flare) e para fins energéticos (Sce.CHP), os dejetos sdo armazenados por
40 dias em um biodigestor e depois por 80 dias em esterqueiras. No Sce.Flare, é
considerada uma eficiéncia do flare de 90%. No Sce.CHP, a produgdo de
energia elétrica e térmica € considerado como um impacto positivo para o
cenario. No sistema de manejo por compostagem (Sce.Comp), foi assumido o
uso de serragem como substrato com uma taxa de aplicagdo de 10 litros-kg™ e
tempo de armazenamento de 135 dias.

Os procedimentos de atribuicdo de impactos adotados foram o de: alocacéo
econdmica no processamento de grdos; alocagdo por massa na producéo de
leitdes (PP) e no abate; e 0 método de substituicdo para os dejetos aplicados no
solo (todos cenérios) e eletricidade e calor (Sce.CHP). O uso do dejeto como
fertilizante orgénico evita a producéo de fertilizante quimico; enquanto o uso do
biogas para fins energéticos evita o consumo de energia elétrica da rede
brasileira e de madeira para aquecimento de aviarios.

A avaliacdo do impacto do ciclo de vida (AICV) foi realizada utilizando o
método ReCiPe (H). As categorias de impacto avaliadas foram: (i) mudangas
climaticas; (ii) acidificacdo terrestre; (iii) eutrofizacdo de &gua doce; (iv)
eutrofizacdo marinha; (v) ecotoxicidade terrestre; e (vi) transformacéo de terra
natural. Adicionalmente foi avaliada a demanda acumulada de energia e o
potencial de danos a biodiversidade.
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A avaliaco das incertezas dos pardmetros de entrada nos modelos de estimativa
de emissdes na etapa de manejo de dejetos foi realizada a partir de pesquisa dos
fatores de emissdo disponiveis na literatura. Foram estabelecidos valores
maximos e minimos para uma simulagdo de Monte Carlo (MC), assumindo uma
distribuicdo uniforme. A simulacdo de MC foi realizada no SimaPro®,
considerando 10000 simulagfes independentes e um intervalo de confianga de
95%.

Resultados e discussdes. Os resultados demonstraram que o perfil ambiental da
producdo de 1000 kg de carcaga suina no Brasil é de 3503,29 kg CO, eq. para
mudancgas climaticas; 76,13 kg SO, eq. para acidificagao terrestre; 2,15 kg P eq.
de eutrofizagdo de &guas doces; 12,33 kg N eq. de eutrofizagdo marinha;
21521,12 MJ para demanda acumulada de energia; 1,63 kg 1.4-DB eq. para
ecotoxicidade terrestre; 1706,26 BDP para o potencial de danos a
biodiversidade e 14,99 m2 para transformacéo de terra natural.

Analisando os impactos por etapas do ciclo de vida, a produc¢do de racéo foi a
principal responsavel pelos impactos ambientais (17,6-99,5%); seguido pelo
sistema de manejo de dejeto (1,6-78,6%). A producdo da racdo foi a mais
impactante para quase todas as categorias, exce¢do para eutrofizagdo de aguas
doces e ecotoxicidade terrestre na qual o manejo dos dejetos foi a etapa com
maior participacdo nos impactos. Para 0s impactos sobre as mudangas
climéticas o desmatamento para o cultivo dos grdos contribuiu com a emissdo
de 31,3% do total de CO, eq. O CO, foi o principal responsavel pelos impactos
desta categoria com 63,1% do total. As emissbes de CH, e N,O participaram
com 18,5% e 18,3%, respectivamente.

O potencial de acidificacdo terrestre foi quase que exclusivamente pelas
emissdes de amonia (91,8%) seguida pelas emissdes de NO, e SO,. Para
eutrofizacdo de &guas doces, o P lixiviado foi o maior responsavel pelos
impactos, enquanto a eutrofizacdo marinha foi causada pelas emissdes de NO,
(76,3%) e NH; (21,3%). A ecotoxicidade terrestre foi devido a presenca de
cobre (61,5%) e zinco (19,9%) nos dejetos durante a aplicagdo no solo. Os
danos a biodiversidade foram principalmente devido aos cultivos de milho
(49,0%) e de soja (45,8%). A producdo da soja foi também o grande
responsavel pela transformacdo natural de terra (83,5%), embora este resultado
esteja diretamente associado aos pressupostos assumidos na modelagem do
sistema produtivo.

Com relagdo a avaliacdo de incertezas, as maiores variagdes foram observadas
para a categoria de acidificagdo terrestre no Sce.Ref, Sce.Flare e Sce.CHP,
enquanto que no Sce.Comp, a categoria mudancas climaticas foi a mais afetada
pelas incertezas nos fatores de emissdo com um coeficiente de variagdo de
5,6%. Comparando os sistemas de manejo de dejetos, por meio da simulagéo de
Monte Carlo é possivel afirmar que o Sce.CHP em 100% dos casos resultara em
menos impactos para mudancas climaticas, eutrofizacdo de aguas doces,
demanda acumulada de energia, ecotoxicidade terrestre, danos a biodiversidade
e transformacao de terra natural, quando comparados aos demais cenarios.
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Conclusdes. A ACV demonstrou que o biodigestor para fins energéticos possui
0 desempenho ambiental mais favoravel para quase todas as categorias de
impacto, principalmente devido a captura do biogas e o potencial de evitar a
producdo de energia de outras fontes. Entretanto, se o objetivo é reduzir os
impactos da acidificacdo terrestre e da eutrofizagdo marinha causada pela
producdo de suinos, 0 manejo por meio de esterqueiras foi o que demonstrou
menores impactos quando comparados com as demais alternativas. Para reduzir
0s impactos na etapa de manejo de dejetos do sistema atual (i.e. esterqueiras),
esforgos devem ser direcionados para reduzir as emissdes de metano no
armazenamento e da amdnia na aplicacdo dos dejetos no solo. Os resultados
demonstraram a necessidade de desenvolver fatores de emissao especificos para
a realidade brasileira, pois as emissdes associadas aos dejetos possuem uma
contribuigdo significativa para quase todas as categorias de impacto.
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1.1 INTRODUCTION

The agricultural sector, especially livestock production, has a
significant impact on the environment, being responsible for 18% of
worldwide carbon dioxide (CO,) equivalent emissions (DE VRIES; DE
BOER, 2010; STEINFELD et al., 2006). In the European Union (EU-
27), the consumption of meat and dairy products contributes on average
to 24% of the environmental impacts, of which swine meat represents
19-44% (WEIDEMA et al., 2008). Swine production is a recognized
pollution source due to the large generation of manure and the large
consumption of grain for animal feed.

In 2013, the average herd for Brazilian swine production was
38.578 million animals, making Brazil the fourth largest producer and
exporter of swine meat in the world (USDA, 2013). In the last decade,
production has expanded into the central west region, becoming a
potential stage for further environmental impacts (KUNZ; MIELE;
STEINMETZ, 2009); however, the state of Santa Catarina (in southern
Brazil) is the second major producer in the country, with 17.1% of the
national herd (IBGE, 2014). The Environmental Agency of Santa
Catarina State (FATMA), through the Normative Instruction
n0.11/2004, establishes 50 m* ha® year™ as the maximum amount of
manure for use in arable land, but depending on the soil requirements
for nutrient fertilization, the application rate of manure can be lower
(FATMA, 2014).

The most common manure management system (MMS), which is
used in 80% of integrated farms, is the storage of manure in open slurry
tanks without a natural crust cover, while the biodigestor with flare is
used in nearly all of the remaining 20% of farms (HIGARASHI et al.,
2013; KUNZ; HIGARASHI; OLIVEIRA, 2005). In both of the MMS,
the manure is then applied on land as organic fertilizer. The use of
biodigestor has grown in Brazil mainly due to the potential reduction of
greenhouse gas (GHG) emissions by the conversion of methane (CHy)
emissions into carbon dioxide in the burning processes (i.e., flares) or
into heat or electrical energy (AMON et al., 2006; CANTRELL et al.,
2008; MASSE; TALBOT; GILBERT, 2011; MURPHY; MCKEOGH;
KIELY, 2004; OLIVEIRA, 2004b). Some studies (AMON et al., 2006;
CHANTIGNY et al., 2007; VALLEJO et al., 2006) have demonstrated
that the use of an anaerobic digestion system, such as biodigestor, also
reduces nitrous oxide (N,O) emissions during the manure application
compared to the application of raw manure. However, biodigestor does
not offer solutions to other manure disposal problems, such as removing
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N and P or reducing the quantity of manure (CHANTIGNY et al., 2007;
KUNZ; MIELE; STEINMETZ, 2009). In this sense, an alternative to
open slurry tanks and biodigestor is to handle manure in the solid form
by composting.

Life cycle assessment (LCA) is a methodology for the estimation
of the potential environmental impacts of products and has been widely
used in livestock systems (RECKMANN; TRAULSEN; KRIETER,
2012; THOMASSEN; DE BOER, 2005; VAN DER WERF; PETIT,
2002). Furthermore, LCA allows the environmental performance
evaluation of established scenarios and the ability to compare the
improvement options of a process/product throughout its life cycle, such
as the manure management system options (NGUYEN; HERMANSEN;
MOGENSEN, 2011). Several LCA studies of swine production have
been conducted worldwide (BASSET-MENS; VAN DER WERF, 2005;
BAUMGARTNER; DE BAAN; NEMECEK, 2008; CEDERBERG;
FLYSJO, 2004; DALGAARD; HALBERG; HERMANSEN, 2007;
HALBERG et al., 2008; KINGSTON; FRY; AUMONIER, 2009;
NGUYEN; HERMANSEN; MOGENSEN, 2011; RECKMANN;
TRAULSEN; KRIETER, 2013; SCHENCK, 2006; WIEDEMANN et
al., 2010; WILLIAMS; AUDSLEY; SANDARS, 2006). Regarding the
Brazilian production systems, Spies (2003) conducted a streamlined
LCA of swine and poultry production indicating the need for these
activities to adjust their management practices to a more sustainable
production. In addition, the author notes the need to create a complete
LCA from the streamlined LCA to build a more consistent database,
also considering the different manure management systems to better
understand the environmental effects and the improvements offered by
each alternative.

Ruviaro et al. (2012), in a scientific research on LCA application
to products worldwide found that specific for Brazilian products, LCA
was applied to ethanol, sugarcane, biofuels, agricultural machinery
manufacture, coffee, soybeans, orange juice, poultry, aquiculture, and
oysters. To date, there is no published paper addressing swine
production with a complete LCA for Brazil or other tropical countries,
nor is there one that performs a MMS scenario variation with
composting and biodigestor by flare. Moreover, there is no uncertainty
assessment that encompasses every aspect of these scenarios so that a
seamless decision-making process is guaranteed.

Hence, the aim of this study was to evaluate the environmental
impacts of swine production in Brazil through the use of a complete
LCA, comparing four manure management systems (MMS): liquid
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manure storage in slurry tanks (Sce.Ref); the biodigestor by flare
(Sce.Flare); the biodigestor for energy purposes (Sce.CHP); and
composting (Sce.Comp). Additionally, the uncertainty due to different
emissions factors was evaluated to estimate the nitrous oxide and
ammonia emissions from the manure handling stage.

11.2 MATERIAL AND METHODS

The environmental impacts were evaluated following 1SO
standards 14040 and 14044 (ISO, 2006a, 2006b), with SimaPro®
software. The comprehensive scope of LCA is useful in order to avoid
problem-shifting from one phase of the life-cycle to another and it is
recognized as a trustworthy, scientific and understandable approach to
address the environmental sustainability of human activities (BAITZ et
al., 2013; FINNVEDEN et al., 2009). On top of that, the use of several
mathematical models to address all the environmental aspects to its
respective environmental impacts reduces the uncertainty in decision
making between different options.

11.2.1  GOAL AND SCOPE

The system boundaries of this LCA begin with the crop
production, grain drying and processing, piglet production (PP) and
growing to finishing (GF) and end at the slaughterhouse with the cooled
and eviscerated carcass, as displayed in Fig Il1-1. The animals are raised
in housing with an uneven concrete floor for manure runoff to a
downspout that transports the slurry to the manure management system
(MMS).

The functional unit (FU) considered was 1000 kg of swine
carcass (deadweight) in the equalization chamber for cutting or further
distribution.
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Fig I1-1. System boundaries of swine production in southern Brazil.
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11.l2.2 LIFE CYCLE INVENTORY

The life cycle inventory (LCI) for the animal production and
slaughterhouse stage was obtained from the integrated farms of
Brazilian agroindustry and represents the southern Brazil. For the other
stages, we used data based on the literature.

11.2.2.1 Crop production

Inputs and emissions data for Brazilian soybean and maize
cultivation and processing were obtained from Prudéncio da Silva et al.,
(2010) and Alvarenga, Prudéncio da Silva and Soares (2012). The data
for rice cultivation were obtained from the Ecoinvent® database
(NEMECEK; KAGI, 2007).

In Brazil, the origin of crop production has an important role in
the environmental costs due to the impacts of land transformation
(hereinafter: deforestation). Although recent data published by the
National Institute for Space Research have indicated that since 2005, the
annual rate of deforestation in the Amazon area has decreased (INPE,
2012), this is a major issue for the evaluation of the life cycle in animal
production. We assumed impacts from deforestation only for the grains
produced in the central west region because in southern Brazil the
deforestation occurred many years ago.

To estimate the origin and transport distance of grains, we
performed a weighted mean of the amount of grains from the central
western and southern regions and the distance to the feed factory located
in Santa Catarina, based on the year 2011. Soybean used in swine
production in southern Brazil comes mainly from the central west
(98%), with 1,713 km of distance, while the soybean from the south
(2%) is transported over 494 km of distance. Maize grain comes mainly
from the southern region (83%), with an average distance of 154 km,
whereas from the central west (17%), they are transported over 1,559
km.

For deforestation, we considered direct land-use change (dLUC)
factors according to (PRUDENCIO DA SILVA, 2011; PRUDENCIO
DA SILVA et al., 2010). This assumption was used for grains (soybeans
and maize) produced in the central west region.
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11.2.2.2 Feed composition

In Brazil, swine feed composition uses mainly soybean meal as
the protein source and maize as the energy source. Due to
confidentiality, we divided the feed formulations into three main types
(sows, piglets and growing to finishing), based on a weighted mean of
the feed intake for each step of animal breeding and the amount of each
ingredient, as displayed in Tab I1-1.

Tab 11-1. Animal feed composition and feed consumption.

Ingredients Sows? Piglets Swine

Feed kg.animal™® % kg.animal™* % kg.animal™ %
consumption

Maize 25.30 60.23 1497  55.02 169.31  66.67
Soybean meal 9.52 22.66 6.04 2220 70.72  27.85
Soybean oil - - - - 0.84 0.33
Soybean hulls 2.70 6.42 - - - -
Maize gluten i i 0.82 3.00 - )
meal

Ca(HPOy) 0.42 0.99 0.12 0.45 0.89 0.35
NaCl 0.21 0.49 0.07 0.26 1.32 0.52
Limestone 0.49 1.17 0.16 0.58 2.44 0.96
L-Lysine HCI 0.06 0.14 0.09 0.33 0.13 0.05
DI- 0.01 0.05
Methionine i i 0.03 0.02
Rice bran 290 594 - ) 3.20 1.26
meal

Premix 0.13 0.30 1.95 7.17 0.69 0.27
Animal fat 0.89 2.12 0.93 3.43 1.14 0.45
Animal meal - - 0.89 3.28 3.20 1.26
Ot_her amino 001 003 0.03 0.10 0.03 001
acids

Other | 009 021 L3 415 ] .
ingredients

Total 42.00 100.00 27.20 100.00 253.96  100.00

# Note that the amount of feed per sows is the feed consumed in lactation period per piglet.
® Mycotoxin binders,flavors and sweetener agent.

11.2.2.3 Animal production

For the piglet production and growing to finishing stages, the
technical performance indicators based on the agroindustry are
displayed in Tab II-2.
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Tab 11-2. Technical performance indicators of a vertically integrated system of
production for swine in southern Brazil.

Piglet Production (PP) Growing to finishing (GF)
Weaned piglet per sow per 25 eigletislow' Mortality 250
year .year
I_:eed per sow (boar 1050 klg.year Feed conversion rate 2.51kg
included)
Gestation sows 114 days Slaughter age 171 days
Dry sow 7 days Slaughter weight 125 kg
Lactating sows 21 days Carcass yield 73.9 %
Productive life 2.5 years
Sow replacement 375%

Sow liveweight for

slaughtering 220kg
Weaning mortality 1.4%
Feed conversion rate 1.54 kg
Weaning age 38 days
Exit liveweight 23.7kg

The overall amount of manure in the piglet production stage was
estimated according to Oliveira (1993). In the growing to finishing
stage, we adopted the values described by Tavares et al. (2014b). For
housing emissions in animal production, we estimated the data
according to IPCC (2006) and Hutchings et al. (2013). For enteric
emissions, we use Tier 1 assuming 1.5 kg CH,swine™-year® (IPCC,
2006). Tab A1 (APENDICE A) summarizes the main inputs and outputs
for animal production.

11.2.2.4 Manure Management systems (MMS)

Manure composition for both the piglet production and growing
to finishing stages was based on (TAVARES et al., 2014a, 2014b). The
CO, and CH, emissions during manure storage were estimated
according to Hamelin et al. (2010, 2011) and the IPCC (2006),
respectively. The N-related emissions during storage and for field
application were estimated considering (DAMMGEN; HUTCHINGS,
2008; HUTCHINGS et al., 2013; IPCC, 2006; NEMECEK; KAGI,
2007); see APENDICE A (Tab A2).

The baseline scenario (Sce.Ref) considers the manure
management system with open slurry tanks without a natural crust cover
and with a revetment of high-density polyethylene (HDPE) and a
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storage time of 120 days, which according to the agroindustry represents
approximately 80% of the integrated farms.

For biodigestor with flare (Sce.Flare) and biodigestor for energy
purposes (Sce.CHP), manure is stored for 40 days in a digester and then
for 80 days in open slurry tanks. We considered a concrete digester with
a revetment of polyvinylchloride (PVC). In Sce.Flare, emissions from
the flare were estimated according to Hamelin et al. (2010) and
UNFCCC (2012) considering a flare efficiency of 90%. In Sce.CHP, the
biogas production as well as the electricity and heat avoided were
estimated according to Hamelin et al. (2010, 2011), thus resulting in a
positive impact for this scenario. In the manure management system by
composting (Sce.Comp), sawdust was used as a substrate with a manure
application rate of 10 liters-’kg™ and a storage time of 135 days. Manure
was handled in a facility with low walls and concrete floors and a roof
of transparent PVC (OLIVEIRA; HIGARASHI, 2006b). For detailed
information of the emissions for the manure management system, see
Tab A2 (APENDICE A).

11.2.2.5 Slaughterhouse

After the on-farm stage, the finished swine were transported to
the slaughterhouse. Dead animals and those injured in transportation
were sent to the meat meal and grease factory (FFG). The remaining
were sent through the processes of bleeding, scalding, dehairing and
toilette, head removal, evisceration, carcass splitting and inspection.
Data for the slaughterhouse stage were collected from the agroindustry
and represent a facility with modern technology (Tab A4, APENDICE
A).

11.l2.3 ALLOCATION PROCEDURES

For grain processing, we used economic allocation. For the piglet
production stage, we used mass allocation for the sows and boars sent to
slaughter (i.e., piglets: 82.66%; sows: 16.86 %; boars: 0.48%). For the
manure applied in soil (all scenarios) and the electricity and heat in
Sce.CHP, we use the substitution method concept; i.e. the use of manure
as organic fertilizer avoids the production of chemical fertilizer
(BASSET-MENS; VAN DER WERF, 2005, DALGAARD;
HALBERG; HERMANSEN, 2007; KINGSTON; FRY; AUMONIER,
2009; KOOL et al., 2009; NGUYEN; HERMANSEN; MOGENSEN,
2011; WILLIAMS; AUDSLEY; SANDARS, 2006), and the use of the
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biogas generated in Sce.CHP avoids electricity consumption from the
Brazilian grid (FRISCHKNECHT et al., 2007) and the wood-based heat
(BAUER, 2007) wused in chicken production (OLIVEIRA;
HIGARASHI, 2006a).

For coproducts in the slaughterhouse, we used the mass allocation
procedure. However, for condemned carcasses and inedible offal (i.e.,
residues) the environmental burdens were attributed to the swine carcass
(carcass: 86.9%; edible offal and other coproducts: 13.1%).

1.2.4 LIFE CYCLE IMPACT ASSESSMENT (LCIA)

We choose a problem-oriented method for the impact assessment,
the ReCiPe (H) v.1.08 (GOEDKOORP et al., 2013). The environmental
impact categories evaluated were as follows: (i) climate change; (ii)
terrestrial acidification; (iii) freshwater eutrophication; (iv) marine
eutrophication; (v) terrestrial ecotoxicity; and (vi) natural land
transformation. We also evaluated the total cumulative energy demand
version 1.08 (PRE CONSULTANTS, 2013) and biodiversity damage
potential from the de Baan, Alkemade and Koellner (2013) method
expressed in BDP, with site-specific characterization factors for arable
land and site-generic characterization for other land types. Regarding
Brazilian biome distribution, we used the data from the Conservation
and Sustainable Use of Brazilian Biological Diversity Project
(MINISTERIO DO MEIO AMBIENTE, 2007). The distribution for the
central west is as follows: 34.0% tropical forest biome and 66.0%
savannah; for the south: 99.3% tropical forest and 0.7% savannah
biome.

Additionally for comparison purposes and for a better
understanding of the impact magnitude on eutrophication, we evaluated
the eutrophication potential from CML-IA method (GUINEE et al.,
2002). We choose this method because it was used in the most of the
studies in the literature.

11.25 UNCERTAINTY ANALYSIS OF LCI PARAMETERS

In the manure management system scenarios, the N-related
emissions were estimated with the model developed by Hutchings et al.
(2013) with some modifications to calculate the flows of nitrogen. This
model uses input parameters, such as emission factors (EF), which
represent the proportion of the N in manure that is emitted as NH3, N,O,
N,, NO, and NO;. When data were available, we used the EF for the
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Brazilian scenario; nevertheless, when no data were available, we used
the European EF. However, the adoption of EF from other scenarios
brings uncertainty to the results, which can have a significant influence
on the comparative scenarios. To estimate the uncertainty of the input
parameters, we performed a survey of the available EFs (APENDICE A
— Tab A5 to Tab A9) and established minimum and maximum values
for a Monte Carlo (MC) simulation, assuming a uniform distribution.
The Monte Carlo simulation was performed with SimaPro® (version
8.0.2), which allows for uncertainty propagation over all of the
parameters with 10000 independent simulations. We used a 95%
confidence interval.

1.3 RESULTS
11.3.1 LCA OF SWINE FROM SOUTHERN BRAZIL

The results per ton of swine carcass (deadweight) exhibited a
significant contribution from feed production (a range of 17.6-99.5%)
for all of the environmental impact categories and was a bottleneck for
climate change, terrestrial acidification, marine eutrophication,
biodiversity damage potential, natural land transformation, and
cumulative energy demand (Tab [1-3). On the other hand, the manure
management system (MMS) contributed as high as 59.7% and 78.6% of
the total impact for freshwater eutrophication and terrestrial ecotoxicity,
respectively.

The CO, was mainly responsible for the impacts on climate
change with 63.1% of total emissions, of which the CO, emissions from
land-use change (dLUC) contributed to 32.0%. CH; emissions
accounted for 18.5%, and the majority of it was due to manure storage.
The other 18.3% contributing to climate change were from N,O
emissions, much of which was from the field emissions from maize
production due to the use of urea as N fertilizer; the manure application
as organic fertilizer also made a significant contribution to N,O
emissions.

Analyzing the life cycle stages, feed production in the growing to
finishing and piglet production was responsible for 61.5% and 13.5% of
total climate change, respectively.

The majority of the climate change from soybean crops was due
to the Amazon biome deforestation from the central west grains. The
MMS system was the second main contributor to the climate change
impacts, with 17.7% of total emissions. Emissions due to enteric
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fermentation in animal housing for the growing to finishing and piglet
production were 96.7 and 31.4 kg of CO, eq. per ton of swine carcass,
respectively.
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Ammonia emissions represented the primary contribution for the
terrestrial acidification (91.8%), followed by the nitrogen oxide and
sulfur dioxide emissions. Field emissions from maize crops (used as
feed) were also the main source of the impacts on this category, with
55.1% of total NH; emissions. Manure storage and application in soil
emitted 19.7%, while 18.3% of the NH3; was from animal housing.

For freshwater eutrophication, the manure application as organic
fertilizer was the most significant (61.7%), mainly due to the potential
for P leaching. Soybean meal was responsible for 21.4% of the impacts
on freshwater eutrophication, while the emissions from maize
cultivation contributed with 15.8%. Marine eutrophication was caused
by nitrate (76.3%) followed by ammonia (21.3%). Grain production was
responsible for the emission of 96.0% and 59.3% of the total nitrate and
ammonia, respectively. Production of feed was also the main source of
the intensive use of energy. Greater energy demand in crop cultivation
resulted from artificial fertilizer production (25.0%), grain transportation
(26.0%) and deforestation (9.5%).

Terrestrial ecotoxicity was mainly caused by the manure
application to soil, due to copper and zinc emissions (61.5% and 19.9%,
respectively).

For biodiversity damage potential maize crops were the main
source of the biodiversity damage (49.0%), while soybean meal
accounted for 45.8%. Maize is used in larger amounts in the feed
composition. However, because the majority of the soybean meal came
from the central west region, an area that constitutes 66% of the
savannah biome (see item 11.2.2.2 and 11.2.4 of this Chapter), soybean
meal made a significant contribution to this category (the savannah has a
higher characterization factor than the tropical forest - see de Baan,
Alkemade and Koellner (2013)).

Soybean meal production made a major contribution to natural
land transformation (83.5%), because we assumed that the impacts of
deforestation for grain production in Brazil must be considered only in
the central western region (PRUDENCIO DA SILVA, 2011;
PRUDENCIO DA SILVA et al., 2010).

11.3.2 IMPACTS OF DIFFERENT MMS

The comparative LCA indicated that the Sce.Comp has the worst
environmental performance for nearly all environmental impacts, except
for marine eutrophication, in which Sce.Flare had the highest N eq.
emissions (Tab 11-4).
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For climate change, Sce.CHP has the lowest CO, eq. emissions
per ton of swine carcass followed by Sce.Flare and Sce.Ref. The
comparison with the baseline scenario for this impact category (i.e.,
Sce.Ref) indicated that Sce.Flare could reduce 3.3% of CO; eq. (114.5
kg) per functional unit due to methane conversion into CO, by biogas
flaring. For Sce.CHP, due to the potential for biogas usage for electricity
and heat production, it was possible to reduce by 11.1% the impacts
(389.4 kg CO, eq.). Sce.Comp had approximately the same GHG
emissions of the Sce.Ref with 3552 kg CO, eq.

Although Sce.Flare and Sce.CHP exhibited high NH3 emissions
(see Tab A2, APENDICE A), Sce.Comp resulted in slightly higher SO,
eq. emissions compared to others scenarios due to the emissions of
nitrogen oxide in the composting process.

For marine eutrophication, the results were very similar for all
scenarios. The slightly higher emissions in scenarios Sce.Flare and
Sce.CHP were due to the ammonia emissions in the slurry tank post
biodigestor storage. Ammonia emissions were estimated according to
the content of total ammonia nitrogen (TAN) in the manure
(APENDICE A). The proportion of N-organic mineralized in the
biodigestor (HUTCHINGS et al., 2013) is higher than in the slurry tank
(Sce.Ref) and in the composting process (Sce.Comp), which results in a
higher content of TAN entering the slurry tank post biodigestor storage,
thus causing greater ammonia emissions. The high content of TAN
occurred due to the reduction in the manure carbon and dry matter,
which led to an enhanced potential for NH; emissions (AMON et al.,
2006).

The differences in the cumulative energy demand were due to the
avoided products. For Sce.Ref, Sce.Flare and Sce.Comp, the results
were driven by the amount of avoided fertilizer production, while for
Sce.CHP, the positive impacts from the avoided energy and heat
production can be added. The agronomic value of the organic fertilizer
in Sce.Flare, Sce.CHP and Sce.Comp is higher than in the Sce.Ref due
to the amount of N directly available for the crops. However, in
Sce.Comp, the avoided fertilizer is lower because greater N loss occurs
in the manure storage when compared to other manure management
systems.

For biodiversity damage potential and natural land
transformation, the Sce.Comp was the worst scenario, although minor
differences were observed. For both impact categories, the use of
sawdust as a substrate in the composting process was responsible for the
differences between Sce.Comp and the other scenarios. For freshwater
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eutrophication and terrestrial ecotoxicity, the results were very similar
for all scenarios. Minor differences in the results were due to the
agronomic value estimated for the manure applied as organic fertilizer.

11.3.3 UNCERTAINTIES IN THE N-RELATED EMISSIONS IN
THE MMS COMPARISON

Tab 11-5 summarizes the results of the Monte Carlo simulation
for the impact categories that are most affected by the N-related
emissions in the manure management systems. Major uncertainties were
observed for terrestrial acidification in all scenarios with a coefficient of
variation (CV) up to 6.8%. For climate change due to N,O emissions,
major uncertainties were observed for the Sce.Comp followed by the
Sce.Ref. For marine eutrophication the coefficient of variation were
around 1%, the low uncertainty for this impact category was due to the
minor variations in nitrate emissions. Nitrate emissions are the main
driver for the impacts on marine eutrophication. While for the remaining
impact categories, we observed minor variations with the CV less than
0.9% for all scenarios. The very low uncertainty for biodiversity damage
potential, cumulative energy demand, freshwater eutrophication, natural
land transformation and terrestrial ecotoxicity were due to the amount of
N fertilizer avoided, because these impact categories are not affected by
the (direct) N-related emissions, i.e., more N loss in the manure
management system results in minor amount of N available for
application in the soil and, as consequence, less urea fertilizer avoided.

Regarding the emissions, NOy exhibited the highest uncertainty
with a CV of 39.6-48.9%, which partly explains the high uncertainty for
terrestrial acidification in Sce.Ref, Sce.Flare and Sce.CHP. The second
most uncertain emission was N,O for Sce.Ref and Sce.Comp, with a CV
of 33.2% and 32.5%, respectively; meanwhile, N, emissions were the
second most uncertain emission for Sce.Flare and Sce.CHP, with CVs of
25.5% and 25.3%, respectively. The highest uncertainties for ammonia
and nitrate emissions were observed in Sce.Ref, with a CV of 17.1% and
10.4%, respectively.
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Comparing the alternative manure management system scenarios
with the baseline scenario (Sce.Ref) through the Monte Carlo
simulation, it is possible to state that Sce.CHP in 100% of the cases will
be favorable for climate change, freshwater eutrophication, cumulative
energy demand, terrestrial ecotoxicity, biodiversity damage potential
and natural land transformation (Tab 11-6), while for terrestrial
acidification and marine eutrophication, this scenario will only exhibit
lower emissions in 20.6% and 25.4% of the cases, respectively. The
climate change for the Sce.Flare scenario will be favorable in 95% of
the cases compared to Sce.Ref, while for the other impact categories, the
Monte Carlo simulation indicated that this alternative had no significant
effect as displayed in Tab Il-6. For the Sce.Comp, the Monte Carlo
results indicated that this scenario will be preferable for climate change
in 51.7% of the cases compared to Sce.Ref; for freshwater
eutrophication, cumulative energy demand, terrestrial ecotoxicity,
biodiversity damage potential and natural land transformation,
Sce.Comp in 100% of the cases will have high emissions compared to
Sce.Ref.

1.4 DISCUSSION

Comparing our results with the literature (Tab 11-7), we had
higher emissions for climate change than those for (GAP in BASSET-
MENS; VAN DER WERF, 2005; DALGAARD; HALBERG;
HERMANSEN, 2007; HALBERG et al, 2008; NGUYEN;
HERMANSEN; MOGENSEN, 2011; RECKMANN; TRAULSEN;
KRIETER, 2013; SPIES, 2003; and the Southern production in
WIEDEMANN et al., 2010). The main reason for the high CO, eq.
emissions in our study seems to be the inclusion of the deforestation
impacts (i.e., dLUC) in grain production. Only the deforestation
represented 31.3% of the impacts in our system for climate change. In
this sense, Brazilian government and industry have made efforts to
identify soybean produced in deforested areas from Amazon Biome,
with initiatives such as the Soy Moratorium as a pledge to not
commercialize soybean produced in those areas after 2006
(PRUDENCIO DA SILVA, 2011). Recent data indicated that from
cleared areas in Amazon biome during the Soy Moratorium (2006-2012)
less than 0.77% was used for soybean production (ABIOVE, 2013),
which are lower than those described by Prudéncio da Silva et al.
(2010), and used in this study.
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The high impacts on climate change in the Swedish production
(CEDERBERG; FLYSJO, 2004), compared to our study, may be due to
the longer period of animal feeding and the animal final weight (160
kg). The final weight contributes to increased impacts because the daily
weight gain generally decreases according to the animal age. A low feed
conversion rate is also one of the reasons for the high impacts on climate
change in (KINGSTON; FRY; AUMONIER, 2009; SCHENCK, 2006;
WILLIAMS; AUDSLEY; SANDARS, 2006); Spanish production in
(BAUMGARTNER; DE BAAN; NEMECEK, 2008); and the organic
scenarios in (KOOL et al., 2009) compared to our study. In addition, the
method of calculation of nitrous oxide and ammonia emissions can also
explain the highest impacts on climate change, terrestrial acidification
and eutrophication potential for certain studies (KINGSTON; FRY;
AUMONIER, 2009; WILLIAMS; AUDSLEY; SANDARS, 2006).

For eutrophication potential, our study had better results than
(CEDERBERG; FLYSJO, 2004; HALBERG et al., 2008; KINGSTON;
FRY; AUMONIER, 2009; SCHENCK, 2006; SPIES, 2003;
WILLIAMS; AUDSLEY; SANDARS, 2006) and similar results to
(BASSET-MENS; VAN DER WERF, 2005; DALGAARD;
HALBERG; HERMANSEN, 2007; NGUYEN; HERMANSEN;
MOGENSEN, 2011; RECKMANN; TRAULSEN; KRIETER, 2013).
The main differences for eutrophication potential and terrestrial
acidification compared to (KINGSTON; FRY; AUMONIER, 2009;
SPIES, 2003; WILLIAMS; AUDSLEY; SANDARS, 2006) were due to
the high estimation of ammonia emissions on these studies.

The lower values for terrestrial acidification in the red label
scenario (BASSET-MENS; VAN DER WERF, 2005) seem to be a
consequence of solid manure in the crop cultivation, which results in a
large decrease in the ammonia losses during manure application.

The terrestrial ecotoxicity was evaluated only in (BASSET-
MENS; VAN DER WERF, 2005; BAUMGARTNER; DE BAAN;
NEMECEK, 2008); however, due to differences in the models and
characterization factors in the LCIA, the results are not comparable.
This was also why we did not compare the results for the cumulative
energy demand. Regarding the other impact categories, we could not
find other studies that have evaluated freshwater eutrophication, marine
eutrophication, natural land transformation and biodiversity damage
potential.
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Tab 11-7. LCA results for swine production worldwide (Results per ton of swine
carcass). Climate change (CC); Eutrophication potential (EP); Terrestrial

acidification (TA); Cumulative energy demand (CED).

Author Country? System CC EP TA CED
Our study BR Intensive production 3503 22.54 76.13 21521
Spies (2003) BR® Intensive production 2022 112.29 232.80 9559
Cederberg: Ar)imal welfare 4080 24.78 51.94 16090
Flyso (2002«) SE Enwronm_emal care 3630 15.87 26.13 14700
Product quality and price 4430 28.04 64.19 18430
Basset-Mens; Good Agricultural 2704 2446 5115 18695
van der Werf FR® Practice (GAP)
(2005) Red Label (RL) 4068 19.52 26.57 21046
Organic (OA) 4668 25.34 43.74 26102
Williams et al. UK Non-organic 6360 100.00  395.00 16700
(2006) Organic 5640 57.00 129.00 14500
Intensive 9400 60.00 150.00 -
Schenck (2006)  US Environmental care 3800 6500 10000 -
Dalgaard et al. DK Convent!onal 3300 23.20 45.00 -
(2007) UKd Convent!onal 3400 30.10 64.00 -
NL Conventional 3600 21.90 42.00 -
Organic (free-range 3433 3163 67.37 )
Halberg et al. DK® SOWs)
(2008) Organic (all free-range) 3904 44.80 72.19 -
Organic (tent) 3327 31.75 59.85 -
Hirschfeld et al. .
(2008) DE - 3645 - - -
Baumgartner et DE® Fully slatted 3527 19.75 45.03 31864
al. (2008) ES® Fully slatted 4527 36.20 75.96 39506
Indoor (slatted flooring) 4800 42.50 138.00 -
Indoor (loose bedding) 5700 78.00 289.00 -
_ O”tdobcgdzzi‘;)('oose 5700 7150 24900 -
ng(;;t(;)ong)et al UK Indoor (slatted flooring) 4400 42.00 141.00 -
Indoor (slatted flooring,
anaerobic digestion) 4100 34.90 121.00 .
Organic (out.door, loose 5400 66.00 199.00 )
bedding)
NL Conventi_onal 3600 - - -
Organic 4300 - - -
UK Conventional 3500 - - -
Kool et al. Organic 4400 - - -
(2009) DE Conventional 3700 - - -
Organic 5000 - - -
DK Conventional 3500 - - -
Organic 4000 - - -
Wiedemann et AU Conventional (Northern) 5500 - - 24500
al. (2010) Conventional (Southern) 3100 - - 20300
Nguyen et al. DK Conventional 3100 24.30 56.00 21000
(2011) Conventional® 3400 32.10 61.00 22000
Reckmamn etal. e Standard 3220 2330 5710 19500

(2013)
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# Country: BR — Brazil; SE — Sweden; FR — France; UK — United Kingdom; US — United
States; DK — Denmark; NL — Netherlands; DE — Deutschland; ES — Spain; AU — Australia.

® Eutrophication potential (EP) in kg PO,* eq. from CML-IA method (Guinée et al. 2002).

° Results estimated per ton of carcass with a carcass yield of 73.9% and the same allocation of
our study to the byproducts in the slaughtering stage.

9 Including transport to the Port of Harwich.

¢ Consequential LCA.

Analyzing the breakdown of the emissions contribution per
impact category, our results differ from the LCA studies for climate
change. The biggest contributor for the climate change in Brazilian
swine production was the CO, emissions, followed by CH, and N,O; in
some European studies (CEDERBERG; FLYSJO, 2004; DALGAARD;
HALBERG; HERMANSEN, 2007; RECKMANN; TRAULSEN;
KRIETER, 2013) the contribution of N,O is much higher. CO, and CH,4
are secondary emissions with almost the same share of the contribution
for climate change. The greater amount of CO, emitted in the Brazilian
system is strongly related to the impact of deforestation.

For the terrestrial acidification, our results were in line with the
other LCA studies (BASSET-MENS; VAN DER WERF, 2005;
CEDERBERG; FLYSJO, 2004; DALGAARD; HALBERG;
HERMANSEN, 2007; KINGSTON; FRY; AUMONIER, 2009;
RECKMANN; TRAULSEN; KRIETER, 2013; SPIES, 2003;
WILLIAMS; AUDSLEY; SANDARS, 2006), with NH; emissions as
the main driver for this impact category. With respect to eutrophication
potential (the CML-IA method), our results were similar to Reckmann,
Traulsen and Krieter (2013), with NH; as the main contributor to this
impact category (44.3%), and different from (BASSET-MENS; VAN
DER WERF, 2005; BAUMGARTNER; DE BAAN; NEMECEK, 2008;
CEDERBERG; FLYSJO, 2004; DALGAARD; HALBERG;
HERMANSEN, 2007), in which NOs emissions represented the greatest
contribution to eutrophication potential (56.1-78.0%).

Regarding the manure management systems used by the Brazilian
swine producers, the use of biodigestor seems to be the most favorable
alternative, especially if the captured biogas is used for energy purposes.
An additional advantage of the biodigestor scenarios is the agronomic
value of the manure due to the higher mineralized N content. According
to some studies (AMON et al., 2006; CHANTIGNY et al., 2007) the
reduction of the dry matter content increases the infiltration rate of the
manure into the soil and thereby reduces the NH; emissions after
manure application. However, in our estimation the high content of total
ammonia nitrogen resulted in the high potential for NH3 emissions
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generating a greater terrestrial acidification for Sce.Flare, Sce.CHP and
Sce.Comp (see Tab I1-4), which highlights the importance of the need to
better understand the N-related emissions.

With respect to uncertainties in LCA modeling, besides the
differences in the scope definition, the greater uncertainties came in
general from the estimation of CH4, N,O and NH3; emissions in crop
cultivation, animal rearing and in the manure management system. This
uncertainty is present because the emissions are not known and are very
difficult to measure because of economic costs and the long
measurement periods in the field. As previously stated by Rigolot et al.
(2010), there is a need for improvement in the databases and emissions
measurement reports.

11.5 CONCLUSIONS OF THE ENVIRONMENTAL
ASSESSMENT OF SWINE PRODUCTION

The LCA helped to identify feed production as the main source
for the environmental impacts of the analyzed system, so the feed
conversion rate is a key determinant for decreasing the impacts of the
swine supply chain. Regarding the options to decrease the emissions in
the manure management system, Sce.CHP seems to be the most suitable
alternative for climate change, freshwater eutrophication, cumulative
energy demand, terrestrial ecotoxicity, biodiversity damage potential
and natural land transformation, compared to the Sce.Ref. Nevertheless,
if the goal is to decrease the impacts for terrestrial acidification and
marine eutrophication, the Sce.Ref is the most preferable scenario
compared to all of the alternative options. The use of composting as an
alternative to open slurry tanks should be used only if N,O emissions
can be reduced once an increase of this emission is observed.

With respect to N-related emissions, the Monte Carlo simulation
indicated great uncertainties for the N,O emissions and consequently the
NO, emissions because we assume nitrogen oxides to be three times as
large as the direct N,O emission. Therefore, more studies should be
developed to decrease the variability of N,O emissions from the manure
handling.

As a further recommendation, we suggest conducting an LCA for
swine production in the central western region of Brazil because lower
grain transportation distances can help decrease the use of fossil fuels
and emissions with the potential to cause climate change and cumulative
energy demand. There is also a need to create specific emissions factors
for swine production in Brazil because the emissions related to housing,
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storage and the field exhibit a significant contribution for almost all of
the impacts.
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Abstract: Uncertainty is present in many forms in life cycle assessment (LCA),
e.g. data, mathematical relations and methodological choices. Regarding to the
latter, little attention has been paid to analyze the variability that the choices
made by the LCA practitioner has on the LCA outcomes. To address the results
variability due to choices in LCA the common practice is to carried out a
sensitivity analysis in the allocation approach or in the life cycle impact
assessment (LCIA) method and sometimes are only treated at a qualitative level.
Hence, the purpose of this chapter was to evaluate the uncertainty and the
sensibility in the LCA outcomes due to two methodological choices, the
allocation approach and the LCIA method. We used the comparative case study
from Chapter Il to address the uncertainty due to the methodological choices.
First, a scenario variation through a sensitivity analysis of the approaches used
to deal with multi-functionality problem was conducted in the main processes of
the system product followed by the impact assessment using five LCIA methods
at midpoint level. The results from the sensitivity analysis were used to generate
10000 independent simulations through the Monte Carlo method and then
compared using an analysis of variance (ANOVA) with a Turkey’s honest
significant difference (HSD) test to identify statistical differences between the
scenarios. The results of the sensibility analysis of the allocation approach
showed that the ranking of scenarios remains the same for all the environmental
impact categories. The use of the substitution method to deal with the multi-
functional processes in swine production showed the highest values for almost
all the impact categories, exception to the freshwater ecotoxicity. Regarding to
the variation of the LCIA method, for acidification, eutrophication and
freshwater ecotoxicity the results were very sensitive to the method used.
Irrespective of the differences between the methods and in the absolute values,
the overall ranking of scenarios did not change. Analyzing the sources of
uncertainty, climate change was most affected by the allocation approach used,
while for acidification, eutrophication and freshwater ecotoxicity the LCIA
method had the major influence in the results. The uncertainty analysis with the
Monte Carlo simulations showed a wide range of the results generating an
overlap of the scenarios’ outcomes for all environmental impact categories.
Nevertheless, the ANOVA and Tukey test allowed to identify differences
between the scenarios for climate change, acidification and for some
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alternatives in eutrophication. For freshwater ecotoxicity, there were no
differences between the options for manure management. Despite the
dependency of the LCA outcomes in the choices made by the LCA practitioner,
the methodology proposed was effective to decrease the uncertainty in the
decision-making.

Key-words: life cycle assessment, methodological choices, uncertainty
analysis, allocation approach, LCIA method.
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RESUMO EXPANDIDO EM PORTUGUES

Introducdo. O objetivo deste capitulo foi avaliar a incerteza e a sensibilidade
em estudos de ACV geradas por duas escolhas metodoldgicas, a abordagem de
alocacdo e o método de avaliacdo de impacto do ciclo de vida (AICV). A
incerteza esta presente em varias etapas de um estudo de ACV, sendo aquelas
causadas pelas escolhas do especialista pouco avaliadas. Quando consideradas,
normalmente é por meio de analises de sensibilidade ou somente por uma
avaliacdo qualitativa do problema.

Material e métodos. Para ilustrar a incerteza devido as escolhas metodoldgicas,
foi utilizada a abordagem de variacdo de cenério, na qual primeiro foi realizada
uma analise de sensibilidade nas abordagens usadas para lidar com os
problemas de multifuncionalidade dos principais processos do estudo de caso
comparativo do Capitulo Il. Depois, uma segunda analise de sensibilidade foi
realizada nos métodos de avaliacdo de impacto do ciclo de vida (AICV).

A variagdo da abordagem de alocagdo'® foi realizada considerando as
especificidades de cada processo, como descritos no Capitulo Il (pagina 96 —
cenério base ‘caso-a-caso’ para comparagdo). Na variacdo de cenério para
alocagdo econdmica, 0s processos multifuncionais consideraram somente a
alocagdo econdmica. De maneira similar, nas demais variacbes de cenério o
mesmo procedimento foi realizado considerando somente a alocagdo por massa
e a expansdo do sistema por meio do método de substituicdo. A andlise de
sensibilidade dos métodos de AICV foi realizada considerando 5 métodos
midpoint: ReCiPe 2008 (H) midpoint, CML-IA, EDIP 2003, ILCD 2011 e
TRACI 2.1. Para comparar as categorias de impacto os indicadores de categoria
(e.g. CO, eq.) foram convertidos para uma métrica comum seguindo o
procedimento descrito por Dreyer, Niemann e Hauschild (2003).

Os resultados da andlise de sensibilidade geraram uma média e um desvio
padrdo que foram utilizados em um método estatistico de amostragem chamado
Monte Carlo. Esta técnica de modelagem probabilistica permitiu avaliar qual
seriam os resultados caso fossem realizadas 10000 amostragens, e desta maneira
foi possivel gerar um histograma de frequéncia e uma distribuicdo de
probabilidade que representam os resultados da variagdo de cendrios. Para
avaliar se os resultados das 10000 amostragens possuiam diferencas entre si, foi
aplicada uma andlise de variancia (ANOVA) com o Teste de Tukey de
diferenca honesta significativa (HSD).

Resultados e discussdes. Os resultados da analise de sensibilidade da
abordagem de alocagcdo demonstraram que independente do procedimento
adotado o ranking dos cenérios permaneceu 0 mesmo para todas as categorias
de impacto. Quando utilizado somente o método de substituicdo foram
observados um aumento dos impactos para mudancas climaticas, acidificacdo e
eutrofizacdo. Dependendo da abordagem de alocacdo, observou-se que as

16 Abordagem de alocacdo na tese se refere tanto procedimentos de alocagdo
(particionamento) quanto expanséao do sistema pelo método de substituicdo.
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fronteiras do sistema podem sofrer alteragBes significativas. As diferencas nas
fronteiras ocorrem, pois nos cendrios caso-a-caso e com 0 método de
substituicdo é assumido que os coprodutos no sistema de manejo de dejetos
evitam a producdo de fertilizante quimico, energia elétrica e térmica. Neste
caso, as fronteiras sdo expandidas para considerar a aplicacdo dos dejetos no
solo e a producdo evitada dos produtos anteriormente mencionados. Nos
cenarios com alocagdo por massa e econdmica, as fronteiras do sistema da etapa
de manejo dos dejetos terminam no ponto de substituicdo, i.e., antes da
aplicagéo do dejeto no solo.

A andlise de sensibilidade dos métodos de AICV apresentaram poucas variagdes
para a categoria mudangas climaticas. Este resultado era esperado, pois 0s
métodos utilizam o mesmo modelo de caracterizacdo do IPCC. Para as
categorias de acidificacdo, eutrofizacdo e ecotoxicidade de &guas doces, 0s
resultados foram muito sensiveis aos métodos de AICV utilizados. Acidificacéo
e eutrofizagdo sdo categorias de impacto regionais e desta maneira sdo
modeladas considerando especificidades locais. Além disso, existem diferencas
no ndmero de substancias consideradas em cada método, modelos e fatores de
caracterizagdo, por exemplo, somente os métodos CML-IA e TRACI
consideram tanto a eutrofizagdo terrestre quanto a aquatica. Realizando uma
andlise de contribuicdo das substancias nos métodos de AICV, percebe-se que
para mudancas climaticas e acidificacdo, mesmo possuindo diferencas nos
modelos, os impactos sdo gerados pelas mesmas emissdes. Para eutrofizacdo, no
método CML-IA a emissdo de amdnia foi principal responséavel pelos impactos,
enquanto nos demais métodos a emissdo de fosforo apresentou um peso maior.
Quando analisada a categoria de impacto de ecotoxicidade terrestre, ndo foi
possivel perceber similaridade entre os métodos com relacéo a contribuigdo das
emissdes. A andlise de contribuicdo demonstrou que diferentes emissdes sdo as
responsaveis pelos impactos na ecotoxicidade de &gua doce dependendo do
método de AICV dutilizado.

A avaliagdo das incertezas em histogramas de frequéncia demonstrou uma
sobreposicdo dos resultados para todas as categorias de impacto. Comparando o
Sce.Ref com o Sce.CHP para mudangas climaticas, observou-se que em 14%
dos casos Sce.CHP apresenta menores emissdes, sendo que Sce.Ref ira resultar
em maiores emissdes em 26% dos casos. Para as categorias acidificacdo,
eutrofizagdo e ecotoxicidade de &guas doces os graficos se sobrepdem quase
que totalmente. A categoria de impacto mudancas climaticas foi a que resultou
em menores incertezas e teve sua variabilidade influenciada principalmente pela
abordagem de alocacdo. De maneira contrastante, a ecotoxicidade de aguas
doces apresentou um coeficiente de variagio de 197%, com um range de valores
quase 7,7 vezes maiores que o valor médio dos resultados para esta categoria de
impacto. Apesar da grande variabilidade dos resultados gerados na anélise de
Monte Carlo, por meio da ANOVA e do teste de Tukey foi possivel perceber
diferengas estatisticas entre os cendrios para mudancas climaticas, acidificagdo e
para algumas alternativas com relacdo a eutrofizacdo. Para a categoria de
impacto de ecotoxicidade de aguas doces ndo houve diferencgas estatisticas entre
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0s cendrios, deste modo para esta categoria ndo é possivel apontar o cenério
com menor impacto.

Conclusdes. A categoria de impacto de mudangas climaticas foi a mais afetada
pela abordagem de alocacéo utilizada, enquanto acidificacdo, eutrofizacdo e
ecotoxicidade de aguas doces foram mais sensiveis ao método de AICV.
Embora os resultados apresentem uma grande variabilidade de acordo com as
escolhas metodoldgicas, foi possivel diferenciar estatisticamente 0s cenarios
para algumas categorias de impacto. A metodologia proposta para avaliar as
incertezas demonstrou-se eficiente e capaz de diminuir as incertezas na tomada
de decisdo. Com relacéo a apresentacdo dos resultados da ACV, sugere-se 0 uso
de graficos com barras de intervalo de confianga da média em detrimento aos
histogramas. Analisando as abordagens de alocacéo, é recomendado que sejam
utilizadas de maneira consistente na comparacdo de diferentes sistemas de
produto ou alternativas de producdo dentro de um mesmo sistema. Com relacéo
a avaliacdo de impactos ambientais recomenda-se o uso das metodologias
descritas no guia do ILCD.
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1.1  INTRODUCTION

Life cycle assessment (LCA) methodology (ISO, 2006a, 2006b)
have been widely used to evaluate and compare the environmental
profiles of products and services. LCA is a deterministic model and is
mainly used to support decision-making (HUIJBREGTS, 1998;
SOARES et al., 2013). However, there are certain issues in the
methodology that requires the LCA practitioner to decide between
different possibilities to conduct their study. This freedom of choice
sometimes can lead to a wide change on the results, thus turning into an
uncertainty. The uncertainty is present in many forms in all stages of an
LCA and are generate from the sparse and imprecise nature of available
information and the simplified model assumptions (HEIJUNGS;
LENZEN, 2014; SOARES et al., 2013). Therefore, the uncertainty in
LCA outcomes can lead to a misleading decision in a scenario
comparison (GEISLER; HELLWEG; HUNGERBUHLER, 2005;
HUIJBREGTS, 1998).

Finnveden et al. (2009), defines uncertainty as “the discrepancy
between a measured or calculate quantity and the true value of that
qguantity”. The authors distinguish the uncertainty in LCA between
sources (e.g. data, choices and relations) and types, such as data
variability, inconsistently choices across alternatives, wrong relations in
the attempt to reflect the relationship between a pollutant emission and
its environmental impact. Some of the uncertainties in the four phases of
LCA are releated to the definitions of the system boundaries, cutoff
rules, functional unit (FU), data quality, allocation approach, identify
representative  impact  categories,  characterization = models,
normalization, weighting, interpretation of trade-offs for the decision-
making, among others.

Perhaps, two of the most remarkable are the approach used to
deal with multi-functional problems and the selection of LCIA method.
The choice of an allocation approach (hereinafter allocation approach
means both allocation and system expansion/substitution method) is one
of the most discussed and controversial methodological issues because
of the profound effect on the results in LCA studies (CHERUBINI;
STROMMAN; ULGIATI, 2011; CURRAN, 2007; FINNVEDEN et al.,
2009; WEIDEMA; SCHMIDT, 2010). Another choice made by the
LCA practitioner in this phase is the approach used to deal with multi-
functional problems, i.e. how to fairly allocate the environmental
impacts between the different coproducts generated by the same
process?
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Galindro (2012), in a LCA of biodiesel production performed a
sensitivity analysis in the allocation approach and concluded that
depending on the approach used, the results for eutrophication potential
in a scenario comparison can lead to a change in the ranking of the most
favorable system (Scenario with chemical fertilizer vs. Bioflocs
technology). Schmidt and Dalgaard (2012) reached same conclusions
using different allocation approaches in a comparison of two different
systems of milk production.

On the other hand, in a case study conducted by Curran (2007),
the choice of allocation procedure had no impact on relative ranking in a
comparative LCA. Similarly, Huijbregts (1998), evaluate the uncertainty
due to choices on LCA results through a scenario analysis and a latin
hypercube simulation of two scenarios of roof gutters and the results of
the sensitivity analysis did not change the relative ranking. However
when applied a statistical analysis the results showed no significant
differences between the two productions systems for acidification when
different allocation procedures were used i.e. statistically it was not
possible to state which one was better to decrease the impacts on
acidification. In this sense, an interpretation of the LCA results without
an uncertainty analysis could state one of the scenarios as the best
environmental choice to decrease the acidification potential. Therefore,
it is not possible to state an uncertainty factor of all LCA studies based
on a previous sensitivity analysis.

In the life cycle impact assessment (LCIA) phase, the
uncertainties are due to the different pollutant substances and
characterization factors adopted by each method (CELLURA; LONGO;
MISTRETTA, 2011). Several studies (ALVARENGA; PRUDENCIO
DA SILVA; SOARES, 2012; BOVEA; GALLARDO, 2006;
CAVALETT et al., 2013; DREYER; NIEMANN; HAUSCHILD, 2003;
HUNG; MA, 2009; OWSIANIAK et al., 2014; PIZZOL et al., 2011,
RENOU et al., 2008) have evaluated the sensitivity and uncertainty on
LCA results due to different LCIA methods. Dreyer, Niemann and
Hauschild (2003), comparing three different LCIA methods, concluded
that in some cases it does matter which impact assessment method is
chosen, especially when toxicity related impacts are evaluated.
Owsianiak et al. (2014), also evaluate the consequences of choosing
different LCIA methods (ILCD 2009, IMPACT2002+ and ReCiPe
2008) on the interpretation of four window designs. The results did not
change the ranking of the environmental profiles between the best and
worst alternative although it was observed some differences in the
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absolute values, exception to the toxicity impacts where the authors
observed differences in scenario ranking. These results are in line with
the statement from Hung and Ma (2009), that differences across the
LCIA methods can introduce a large degree of uncertainty in LCA
outcomes.

Despite of this recognized problem, until date there is no correct
procedure to address the choice between the existing methods
contrasting with a growth number of characterization models, thus the
selection of the LCIA method depends on the LCA practitioner
experience and interpretation of the evaluated product system and the
available methods, which is a subjective choice (CELLURA; LONGO;
MISTRETTA, 2011; HAUSCHILD et al, 2013; WEIDEMA,
WESNAS, 1996). An attempt to standardize the choice of the
characterization models is made by one of the recently published
International Reference Life Cycle Data System (ILCD) handbook
guides (EC-JRC, 2011). The ILCD handbook provides the basis for
greater consistency and quality of life cycle data, methods, and LCA
studies (HAUSCHILD et al., 2013). Specifically for the LCIA phase, a
group of experts and stakeholders reviewed the existing models and
provided individual recommendations per impact category
(HAUSCHILD et al., 2013). But still, there is no consensus as ILCD
only recommends the use and most of the recommended models are at
the midpoint level, while for endpoint modeling and for terrestrial
ecotoxicity no

To deal with those aforementioned sources of uncertainty, several
statistical methods have been used in an attempt to increase the
reliability of LCA results. Some statistical theories used in LCA are:
parameter variation and scenario analysis, classical statistical theory
(e.g., probability distributions, tests of hypothesis), Monte Carlo
simulations, bootstrapping, and other sampling approaches, analytical
methods based on first-order error propagation, non-parametric
statistics, Bayesian analysis, fuzzy theory and use of qualitative
uncertainty methods (e.g. based on data quality indicators)
(FINNVEDEN et al., 2009).

Although the uncertainties are often not considered in LCA
studies, they can be very high; thus, quantifying the uncertainty is an
important step to provide support in the interpretation of LCA study
results towards a trustworthy and transparent decision (FINNVEDEN et
al., 2009; GEISLER; HELLWEG; HUNGERBUHLER, 2005). For a
reliable judgment of the environmental gains in a comparison between
products or its options for improvement, the uncertainty analysis is very
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helpful to know to what extent the results of LCA are in fact different
between the scenarios (HUIJBREGTS et al., 2001).

Despite uncertainty due to methodological choices have already
been studied (HUIJBREGTS, 1998; HUNG; MA, 2009), little attention
in the past few years have been paid to this topic. According to Zamagni
et al. (2009), scenario uncertainty is the least addressed in studies,
generally treated at a qualitative level. As pointed out by the authors,
major efforts should be made to this source of uncertainty since they
have great consequences on the LCA results. Therefore, two main
questions can be raised: How to show the LCA outcomes due to the
methodological uncertainties? Moreover, which methodological choice
leads to greater uncertainty in the LCA results? To answer these
questions, we evaluated the uncertainty and sensibility in the LCA due
to two methodological choices, the allocation approach and the LCIA
method. In order to illustrate the uncertainty and our point of view, we
propose a methodology based on scenario variation, sensibility analysis
and the use of statistical methods in the uncertainty analysis. The
methodology was applied in a case study of swine production.

1.2  MATERIAL AND METHODS

To address the uncertainty in LCA, we develop a methodology
based on scenario variation with a sensibility analysis followed by an
uncertainty analysis. For the scenario variation, a comparative case
study of four manure management systems (MMS) in the swine
production was used to evaluate if the uncertainty due to methodological
choices could change the scenario ranking. The functional unit of the
case study is 1000 kg of swine carcass (deadweight) in the equalization
chamber for cutting or further distribution. The scenarios for the MMS
are: liquid manure storage in slurry tanks (Sce.Ref); the biodigestor by
flare (Sce.Flare); the biodigestor for energy purposes (Sce.CHP); and
composting (Sce.Comp), a detailed description of the scenarios is given
in Chapter I1*’. The system boundaries with the main unit processes of
the swine production are displayed in Fig 111-1.

7 Cherubini et al. (2015a).
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Fig I11-1. Simplified system boundaries of swine production.
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111.2.1  SENSITIVITY ANALYSIS OF THE METHODOLOGICAL
CHOICES IN LCA

The sensitivity analysis was conducted and interpreted in two
steps: (i) considering different approaches to deal with multi-
functionality problem in the main processes of the case study; (ii) the
use of several life cycle impact assessment (LCIA) methods. The result
from this analysis allows identify which choice (allocation or LCIA) has
the major influence in the LCA outcomes. In addition, also generates the
data used in the uncertainty analysis.

111.2.2 MULTI-FUNCTIONALITY PROBLEM IN THE CASE
STUDY

In swine production, the main multi-functional processes are
grain processing (i.e. soybean and maize), animal rearing, the manure
management system (MMS) and the slaughtering stage.

There are two main approaches to deal with multi-functionality
problem: the partitioning methods and the avoided burdens or
substitution method, also called as system expansion (CHERUBINI;
STROMMAN; ULGIATI, 2011; FINNVEDEN et al, 2009;
HEIJUNGS; GUINEE, 2007; HEWNUNGS; SUH, 2002). The
partitioning methods are commonly based on weight (mass), volume,
market value, energy, exergy and demand-based (CHERUBINI,;
STROMMAN; ULGIATI, 2011; CURRAN, 2007). Detailed
background with the mathematical procedures on the partitioning
methodologies can be found in Curran (2007).
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According to Schmidt and Dalgaard (2012), for recycling process
like the MMS stage, allocation can also be divided into two types: type |
where the allocation occurs after the MMS i.e. before the manure
application in soil (point of substitution), while the type Il would be
before sending the manure to the MMS i.e. not at point of displacement.
In this last type, the impacts of treatment and/or recycling are attributed
to the product system that will receive the byproducts. Following the
authors’ definition, we considered the type I allocation.

Tab 111-1 show the scenario variation and the approaches used to
handle with the multi-functionality problems in the main processes of
swine production. The reference scenario considers the allocation of the
environmental burdens in a case-by-case basis and were described in
Chapter 11*®, Regarding to scenario variation for economy allocation, all
the multi-functional processes in the case study were handled
considering the market values. Similarly, in the remaining scenario
variation we applied the same procedure considering only the mass
allocation and system expansion through the substitution method for all
the main processes with coproducts. Tab I11-1 describes the allocation
factors attributed to each coproduct when used the partitioning methods
and the avoided product for the substitution method. Further information
about scenarios assumptions and definitions are presented in sequence.

111.2.2.1 Economic allocation assumptions

Market value for piglets, sows, boars and swine in animal rearing
and for swine carcass and its coproducts in the slaughtering house stage
were from a Brazilian agroindustry and are representative for the period
2014-15. To define a market value for the manure used as organic
fertilizer in the economic allocation variation, we assume the same
commercial price of urea, triple superphosphate and potassium chloride
equivalent to the fertilizing potential of manure. Detailed description of
how to estimate the fertilizing potential of manure is given in
APENDICE F*, while the allocation factors are displayed in Tab I11-1.

18 Cherubini et al. (2015a).
19 Cherubini et al. (2015b).
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Tab I11-1. Multi-functional processes in swine production, allocation factors and
avoided products used in the scenario variation.

Stage/ Economic . Substitution
Products Case-by-case Allocation Mass Allocation method
Soybean .
processing All scenarios
Soybean meal 55.7 55.7 714 Rapeseedg?gig”d maize
Soybean oil 417 417 19.4 Rapeseed meal and
maize grain
Soybean hulls 2.6 2.6 9.3 Rapeseed meal and oil
Malzg All scenarios
processing
Maize starch 83.2 83.2 67.2 Wheat starch
Maléze%luten 7.0 7.0 25.1 Maize grain and urea
Maize oil 31 3.1 2.7 Soybean oil
Maize gluten
meal (gluten 6.7 6.7 5.0 Maize grain and urea
60)
Piglet
Production Ref/Flare/CHP/Comp  Ref/Flare/CHP/Comp Ref/Flare/CHP/Comp Ref/Flare/CHP/Comp
(PP)
Piglets 82.7 88.8/88.7/88.3/888  79.6/79.5/79.5/79.9 100.0
Sows 16.9 10.2/10.2/10.1/10.2  16.3/16.2/16.2/16.3 Poultry (liveweight)
Boars 0.5 01/01/01/01 02/02/027/02 Poultry (liveweight)
foerrgﬁrz‘fr Chemical fertilizer 0.9 / 1.0/ 1.0 / 09 40/ 41/ 41/ 36 Chemical fertilizer
Heat (only for Wood heat in poultry 05 nas Wood heat in poultry
Sce.CHP) production ’ e production
Electricity - . - -
(only for Braznh:tn erlizctrlcny 0.04 nas Brazilian erlizctrlcny at
Sce.CHP) g 9
Growing to
finishing (GF) Ref/Flare/CHP/Comp Ref/Flare/CHP/Comp Ref/Flare/CHP/Comp Ref/Flare/CHP/Comp
Swine 98.0/98.0/96.9/
(liveweight) 100.0 98,2 94.4/94.2/94.2/95.0 100.0
gﬁﬁ’z‘z Chemical fertilizer 0.9 /1.0 / 1.0 / 0.9 56 / 41/ 41/ 3.6 Chemical fertilizer
Heat (only for Wood heat in poultry 05 nas Wood heat in poultry
Sce.CHP) production ' - production
Electricity o . . -
(only for Braznh:tn erlizctrlcny 0.04 nas Brazilian erlizctrlcny at
Sce.CHP) g 9
Slal:]ghtermg All scenarios
ouse
Swine carcass 86.9 96.7 86.9 100.0
. Protein from poultry
Edible offal 6.8 3.1 6.8 meat
Inedible offal 6.3 0.2 6.3 Poultry meal for PET

feed production®

* Not applicable because it is not possible to state a mass for energy flows.

® Some byproducts were not considered due to lack of data for the avoided product.
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111.2.2.2 Mass allocation assumptions

The mass allocation in the MMS stage considered the mass of the
fertilizer content in manure (e.g. 80.2 kg of chemical fertilizer in
Sce.Ref) due to the greater amount of manure generated per ton of swine
carcass (i.e. 6.33 m°). For the Sce.CHP we decided to not consider any
burden for electricity and heat production in the MMS once it is not
possible to set a weight on energy (Tab I11-1). A mathematical artifice to
deal with this issue would be to define another energy avoided by the
use of electricity and heat from biogas, for instance coal and wood,
respectively. In this case, it could be considered the amount in weight of
coal and wood required to produce the same amount of energy (1214.1
MJ). However, we understand that establishing another energy source
avoided by the use of biogas could generate confusion with the
substitution method concept.

111.2.2.3 Substitution method assumptions

The system expansion through the substitution method implies
that the coproducts of swine production avoid other products in the
market (sometimes also called replaced products). In this case, the most
price competitive product of each coproduct needs to be identified and
in which proportion that product would be avoided/replaced by the
coproduct of swine production.

However, as stated by Gac et al. (2014), finding an equivalent
product is a weak point of this approach once this definition is often
difficult, quite subjective and sometimes it is not possible to identify an
avoided product. Heijungs and Guinée (2007), argue that the
substitution method or system expansion introduces a lot assumptions of
‘what-if” into LCA modeling, therefore, this type of question should
preferably be left outside of a primarily scientific tool. Therefore, it
should further be considered that our results could be quite different
depending on the assumptions made to identify an avoided product.
Nevertheless, we believe that the assumptions made in this case study
are adequate to illustrate the uncertainty in a comparative LCA.

For the soybean processing, based on (DALGAARD et al., 2008;
WEIDEMA, 1999) it was assumed that the rapeseed meal and oil are the
marginal products avoided by the soybean meal and oil, respectively.
On the other hand, soybean hulls are most price competitive with maize
grain in cattle feed; even though the former has lower total digestible
nutrients we considered a 1:1 ratio with maize because soybean has a
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positive impact on feed intake and digestibility in cattle feed
(IPHARRAGUERRE; CLARK, 2003; RANKINS, 2015). Data on
rapeseed coproducts were from ecoinvent® database (JUNGBLUTH et
al., 2007) and for the maize production and processing were obtained
from Alvarenga, Prudéncio da Silva and Soares (2012).

For maize processing, we consider that both maize gluten meal
feed and maize gluten meal (60) avoids the production of maize grain in
a 1:1 ratio; and urea used in animal feeds, in a 1:0.015 and 1:0.023
basis, respectively (KIM; DALE, 2005; PEDROSO; SANTOS;
BITTAR, 2009; SANTOS, 2004). For maize oil, we assume the avoided
production of soybean oil in a 1:1 ratio (KIM; DALE, 2005). Maize
starch was assumed to replace wheat starch based on the proportion of
1:1 since wheat is the second most used crop to produce starch and has
similar compositions (i.e. fibre, lipids, protein, moisture and starch)
(EUROPEAN COMISSION, 2002; INTERNATIONAL STARCH
INSTITUTE, 2015). Data on wheat starch were based on ecoinvent®
database (JUNGBLUTH et al., 2007) and Wurdinger et al. (2002) for
crop production and wheat processing, respectively.

In the animal production stage, it was assumed that sows and
boars sent to slaughter replace poultry meat (liveweight) in a 1:1 basis.
Data on poultry production were from Prudéncio da Silva et al. (2014).
Whilst in the MMS, for all scenarios manure avoids the production of
chemical fertilizer. In the Sce.CHP is also considered the avoided
production of electricity on the grid and the wood-based heat.

In the slaughtering stage was quite difficult to establish an
avoided product because it is not clear that the edible offal could replace
other products. However, if we consider that the main function of meat
products is to provide protein then one approach is to assume that the
consume of protein from edible offal can replace the protein
consumption of other sources such as poultry meat, cattle beef or even
from vegetable sources. Therefore, due to the availability of data on
poultry production in our database (PRUDENCIO DA SILVA et al.,
2014), we assume that the protein provided by the coproducts of
slaughtering stage could avoid the production of a certain amount of
protein from poultry carcass (Tab I11-1). For swine blood and liver, we
consider that these byproducts replace poultry meal in the production of
PET feed on a protein-basis. It was not considered an avoided
production to the intestinal mucous due to lack of data of the replaced
product and because this byproduct has low environmental relevance for
the product system. The intestinal mucous is often used to produce
heparin and replaces mucosal tissues from bovine lungs.
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111.2.3 LIFE CYCLE IMPACT ASSESSMENT (LCIA) METHODS

For the sensitivity analysis of the LCIA, five methods at midpoint
level were compared. The criteria used to choose the methods were: (i)
indicator at midpoint level; and (ii) the possibility to asses at least 4
common impact categories across the methods. In this sense, the chosen
methods were: the ReCiPe 2008 (H) midpoint, CML-IA, EDIP 2003,
ILCD 2011 and TRACI 2.1. ReCiPe 2008 was used as the baseline
method to compare the results of the sensibility analysis since it was the
method used in Chapter 11”° to evaluate the environmental impacts of
swine production.

To convert the impact scores into a common metric we used the
approach proposed by Dreyer, Niemann and Hauschild (2003) and
recently used by Owsianiak et al. (2014), which consists in define a new
reference substance with a characterization factor in all compared
methods and a reference substance in at least one of the compared
methods. In methods that divide the eutrophication potential in
freshwater and marine (e.g. ReCiPe 2008), the impact scores were
aggregated using the Redfield conversion ratio between phosphate and
nitrogen compounds (GOEDKOOP et al., 2013; OWSIANIAK et al.,
2014). The conversion to a common unit is necessary to compare the
impact categories across the methodologies. Tab [11-2 shows the
methods, the impact categories and the new reference substances.

20 Cherubini et al. (2015a).
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Tab 111-2. LCIA methods and impact categories used in the sensitivity analysis.

Method Impact categories Original unit New unit
. Climate change kg CO; eq. kg CO; eq.
Re\?eerieoiOi)%éH) Terrestrial acidification kg SO; eq. kg SO, eq.
(GOEDKOOP et al., Freshvyater eutrophlgatlon kg P eq. kg PO, eq.
2013) Marine eutrophication kg N eq.
Freshwater ecotoxicity kg 1,4-DBeqg. kg 1,4-DB eq.
CML-IA version Global warming potential kg CO; eq. kg CO; eq.
3.01 Acidification potential kg SO; eq. kg SO, eq.
(GUINEE et al., Eutrophication potential kg PO, eq. kg PO, eq.
2002) Fresh water aquatic ecotoxicity kg 1,4-DBeq. kg 1,4-DB eq.
. Global warming 100a kg CO; eq. kg CO; eq.
EDIP 2(1)%34ver3|0n Acidification m? kg SO eq.
. . Aquatic eutrophication EP (N) kg N
P((;?\TL:E%HQE)(?E;) Aquatic eutrophication EP (P) kg P kg PO, eq.
' Ecotoxicity water chronic m® kg 1,4-DB eq.
Climate change kg CO; eq. kg CO; eq.
ILCD 2011 version Terrestrial acidification molc H+ eq. kg SO, eq.
1.03 Freshwater eutrophication kg P eq. ka PO, &
(EC-JRC, 2012) Marine eutrophication kg N eq. gFoseq.
Freshwater ecotoxicity CTUe kg 1,4-DB eq.
. Global warming kg CO; eq. kg CO; eq.
TRACI 12'1 version Acidification kg SO, eq. kg SO, eq.
01 Eutrophication kg Neq kg PO eq
(BARE etal, 2003) Ecotoxicity CTUe kg 1,4-DB eq.

111.2.4 UNCERTAINTY ANALYSIS OF THE METHODOLOGICAL
CHOICES IN LCA

The uncertainties due to scenario variation were estimated
through a Monte Carlo simulation and compared through an analysis of
variance (ANOVA) with a Tukey’s honest significant difference (HSD)
test. The Monte Carlo simulation is a probabilistic modeling technique
widely used when it comes to evaluate the uncertainties in input
parameters and scenarios (CLAVREUL; GUYONNET;
CHRISTENSEN, 2012). This statistical method allows run 10,000
independent repetitions representing the probability distribution of the
scenarios results. The input data used on this analysis were the mean and
standard deviation of the sensitivity analysis, assuming a normal
distribution. The ANOVA with Tukey (HSD) test were used to identify
statistical differences between the means of the alternatives compared.
For this test we adopted 95% of confidence interval.
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Fig I11-2 displays an overview of the schematic framework of the
proposed methodology. The input data are based on the life cycle
inventory (LCI) of the case study (Chapter 1Y) while the outputs are the
results obtained by the sensitivity and uncertainty analysis per impact
category. Therefore, the results for each impact category are a function
of the allocation approach and the LCIA method.

Fig I11-2. Schematic framework of the methodology to estimate the uncertainty
in LCA.
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1.3 RESULTS

I11.3.1 SENSIBILITY ANALYSIS OF THE ALLOCATION
APPROACHES

The summary of the results in LCA due to choice of allocation
approach are shown in Tab Il1-3. The percentages demonstrate the
impacts variation compared to the case-by-case scenario of each
alternative for manure management.

21 Cherubini et al. (2015a).
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Tab 111-3. Sensitivity analysis of scenario variation on the allocation procedures.
Values highlighted in bold represents the lowest emission per impact category

for each scenario.

Scenarios Climate Change Acidification Eutrophication zggis)\?{?itf;
variation (kg COz eq.) (kg SO eq.) (kg POseq.) (kg 1,4-DB eq.)
Sce.Ref % of Case- % of Case- % of Case- % of Case-
ReCiPe method by-case by-case by-case by-case

Case-by-case 3503 76 11.7 0.57

Economic

Allocation 3896 +11 74 -3 8.5 -28 0.68 +20

Mass

Allocation 3590 +2 63 -17 8.0 -32 0.62 +9

Substitution

method 4332 +24 84 +10 15.9 +35 -3.12 -649
Sce.Flare % of Case- % of Case- % of Case- % of Case-
ReCiPe method by-case by-case by-case by-case

Case-by-case 3389 82 11.8 0.56

Economic

Allocation 3842 +13 75 -9 8.5 -28 0.68 +20

Mass

Allocation 3537 +4 65 -22 8.0 -32 0.62 +10

Substitution

method 4197 +24 91 +11 15.9 +35 -3.12 -653
Sce.CHP % of Case- % of Case- % of Case- % of Case-
ReCiPe method by-case by-case by-case by-case

Case-by-case 3114 82 11.8 0.56

Economic

Allocation 3548 +14 75 -9 8.4 -29 0.68 +21

Mass

Allocation 3323 +7 65 -21 8.0 -32 0.62 +11

Substitution

method 3872 +24 91 +11 15.9 +35 -3.13 -658
Sce.Comp % of Case- % of Case- % of Case- % of Case-
ReCiPe method by-case by-case by-case by-case

Case-by-case 3554 83 11.8 0.59

Economic

Allocation 3964 +12 80 -3 8.6 -27 0.69 +17

Mass

Allocation 3663 +3 69 -16 8.2 -31 0.63 +8

Substitution

method 4393 +24 92 +11 16.0 +35 -3.10 -628

Tab 111-3 shows that when considered only the substitution
method to the product system, the results showed greater differences
compared to the case-by-case scenarios. For instance, the ecotoxicity
potential displayed a difference within a factor up to 5.5.
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Besides the divergence in the absolute values, the scenario
ranking did not show relevant changes independent of the approach
adopted for the multi-functionality problems. Similar results were
reported by other authors for climate change (CHERUBINI,
STROMMAN; ULGIATI, 2011; CURRAN, 2007; KAUFMAN et al.,
2010), acidification, eutrophication and freshwater ecotoxicity
(CURRAN, 2007; LUO et al., 2009).

However, these results should be carefully interpreted since
minor changes in scenario ranking was noted for acidification,
eutrophication and freshwater ecotoxicity. The rationale for we did not
consider these changes was because the impact scores were very similar
for these impact categories with slight differences in the decimal values.
For instance, Sce.Ref shows lowest PO, eq. emissions than the other
scenarios, exception for the economic allocation (8.5 kg, Tab I11-3).
When the multi-functional processes were handled only with economic
allocation, Sce.CHP showed the lowest eutrophying emissions, with 8.4
kg PO, eq. a difference of 0.2%. Therefore, the results are not
conclusive, and cannot be generalized for other product systems.
Changes in scenario ranking due to different allocation approaches was
reported in Luo et al. (2009) for climate change in a comparative LCA
of fuels.

An interesting result is that the lowest emissions for each impact
category varied according to the allocation approach used (values
highlighted in bold in Tab 1lI-3), i.e. all case-by-case scenarios
displayed lower values for climate change while mass allocation had
lower emissions for acidification and eutrophication. On the other hand,
the use of the substitution method to deal with the multi-functional
processes in swine production showed the highest values for almost all
the impact categories, exception to the freshwater ecotoxicity.
Contrasting with the results achieved by Cherubini, Stramman e Ulgiati
(2011), in which the substitution method represented the lower
emissions for the main product.

For climate change, higher values in the scenarios with the
substitution method are strongly related with the soybean meal
production. Soybean crops in center west of Brazil are associated with
deforestation impacts, resulting in higher CO, eq. emissions when
compared to the rapeseed production, the avoided product assumed for
this scenario.

The decrease in the environmental impacts for acidification and
eutrophication when considered only economic and mass allocation are
partly due to the differences in the system boundaries. In the case-by-
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case and substitution method scenarios, the byproducts in the manure
management system (MMS) stage avoids the production of chemical
fertilizer, electricity and heat production (the latter two only in
Sce.CHP). Hence, the boundaries are expanded to consider the manure
application in soil and the consequent avoided production of the
aforementioned products. In economic and mass allocation scenarios,
the system boundaries in the MMS stage ends in the point of
substitution i.e. before manure application in the soil.

For the freshwater ecotoxicity, the negative values from Tab 111-3
mean that the LCA considers an environmental benefit of swine
production. The positive net impact for freshwater ecotoxicity is due to
the assumption that coproducts from soybean processing avoid the
production of rapeseed meal and oil. Although rapeseed cultivation uses
relatively low amounts of pesticide while in soybean is relatively high
(SCHMIDT, 2010), one reason for the high environmental credit for the
substitution method applied to swine production could be the type of
pesticide used in each crop. In the rapeseed production the greater
amount of pyrethroid insecticide cypermethrin is one of the main
responsible for the ecotoxicity impacts (SCHMIDT, 2010). For ReCiPe
method, cypermethrin used in rapeseed has high ecotoxicity potential
when compared to diflubenzuron used in soybean production (see
Goedkoop et al., 2013 for more details). Thus these results should be
interpret with caution once for rapeseed and soybean cultivation we use
secondary data from ecoinvent® (JUNGBLUTH et al., 2007) and
Prudéncio da Silva et al. (2010), respectively. In either cases,
beforehand, one may already note the influences of LCIA methods on
results and consequently to decision making (issue addressed in next
section).

The results presented in this section highlight the importance of a
detailed explanation of the avoided product but mainly the strong
dependency of the LCA outcomes on the choice of allocation approach.
We also demonstrated that it is not possible to state that a specific
allocation approach will always increase/decrease the impacts of the
main product.

111.3.2 SENSIBILITY ANALYSIS OF LCIA METHODS

The sensibility analysis of the LCIA methods displayed almost no
variations for climate change compared to the sensibility generated by
the choice of allocation approach (Tab 111-3). This behavior were
expected since all LCIA methods follows the characterization model of
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IPCC with time horizon of 100 years, exception to IMPACT 2002+
method that consider a time horizon of 500 years (not evaluated, see
Jolliet et al., 2003). For acidification, eutrophication and freshwater
ecotoxicity the results were very sensitive to the choice of LCIA method

(Tab 111-4).

Tab I11-4. Sensitivity analysis of LCIA methods variation. Values highlighted in
bold represents the lowest emission per impact category for each scenario.

LCIA methods Climate Change Acidification  Eutrophication Eggig;’(\:iitf;
variation (kg CO, eq.) (kg SO eq.) (kg POseq.) (kg 1,4-DB eq.)
Sce.Ref % of % of % of % of
case-by-case ReCiPe ReCiPe ReCiPe ReCiPe
ReCiPe 2008 3503 76 11.7 0.57
CML-1A 3502 - 43 -43 225 492 201  +35292
EDIP 2003 3502 - 43 -43 115 -2 1915 +337259
ILCD 2011 3503 - 72 -5 12.7 +8 18.8  +3213
TRACI 2.1 3502 - 61 -20 124 +6 188  +3209
Sce.Flare % of % of % of % of
case-bhy-case ReCiPe ReCiPe ReCiPe ReCiPe
ReCiPe 2008 3389 82 11.8 0.56
CML-IA 3388 - 47 -43 233 +97 200 +35348
EDIP 2003 3388 - 47 -44 117 -1 1908 +337782
ILCD 2011 3389 - 78 -5 12.8 +8 188  +3225
TRACI 2.1 3388 - 66 -20 12.5 +6 188  +3221
Sce.CHP % of % of % of % of
case-by-case ReCiPe ReCiPe ReCiPe ReCiPe
ReCiPe 2008 3114 82 11.8 0.56
CML-I1A 3113 - 47 -43 232 +98 189  +33689
EDIP 2003 3113 - 47 -44 11.7 -1 1823 +325119
ILCD 2011 3114 - 78 -5 12.8 +8 184  +3187
TRACI 2.1 3113 - 66 -20 125 +6 184  +3183
Sce.Comp % of % of % of % of
case-by-case ReCiPe ReCiPe ReCiPe ReCiPe
ReCiPe 2008 3554 83 11.8 0.59
CML-1A 3553 - 47 -43 263  +122 213 +36278
EDIP 2003 3553 - 47 -43 11.8 - 2014 +343586
ILCD 2011 3554 - 78 -5 133 +12 19.2  +3185
TRACI 2.1 3553 - 67 -19 129 +9 192 43184

Acidification and eutrophication potential are regional impact
categories i.e. very site-depending. In addition, there are differences in
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the number of substances covered by each method, the inclusion or not
of fate modeling, characterization model and factors, e.g. only CML-IA
also cover waterborne emissions for acidification (EC-JRC, 2011,
HAUSCHILD et al., 2013). For the eutrophication potential, CML-IA
and TRACI 2.1 address both terrestrial and aquatic eutrophication (EC-
JRC, 2011).

Although Tab I11-4 demonstrate differences in the final scores per
impact category, through a substance contribution analysis we observed
that for all the LCIA methods the impacts on climate change and
acidification were due to the carbon dioxide and ammonia emissions,
respectively. For eutrophication the phosphorus emissions was the main
responsible for the impacts in EDIP 2003, ILCD 2011, ReCiPe 2008 and
TRACI 2.1 with nitrate being also one of the main drivers of the impacts
in the latter LCIA method. For CML-IA, ammonia had the major
contributions on PO, eq. emissions. This divergence probably is because
CML-IA did not separate the impacts of eutrophication in terrestrial and
aquatic system as several of the LCIA methods (EC-JRC, 2011).

For freshwater ecotoxicity, greater variations in the absolute
values were observed. The EDIP 2003 method showed a result of 3
order of magnitude higher then ReCiPe 2008 our baseline method, i.e.
an increase up to 343,586% from the reference value in Sce.Comp.
Rosenbaum et al. (2008), comparing seven methods for toxicity impact
categories observed differences in the characterization factor of up to 12
order of magnitude, which can partly explain this high discrepancy for
this impact category.

Analyzing specifically the results between ReCiPe 2008 and
ILCD 2011, our findings disagreed with the outcomes obtained by
Owsianiak et al. (2014). In the latter, minor differences for freshwater
ecotoxicity were observed in the comparison between these methods.
The high dependency of the LCIA scores in the LCI associated with the
very different environmental aspects per category of product, turn not
feasible to generalize both results for other system products (e.g. the
ones from this case study and from Owsianiak and colleagues). In this
sense, it is recommended always conduct a sensibility analysis in the
LCIA method when the main purpose of an LCA is to decrease the
toxicity impacts.

The substance contribution analysis for freshwater ecotoxicity
also demonstrates that it is not easy to see agreement across the LCIA
methods. Different emissions were the main responsible for the impacts
in this impact category between the methods. Another remarkable
difference was the little agreement of the pollutants with potential to



142

cause the impacts on freshwater ecotoxicity e.g. only Copper, Nickel
and Zinc appear in all LCIA results with a contribution higher than 1%
of total impacts. Similar results were found by Dreyer, Niemann and
Hauschild (2003), evaluating the pollutants contribution on human
toxicity for CML2001 (current CML-IA), EDIP97 (current EDIP2003)
and Eco-indicator 99.

Greater variations can be expected for freshwater ecotoxicity
once toxicity impact categories can be modeled with a high variety of
impact pathways and there are a large number of chemical substances
used in industrial production that even the latest developments are
sufficient to cover in a satisfactory way all the inventory flows
(GEISLER; HELLWEG; HUNGERBUHLER, 2005; HAUSCHILD et
al., 2013).

Besides the greater differences between the methods the overall
ranking of scenarios did not change across the sensibility analysis, i.e.
Sce.Ref is the most favorable to decrease the impacts on acidification
and eutrophication whilst Sce.CHP had lower emissions for climate
change and freshwater ecotoxicity. Similar results was reported by
Owsianiak et al. (2014). The agreement in scenario ranking can be
expected when few processes dominate the impacts for all compared
options (HUIJBREGTS et al., 2010; OWSIANIAK et al., 2014). This
was the case for swine production, where the impacts are driven by feed
production (same for the four options) and to a less extends due to the
manure management system (the compared options).

Nevertheless, we highlighted that this agreement in the ranking of
scenarios is specific to our case study and for these impact categories.
Another case study or even other variations of the LCIA methods at
endpoint level can generate contrasting results. For instance, Cavalett et
al. (2013), found that ethanol presents lower potential environmental
impacts with single-score results using ReCiPe endpoint while gasoline
is the most favorable when evaluated through IMPACT 2002+,
Ecological Scarcity 2006, and Eco-indicator 99 (H).

The uncertainties in endpoint modeling are larger than for
midpoint (HAUSCHILD et al., 2013). LCIA at endpoint level adds
additional uncertainty due to the characterization model itself that
requires more assumptions for the mathematical relations and consider
different midpoint impact categories to address the LCI into damage in
areas of protection. Moreover, endpoint methods require the
normalization, weighting and aggregating steps, which are other sources
of uncertainty due to the references situation used in normalization, and
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the value judgment for settling the weights to each environmental
impact category.

Furthermore, it should be consider that the uncertainty generated
by the chosen LCIA method is not due to an error in the models but it
comes from different assumptions and data used to model the
environmental mechanism. In addition, occasional errors in the
implementation of the characterization factors into software have been
reported (OWSIANIAK et al., 2014), although we did not consider this
issue in our evaluation.

111.3.3 CHOICE OF ALLOCATION APPROACH VS. LCIA
METHOD

To identify which methodological choice has the major influence
in results' variability, we plotted the outcomes from the sensibility
analysis in scatter diagrams with the LCIA scores against the allocation
approach categorized by the LCIA method. Our findings are displayed
in Fig 111-3 only for Sce.Ref since the methodological choices had the
same behavior for all the compared alternatives for MMS.

For climate change, the choice of allocation is the main
responsible for the uncertainty while the LCIA method had no influence
in the results, as already been discussed (see section 111.3.2). Regarding
to acidification both methodological choices have led to uncertainties
with major contribution from the LCIA methods, especially due to the
characterization models from ReCiPe 2008, ILCD 2011 and TRACI 2.1.
Similar behavior can be observed for eutrophication differing only in the
LCIA method, i.e. CML-IA.
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Fig 11-3. Influence of the choice of allocation approach and LCIA method in
LCA outcomes.
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Fig I11-3. Influence of the choice of allocation approach and LCIA method in
LCA outcomes.
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For freshwater ecotoxicity, a first look in the graphic could lead
to a misleading interpretation due to the high influence of CML-IA and
(mainly) EDIP 2003. In Fig 111-3 the LCI characterization through the
ILCD 2011, ReCiPe 2008 and TRACI 2.1 appeared to have minor
effects on the choice of allocation approach. However, analyzing the
scatter diagram without CML-IA and EDIP 2003 we can observe that
the allocation approach also contribute to the uncertainties in LCA
outcomes (Fig I11-4). The graphics also demonstrate that CML-IA and
ReCiPe 2008 consider an environmental positive net benefit for
freshwater ecotoxicity when the substitution method is used. The
rationale for this behavior was explained in section 111.3.1 and is related
to the characterization factors for the cypermethrin usage in the rapeseed
production. Therefore, both methodological choices introduce
uncertainties for this impact category, although major contributions can
be expected from the LCIA methods, especially due to EDIP 2003.

Fig 11-4. Scatter plot of freshwater ecotoxicity (CML-IA and EDIP 2003
excluded).
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111.3.4 OVERALL UNCERTAINTY IN SCENARIO COMPARISON

Analyzing the results in histogram graphics it can be noticed an
overlap of the results for almost all the environmental impact categories.
Fig 111-5 displays the histogram for the comparison between Sce.Ref and
Sce.CHP, which are the most contrasting scenarios in terms of
environmental impacts.
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Fig 111-5. Comparative histogram of Sce.Ref vs Sce.CHP. (a) climate change;
(b) acidification; (c) eutrophication; (d) freshwater ecotoxicity.
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Fig 111-5. Comparative histogram of Sce.Ref vs Sce.CHP. (a) climate change;
(b) acidification; (c) eutrophication; (d) freshwater ecotoxicity.
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For climate change, Fig I11-5a shows that Sce.CHP can decrease
the emissions in 14% of the cases while Sce.Ref will result in greater
emissions than Sce.CHP in 26% of the cases. However, for the
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remaining impact categories (Fig I11-5b, ¢ and d) the interpretation
through the histograms without the confidence intervals (CI) of the
means is not conclusive in respect to indicate which scenario has the
best environmental performance. For acidification, the Cl demonstrates
that Sce.Ref has a mean value and its upper confidence limits lower than
Sce.CHP. Therefore, for this impact category Sce.Ref seems to be the
most favorable alternative for manure management. Regarding to
eutrophication and freshwater ecotoxicity, a decision-making through
the histogram and the Cl is a difficult task due to the uncertainty in the
results.

The overall uncertainty due to the scenario variation in the
allocation approach and LCIA method are summarized in Tab I11-5 for
all the compared alternatives for manure management. Climate change
was the impact category with less uncertainty and it was mainly due to
the sensibility in choice of allocation as explained in section 111.3.1 and
111.3.3 of this chapter. Major uncertainties were observed for the
freshwater ecotoxicity with a coefficient of variation (CV) up to 197%
and a range of 3770 kg 1,4-DB eq. for a mean value of 487 kg 1,4-DB
eg. in Sce.Ref. For this impact category the range is almost 7.7 times
larger the average value.

Tab 111-5. Scenarios differentiation through the ANOVA and Tukey (HSD) test.

Freshwater
ecotoxicity
(kg 1,4-DB eq.)

Cv Ccv Cv Ccv
Mean Range (%) Mean Range %) Mean Range (%) Mean Range %)

Climate change Acidification Eutrophication
(kg CO: eq.) (kg SO eq.) (kg POseq.)

Sce.Ref |3830° 1294 9| 58 59 26 |13.3° 21 40| 487° 3770 197
Sce.Flare |3740° 1232 8| 61° 65 27136 22 42| 487*° 3691 194
Sce.CHP |3463° 1124 8| 61° 63 27135 22 42| 475% 3599 194
Sce.Comp | 3893 1279 8| 63° 63 25|14.4° 26 46| 501° 3793 194

Different letters within the same column indicate significant differences between the
scenarios (p < 0.05) according to Tukey test.

Analyzing the results through the ANOVA and Tukey test it was
possible to see differences between all the scenarios for climate change
impacts; thus, to decrease the CO; eq. emissions the best alternative for
manure management is the Sce.CHP. These results are in accordance
with those obtained in the LCA of swine production (Chapter 11?2, pp.

22 Cherubini et al. (2015a).
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102). For acidification potential despite the overall uncertainty showed
in Fig I11-5b, we observed a significant difference between Sce.Ref and
Sce.CHP; thereby, Sce.Ref is the most preferable scenario compared to
all of the alternative options if the goal is to decrease the acidifying
emissions.

However, to reduce the impacts on eutrophication if we consider
the variability of the results due to choices on the allocation approaches
and LCIA method it is not possible to indicate the best alternative, since
our results for Sce.Ref and Sce.CHP were not statistically different (Tab
111-5). For freshwater ecotoxicity, there were no differences between the
options for manure management. These results for ecotoxicity were
mainly due to the very contrasting results between the ReCiPe and the
EDIP2003 methods (Tab [11lI-4). Toxicity impacts have high
uncertainties associated with the characterization factors and models in
the LCIA methods, as already reported by several authors (DREYER,;
NIEMANN; HAUSCHILD, 2003; GEISLER; HELLWEG,;
HUNGERBUHLER, 2005; OWSIANIAK et al., 2014; ROSENBAUM
et al., 2008).

Regarding to the LCA outcomes presentation, a descriptive table
with the ANOVA and Tukey test seem to be an efficient way to
demonstrate the scenarios comparison throughout the uncertainties due
to the methodological choices. On the other hand, the use of histograms
to identify differences between the alternatives compared it is not
advisable since we could observe an overlapping of the results. In this
sense, the use of the results from ANOVA in simple graphics with the
means values and the confidence intervals of the means is a useful tool
to present the LCA outcomes, as displayed in Fig I11-6.



151

Fig 111-6. Results from ANOVA and Tukey test for scenario comparison.
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Fig 111-6 clearly show the differences between the scenarios for
climate change, whilst for freshwater ecotoxicity the confidence
intervals of the means encompass all the scenarios.

Results from Tab 1lI-5 and Fig 111-6 demonstrate that every
important decision based on the LCA outcomes should be evaluated
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through an uncertainty or at least sensitivity analysis due to the high
influence on the results generated by the choices made by the LCA
practitioner. Another possible way to reduce the uncertainty in LCA is
search for scientific literature to validate the data used as well as the
decisions made during the LCA (SOARES et al., 2013). For the
environmental impact assessment, further developments in the models
are expected, such as site-dependent models for regional impact
categories (e.g. acidification and eutrophication) and the calculation of
characterization factors for many new substances (HAUSCHILD et al.,
2013). On the other hand, for the multi-functionality problem (i.e. the
allocation approach) it seems to be more difficult to achieve
improvements on the existing approaches, although it can be noticed
some recommendations depending on goal situations or life-cycle stage
(e.g. EC-JRC, 2010; EUROPEAN COMISSION, 2013).

111.4  CONCLUSIONS OF THE UNCERTAINTY
EVALUATION

The purpose of this chapter was to evaluate the uncertainties in
LCA and thereby a methodology was proposed to address this issue.
The sensibility analysis with scatter plots were effective to demonstrate
which methodological choice has the major influence in the LCA
outcomes. Climate change was the impact category most affected by the
allocation approach, while acidification, eutrophication and freshwater
ecotoxicity are most sensitivity due to the LCIA method used.
Regarding to the scenario comparison, the ranking of the best and worst
alternatives did not change irrespective of the choice of allocation and
the LCIA method. Although some authors have found contrasting
results for the variation of these practitioner choices. Therefore, is not a
rule of thumb that the LCA outcomes will be consistent with different
allocation approaches and LCIA method, highlighting the importance of
the sensitivity analysis in the interpretation phase.

The uncertainty analysis, on the other hand, shows that in some
situations performing only a sensibility analysis could lead to a
misleading decision-making in respect to eutrophication and mainly
freshwater ecotoxicity once our methodology with ANOVA and Tukey
indicate no statistical difference between the alternatives compared.
Hence, a straightforward analysis only with a scenario variation might
not detect this similarity between the options.

Despite the dependency of the LCA outcomes in the choices
made by the LCA practitioner, considering an uncertainty analysis on



153

allocation approach or the LCIA method it is possible to identify the
best alternative in comparative studies leading to a trustworthy decision-
making for climate change and acidification. For eutrophication impacts,
we believe that our methodology might also decrease the uncertainty in
the decision-making depending on the product systems being compared.
In the case of manure management, the eutrophying emissions were
very similar and therefore it was not possible to indicate the best
alternative, although we could observe differences between the
scenarios. In this sense, another comparative case study in which the
alternatives has more differences in LCI will certaintly point to the
better alternative to decrease the eutrophication impacts.

For the LCA outcomes presentation, graphics with the ANOVA
results seem to be a useful way to illustrate the differences in compared
alternatives, if in fact they exist. The methodology proposed, at some
extend, is not difficult to implement and does not demand large
computing time for the statistical analysis, although it might require
additional system modelling time in the LCA software. The drawback is
the need of additional software for the statistical analysis once the LCA
software only allows to run a Monte Carlo simulation in LCI
parameters.

Regarding to the allocation approach it should be used in a
consistently way between the alternatives evaluated by the LCA,
seeking to use the same approach in the processes being compared. For
the environmental impact assessment it is further recommend the use of
methodologies and characterization factors described in the ILCD
handbook guide, although we recognized that the standardization of a
method could decrease the discussions around this topic and therefore
not be beneficial to the improvement of the existing methods.

It should further be highlighted that we use scenario variation and
sensitivity analysis only for two methodological choices; however, our
methodological proposition is suited for any sensibility on
methodological choices and LCI variation and can be applied to other
situations.
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Capitulo 1V. Discussdo geral e concluséo

Diante do exposto na revisao hibliogréfica, no estudo de caso e na
avaliacdo das incertezas metodoldgicas foi possivel levantar e avaliar
algumas das limitacbes da ACV, apresentadas nos Quadro 1-3, Quadro
I-4 e Quadro 1-6 do Capitulo I. Nesta tese, trés limitacfes em especial
foram avaliadas e discutidas: a falta de conhecimento e/ou certeza de
dados (Capitulo 11, pagina 104), e a incerteza gerada por duas escolhas
metodoldgicas, a abordagem de alocacéo e a definicdo dos métodos para
avaliacdo dos impactos do ciclo de vida (AICV) (Capitulo Ill, pagina
136).

Os resultados alcancados serdo apresentados resumidamente a
seguir de acordo com as perguntas de pesquisa definidas na presente
tese.

IV.I DISCUSSAO E RESPOSTAS AS INCERTEZAS
METODOLOGICAS

Com relacdo a pergunta de pesquisa numero 1: Como
apresentar os resultados de uma ACV frente as incertezas
metodoldgicas?

A variacdo de cendrios acompanhada da analise de Monte Carlo
em conjunto com a ANOVA e o teste de Tukey para avaliar a diferenca
entre medias, é um procedimento que auxilia na reducéo dos efeitos da
incerteza na tomada de decisdo. Excecdo a categoria de impacto de
ecotoxicidade de aguas doces, na qual ndo foi possivel observar
diferenca estatistica entre os cendrios. O uso somente de uma analise de
Monte Carlo, em algumas decises como na avaliagdo das categorias
acidificacdo, eutrofizacdo e ecotoxicidade de aguas doces, ndo permite
diferenciar os cenarios de menor e/ou maior emissdes, pela sobreposicéo
da distribuicdo de probabilidade de resultados.

Desta maneira, sdo aceitas as duas hip6teses:

e Dependendo da abordagem utilizada na divisdo de impactos em
processos multifuncionais e dos métodos de avaliacdo de
impacto, podem ocorrer sobreposic@es na identificagdo da melhor
alternativa, levando a incerteza na tomada de decisao.

e E possivel diminuir os efeitos das incertezas na tomada de
decisdo a partir de um estudo de ACV, por meio de métodos
estatisticos.
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A metodologia proposta para avaliar as incertezas associadas as
escolhas metodoldgicas e os seus efeitos na tomada de decisdo esta
descrita no Capitulo Ill, no item 1.2 Material and methods (pagina
128), e é baseada em trés métodos principais:

1. Analise de cenario

2. Andlise de sensibilidade

3. Avaliacdo das incertezas

A partir do cenério base, foram realizadas variagdes nas decisdes
de como lidar com os processos multifuncionais e na escolha do método
de avaliacdo de impacto. Ao todo, na comparagdo dos cenarios do
estudo de caso definido, foram obtidos 320 resultados, dos quais 80
eram referentes a cada cenario sendo 20 por categoria de impacto
avaliada.

Diante da variabilidade dos resultados, aplicou-se um método
estatistico denominado de anélise de Monte Carlo. Este método permitiu
gerar 10.000 novas amostragens dentro do intervalo obtido pela andlise
de sensibilidade para cada cenario por categoria de impacto. Essa
estatistica tem como principal finalidade determinar o intervalo mais
provavel na qual estara o valor ‘real’ do sistema modelado.

Entretanto, os resultados da simulacdo de Monte Carlo em
algumas situagdes ndo sdo conclusivos devido a proximidade dos
resultados dos cenarios comparados. O range de resultados do cenario x;
sobrepdem o0s resultados do cenario X, e assim por diante (X,).
Principalmente, quando estes sdo ilustrados por meio de histogramas.
Deste modo, para verificar a diferenca entre os cendrios foi proposto o
uso da analise de variancia (ANOVA) com um teste de médias das
10.000 amostragens por categoria de impacto. Por meio da comparagdo
entre pares obtida pelo teste de Tukey foi possivel verificar a existéncia
de diferenca significativa entre os cenarios e desta maneira diminuir o
efeito da incerteza na tomada de decisdo. Para apresentar os resultados,
a maneira mais adequada é por meio de uma tabela que demonstre as
diferencas entre as médias comparadas, como apresentado na Tab I11-5
do Capitulo 111, e de modo simplificado no exemplo da Tab I1V-1.
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Tab IV-1. Modelo de apresentagdo de resultados de uma ACV comparativa.

Categoriade Categoria de Categoria de
impacto y; impacto y, ) impacto y,
Cenério Xg fl(yl)z fl(YZ): - fl(Yn)Z
Cenario x, %5(y1) %o(Y2) - %5(Yn)
Cenario Xn fn(yl)n J?n(yz)n : fn(Yn)n

Na Tab IV-1 os resultados Xi(y;) representam uma funcdo do
cenario x; para a categoria de impacto y;. Enquanto as letras sobescritas
demonstram a existéncia ou nao de diferenca entre as médias (i.e. entre
0s cenarios). Na qual letras iguais significam que:

Ho: x1(yi) = Xa(yi) = ... = Xa(Y1)

Neste caso, o sinal de = significa que os cenarios (x;) sdo
estatisticamente iguais para a categoria y;, e desta maneira ndo é possivel
apontar o cenario com menores emissoes.

Enquanto resultados seguidos de diferentes letras significam que:

Hy: X1(yy) # Xiy:)

Na qual o # significa que os cenarios (X;) Sd0 estatisticamente
diferentes para a categoria y; e, portanto, a decisdo pode ser tomada de
modo mais robusto diminuindo a chance de erro.

A ANOVA também permitiu a construcdo de graficos com
intervalos de confianca sob a média, que auxiliam a demonstracdo visual
dos resultados. Na Fig IV-1 ¢é apresentado um exemplo da comparagdo
de cenarios com base em graficos gerados pelos resultados da ANOVA.
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Fig IV-1. Comparacdo de resultados da ACV considerando a incerteza
metodoldgica.

65

64

63

o I3 o
o - N
e
e

Acidification (kg SO, eq.)

@
@
e

o
3

o
>

Sce.Ref Sce.Flare Sce.CHP Sce.Conp
Scenarios

Vertical bars denote 0.95 confidence intervals

14,8

-
>
>

.
=
ES
—e—

14,2
14,0
13,8

Eutrophication (kg PO, eq.)

p.a
w w
e (2]

—o—i

—o—i
—o—i

[,
w
)

-
w
°

Sce.Ref Sce.Flare Sce.CHP Sce.Comp
Scenarios

Vertical bars denote 0.95 confidence intervals

Os graficos da Fig V-1 demonstram que para acidificacdo é
possivel identificar trés cenarios diferentes, o Sce.Ref com as menores
emissdes, Sce.Comp como 0 cendrio mais impactante, e, um grupo
composto pelo Sce.Flare e Sce.CHP, na qual ndo podem ser observadas
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diferencgas entre os sistemas de manejo. Com relacdo aos impactos de
eutrofizacdo, novamente é possivel apontar o Sce.Comp como 0 mais
impactante. Entretanto, para esta categoria de impacto ndo é possivel
identificar o cenario favoravel para a reducdo das emissdes, pois 0s
intervalos do Sce.Ref e Sce.CHP se sobrepdem, e desta maneira
estatisticamente ndo sdo observadas diferencas entre os cenarios. De
maneira similar, ndo é possivel verificar diferencas entre 0 Sce.CHP e
Sce.Flare, embora este seja diferente de Sce.Ref.

Os resultados estdo apresentados detalhadamente no Capitulo 111,
no item 111.3.4 Overall uncertainty in scenario comparison (pagina 146)
na Fig I11-5, Tab 111-5 e Fig I11-6.

Com relagdo a pergunta de pesquisa nimero 2: Qual escolha
metodoldgica gera maior incerteza nos resultados, para o caso da
suinocultura?

A resposta depende da categoria de impacto avaliada:

e Para mudancas climaticas, a abordagem de alocacdo gera a
maior incerteza nos resultados, principalmente devido ao método
de substituig&o.

e Para acidificacéo, eutrofizacao e ecotoxicidade de aguas doces,
tanto a abordagem de alocacdo quanto a escolha do método de
avaliacdo de impacto do ciclo de vida (AICV) geraram incerteza
nos resultados, embora o método de AICV tenha causado a maior
variabilidade dos resultados.

Os resultados que sustentam as afirmagbes acima estdo
apresentados no Capitulo I, no item 111.3.3 Choice of allocation
approach vs. LCIA method, na Fig 111-3 e Fig Il1-4 (paginas 144 e 146,
respectivamente).

A incerteza na ACV esta associada a necessidade de grandes
guantidades de informagOes e muitas vezes a falta do conhecimento dos
valores reais de cada pardmetro e/ou do mecanismo ambiental. Além
disso, os resultados dependem das escolhas do especialista em vérias
situacBes, 0 que agrega incerteza ao modelo. Embora tenham sido
avaliadas duas dessas escolhas, a abordagem utilizada nesta tese permite
expandir a avaliacdo para outras defini¢des igualmente importantes, e.g.
normalizacdo e ponderagéo, entre outras.

Para as incertezas associadas a dados, recomenda-se que sejam
definidos desvios padrdes ou de valores minimos e maximos de cada
pardmetro, permitindo realizar uma analise estatistica dos dados usados
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no inventario. Nos casos em que hd pouca ou nenhuma informagédo
adicional sobre o pardmetro analisado, o uso de métodos de avaliacdo
qualitativa como a matriz pedigree (detalhes em Ciroth et al., 2013)
pode ser empregada para gerar informacGes sobre a variabilidade do
pardmetro, e desta maneira permitir uma andlise estatistica por meio de
uma simulacdo de Monte Carlo.

No tocante a abordagem da alocacdo, existem varios
procedimentos que podem ser usados em processos multifuncionais,
defendidos por trés diferentes escolas, duas defendendo métodos de
particionamento e uma defendendo uma abordagem que tende mais a
modelagem consequencial. Na presente tese, bem como, no Grupo de
Pesquisa em Avaliagdo do Ciclo de Vida (CICLOG) da UFSC, entende-
se que o caminho mais indicado é analisar as especificidades de cada
processo, seguindo a defini¢do de Guinée, Heijungs e Huppes (2004), na
qual ndo ha uma Unica escolha correta.

Neste caso, a abordagem escolhida deve ser cientificamente
fundamentada e ter seus efeitos avaliados, no minimo, por uma analise
de sensibilidade, principalmente variando das abordagens de
particionamento para as que tendem para abordagem consequencial (i.e.,
expansdo do sistema, método de substituicdo), pois nestas variacOes
foram identificadas as maiores diferengas nos resultados.

Com relacéo aos métodos de AICV, a prioridade deve ser utilizar
as metodologias recomendadas pelo ILCD, principalmente para as
categorias de toxicidade, devido a falta de maturidade cientifica dos
modelos que tem como finalidade avaliar esses impactos.

Apesar das incertezas que podem ser encontradas em estudos de
ACV, é preciso destacar que a metodologia ainda € um dos principais
ferramentas para avaliar 0s impactos ambientais de sistemas complexos,
tais como os sistemas industriais. Além disso, incertezas devido a
escolhas e a falta de dados confidveis ndo é exclusividade da
metodologia de ACV. Modelos de dispersdo de poluentes como
Modified General Finite Line Source Model (M-GFLSM) e Particulate
Emission Factor Model (PARTS5), ou de autodepuracdo como de
Streeter e Phelps também possuem incertezas associadas a escolhas e
aos dados. A prdpria escolha pelo modelo usado, pode ser considerada
uma incerteza, uma vez que, os modelos podem partir de pressupostos
diferentes. E, embora os resultados da presente tese tenham apresentado
uma variabilidade grande, as conclusdes entre as melhores alternativas
tenderam para uma convergéncia no que tange a alternativa favoravel
por categoria de impacto. Desta forma, a tomada de deciséo a partir da
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ACV na maioria dos casos ndo devera ser afetada pelas incertezas
devido as escolhas e/ou dados utilizados.

IV.1.1 DISCUSSAO RESULTADOS DO ESTUDO DE CASO

Os resultados demonstraram que a producdo de suinos na regiao
sul do Brasil ¢ competitiva frente aos concorrentes externos, quando
considerada a perspectiva ambiental. O sistema produtivo possui indices
de desempenho zootécnico que permitem uma producdo animal eficiente
e, desta maneira, reducdo dos impactos ambientais. Entretanto, podem
ser observadas margens para melhoria e reducdo dos impactos. Neste
sentido, 0 manejo dos dejetos por biodigestores com o aproveitamento
energético (Sce.CHP) é a alternativa com maior potencial para reduzir
0s impactos: mudancas climéticas, eutrofizacdo de aguas doces,
demanda acumulada de energia, ecotoxicidade terrestre, danos a
biodiversidade e transformacdo natural de terra. Enquanto, o sistema
tradicional por esterqueiras (Sce.Ref) é a alternativa favoravel para
diminuir os impactos de acidificagdo terrestre e eutrofizagdo marinha. O
manejo de dejetos na forma sélida por meio da compostagem
(Sce.Comp) aumentou os impactos para todas as categorias de impacto.

Os maiores ganhos ambientais devido ao uso de biodigestores
com aproveitamento energético foram observados para as categorias de
impacto de mudancas climaticas e demanda acumulada de energia,
como apresentado na Tab 1l-4, do Capitulo Il. Para mudancas
climaticas, o biodigestor com flare também demonstrou potencial de
reducdo das emissdes, entretanto, para as demais categorias esse sistema
apresentou menores efeitos.

Os menores ganhos ambientais para as demais categorias de
impacto, estdo associados aos efeitos que os poluentes dos dejetos tém
no meio ambiente. No manejo sdo emitidos principalmente CO,, CHy,
N,O, NHs, NO3, NO, e P, além de metais pesados como Zn e Cu. Destes
poluentes, apenas o CO, e CH, tem potencial de reducdo por meio dos
sistemas de manejo, seja pela captura dos gases nos biodigestores ou
pela reducdo das emiss6es de CH, no manejo dos dejetos na forma
solida. Com relagdo as emissfes associadas ao ciclo de N ou a emissdo
de P e de metais pesados, os sistemas sdo pouco efetivos, sendo que o
maior ganho da biodigestdo e do composto é aumentar o valor
agrondmico do dejeto, desta maneira o beneficio ambiental é indireto
i.e., somente devido a quantidade de NPK evitado.
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No caso do Sce.CHP ainda sdo contabilizados os beneficios da
producdo evitada de energia elétrica e térmica, caracteristica que acabou
sendo determinante para que este cenario seja considerado favoravel
frente as demais opgBes para a redugdo dos impactos de eutrofizacdo de
aguas doces, ecotoxicidade terrestre, danos a biodiversidade e
transformacéo natural de terra.

No tocante ao sistema de compostagem (Sce.Comp), esperava-se
que este cenario diminuisse de maneira significativa os impactos sobre
as mudangas climaticas, uma vez que a compostagem reduz as emissdes
de metano, principal responsavel pelos impactos no manejo
convencional dos dejetos. Embora o cenario Sce.Comp tenha
demonstrado um potencial de reducdo das emisses de CH, em 90,5%
(384 kg CO; eq.), as estimativas de emissdes de N,O aumentaram em
236,6% (397,1 kg CO, eq.) prejudicando o balango total das emissGes.
Com relacdo a este cenério, as maiores perdas de N na forma de
emissdes atmosféricas, também resultaram na reducdo do potencial de
fertilizante evitado por unidade funcional. Cabe destacar que no
Sce.Comp ndo sdo considerados beneficios da fixacdo de carbono na
serragem, logo, caso fossem considerados o resultado poderia ser
favoravel a este cenario com relagdo aos impactos nas mudangas
climaticas, enquanto para as demais categorias esse pressuposto nao
possui efeitos.

Analisando oportunidades de melhorias, para o cenario com
esterqueiras (Sce.Ref), os resultados demonstraram que para diminuir os
impactos das mudancgas climaticas o foco deve ser em reduzir as
emissbes de metano durante o armazenamento dos dejetos. Neste
sentido, os cenarios de biodigestores e do compostagem demonstraram
potencial de reduzir as emissGes de metano, embora na compostagem
houve aumento das emissdes de N,O. Durante a aplicacdo dos dejetos o
foco deve estar na reducéo das emissfes de amonia e N,O.

No caso dos biodigestores, o desempenho da producdo do biogas
pode e deve ser melhorado para garantir a correta operacéo €, no caso do
cenario de aproveitamento energético, aumentar o potencial de gerar
energia e consequentemente os ganhos ambientais por ‘evitar’ o uso de
outras fontes energéticas. Algumas alternativas para aumentar o
desempenho do biogas sdo misturar a palha ou silagem de milho,
residuos sélidos municipais, residuos alimenticios e de abatedouros
(POESCHL; WARD; OWENDE, 2012). O uso de dejetos digeridos
anaerobicamente ainda apresenta um beneficio agronémico, pois
possuem o potencial de liberar o nitrogénio de modo mais lento
alcancando vérias etapas do crescimento das culturas, aumentando a
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fixacdo desse nutriente nas plantas (CHANTIGNY et al., 2007
MASSE; TALBOT; GILBERT, 2011).

Alternativas de tratamento de dejetos, além das apresentadas
nesta tese, e seus potenciais ganhos ambientais tém sido reportadas na
literatura (DE VRIES; GROENESTEIN; DE BOER, 2012; HAMELIN
et al., 2010, 2011; TEN HOEVE et al., 2014; WESNAS; WENZEL;
PETERSEN, 2009), como o pré-tratamentos para separar a fragéo sélida
do dejeto da liquida ou uso de tratamentos biologicos (LOPEZ-
RIDAURA et al., 2009). Entretanto, 0 acesso a essas tecnologias no
Brasil talvez ainda seja um pouco limitado devido aos custos
envolvidos.

Para a etapa de aplicagdo dos dejetos no solo existem algumas
técnicas tais como a injecdo de dejetos liquidos dentro do solo e 0 uso
de inibidores de nitrificacdo que podem reduzir as emissdes de NH; e
N,O. Basset-Mens e van der Werf (2005), sugerem que a garantia de
rapida e efetiva incorporacdo do dejeto no solo pode diminuir as perdas
de NHj; durante e ap6s a aplicacdo dos dejetos e, consequentemente das
emissdes indiretas de N,O.

Com relacdo a injecdo dos dejetos no solo, é preciso destacar que
ndo estdo claros os beneficios ambientais reais desta técnica. Alguns
estudos (DAMASCENO, 2010; DELL; MEISINGER; BEEGLE, 2011;
GONZATTO, 2012; PERALA et al., 2006; THOMSEN et al., 2010;
WEBB et al., 2010), ttm demonstrado que esta técnica diminui as
emissbes de amdnia, mas em contrapartida aumentam as emissfes de
N,O, enquanto outros autores (LOVANH; WARREN; SISTANI, 2010;
SISTANI et al., 2010) encontraram menores emissdes de N,O por meio
da injecdo dos dejetos no solo.

O uso dos inibidores de nitrificacdo também tem apresentado
resultados contraditérios em relagdo ao potencial de reducdo das
emissbes de N,O da aplicacdo dos dejetos no solo. Os experimentos
desenvolvidos por (DAMASCENO, 2010; GONZATTO, 2012;
MEIJIDE et al., 2007; VALLEJO et al., 2006) demonstraram que esta
técnica foi capaz de reduzir as emissdes de N,O, enquanto para
Mkhabela et al. (2006) o inibidor de nitrifica¢cdo ndo apresentou efeitos
tanto nas emissfes de NH3 quanto nas de N,O.

As contradi¢bes quanto aos sistemas de manejo de dejetos e suas
alternativas para reducéo das emissdes e a variabilidade encontrada nos
resultados da avaliacdo de incerteza dos fatores de emissdo usados nas
estimativas de emissdes no Capitulo Il (pagina 104) ocorrem, pois como
destacado por de Vries, Groenestein e de Boer (2012), ainda ha a
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necessidade de avaliagdes em tempo real das emissdes dos sistemas de
manejo para uma avaliacdo mais segura dos reais ganhos ambientais.

No tocante a producdo da ragdo, etapa do ciclo de vida que
apresentou 0s maiores impactos para a maioria das categorias de
impacto avaliadas nesta tese, medidas como alteragdes na dieta animal,
diminuir distancias de transporte dos grdos ou alterar os modais de
transporte, podem representar uma medida relevante para reduzir os
impactos. No entanto, o principal problema que deve ser enfrentado é a
diminuicdo do desmatamento para a producdo dos grdos usados na
racdo, principalmente a soja.

Especificamente na alimentacéo dos animais, no APENDICE F ¢
apresentada uma simulacdo na qual é diminuida progressivamente o
nivel de proteina bruta (farelo de soja) na racdo dos suinos em
terminacdo, suplementados pelo aumento de aminoacidos sintéticos.
Deste modo, o valor nutricional da digestibilidade ileal da lisina foi
constante nas quatro dietas, enquanto 0s outros aminoacidos variaram. A
composicdo da racdo (Table F2 - APENDICE F) e os indices de
desempenho zootécnico foram atestados por Vidal et al. (2010), sendo
que a qualidade da carne ndo foi alterada (Table F3 - APENDICE F)
com o0 uso das diferentes dietas. Os resultados demonstraram que
realizando pequenas alteragdes na composicao da alimentacéo é possivel
reduzir em 11,7% as emissfes de CO, eq. na comparagao entre a dieta
de menor (P16) e maior emissdo (P13). Resultados similares foram
obtidos por (BAUMGARTNER; DE BAAN; NEMECEK, 2008; MEUL
et al., 2012), para as categorias de impacto mudangas climéticas e
demanda de energia devido ao menor uso de transportes e da eliminagdo
dos impactos oriundos do desmatamento, entretanto, a alternativa foi
pouco efetiva para reduzir os impactos de eutrofizacéo e acidificagdo.

Outra oportunidade de melhoria é garantir que os graos usados na
alimentacdo animal ndo sejam de areas desmatadas, como o previsto
pela moratéria da Soja. Com esta acdo, 0s impactos por tonelada de
carcaca suina podem ser reduzidos em 31,3% para mudancas climaticas,
97,3% para a transformacdo de terra natural e 9,5% da demanda
acumulada de energia. Para as demais categorias de impacto, esta a¢do
ndo possui maiores efeitos.
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IV.1.2 ANALISE CRITICA

Embora os objetivos propostos tenham sido atendidos, podem ser

identificadas algumas limitacOes da presente tese:

Similaridade dos ICV das alternativas comparadas na avalia¢do
das incertezas, 0 que até certo ponto pode ter prejudicado a
comparagdo dos cenarios com relacdo a categoria de
ecotoxicidade de aguas doces;

Erros associados a implementacdo dos modelos de AICV pelos
softwares de ACV ndo foram considerados;

As incertezas associadas ao uso de base de dados secundérias
(i.e., dados background) ndo foram considerados na avalia¢do das
incertezas dos dados de LCI no estudo de caso do Capitulo II;
Considerar as emissfes da troca de carbono no solo devido ao
cultivo de gréos;

Considerar fixagdo de carbono no substrato utilizado na
reciclagem;

Assumir fatores de emissdo dos dejetos de outras realidades
(paises).
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IV.2 CONCLUSAO

Conclui-se que no Brasil ainda existem margens para melhorias
na disponibilidade de informagfes confiaveis que consigam dar suporte
a projetos de ACV. Um roteiro de célculo para estimar as emissdes dos
sistemas de manejo de dejetos foi proposto, entretanto, a falta de dados
nacionais que permitissem uma maior precisdo dos resultados do
modelo, fez com que alguns pressupostos fossem assumidos, tais como
uso de dados de diferentes realidades. E, embora no que tange aos
dados, tenham sido avaliadas somente as incertezas associadas ao
manejo dos dejetos, a falta de informacdes confidveis e fatores de
emissdo pode ser estendido para outras etapas do ciclo de vida.

No tocante as incertezas inerentes a metodologia de ACV, a
andlise de sensibilidade é um procedimento eficaz na verificacdo da
consisténcia de um estudo de ACV, mas em determinadas situagdes ndo
é o suficiente para reduzir as incertezas na tomada de decisdo. Deste
modo, a tomada de decisdo com base em uma ACV deve ser realizada
em conjunto com uma andlise de incertezas.

Com relacdo a metodologia proposta para avaliar as incertezas,
esta demonstrou-se efetiva, de acordo com as simulagdes realizadas, na
reducdo dos efeitos das incertezas da ACV na tomada de deciséo,
permitindo indicar as alternativas que independente da escolha
metodoldgica apresentardo resultados favoraveis.

Perspectivas de trabalhos futuros

Algumas lacunas sdo identificadas para uma melhor
confiabilidade dos resultados gerados por estudos de ACV. Em especial,
o0 desenvolvimento de novas pesquisas para a melhoria dos modelos e
fatores de caracterizacdo para ecotoxicidade de aguas doces. Outras
sugestdes de trabalhos futuros sdo indicadas a seguir:

e Ampliar a ACV da suinocultura para a regido centro oeste do
Brasil;

e Desenvolver fatores de emissdo especificos para a realidade
brasileira;

e Avaliar a sensibilidade gerada pela definicdo da unidade
funcional, principalmente para produtos alimenticios, na qual esta
definicdo normalmente ndo leva em conta a real funcdo do
produto e sim o fluxo de referéncia (i.e. unidade de massa de
produto);
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e Ampliar a avaliagcdo das incertezas para abranger as etapas de
normalizacdo e ponderac¢do dos resultados da AICV;

e Desenvolver fatores de caracterizacdo para categorias de impacto
regionais especificos para o Brasil;

e Estender a avaliagdo de incertezas a nivel endpoint ou para
indicadores single-score, uma vez que sdo pontos que agregam
grande incerteza na ACV;,

e Auvaliar de modo integrado as incertezas dos parametros de LCI,
incluindo as relacionadas ao uso de base de dados (e.g.
ecoinvent®), com as escolhas metodoldgicas (e.g. abordagem de
alocagdo, métodos de AICV) para obter uma visdo global das
incertezas do modelo;

e Desenvolvimento de métodos de avaliagdo multicritério que
auxiliem a tomada de decisdo quando 0s cenarios apresentarem
desempenhos favoraveis para diferentes categorias de impacto.
Tépico ndo abordado nesta tese.
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APENDICE A - Metodologia detalhada para estimar as emissdes de
gases dos dejetos

Supplementary material for the paper of Chapter 11

This annex is a supplementary material for the Chapter 2
(Capitulo 2). The annex shows the life cycle inventory (LCI) of the main
stages of the swine supply chain. The LCI for the crops cultivation can
be found in Alvarenga, Prudéncio da Silva e Soares (2012), Prudéncio
da Silva et al. (2010) and Prudéncio da Silva (2011). This material also
describes the emission factors and methods used to estimate the CO,,
CH,, N,O and NHj3 emissions from swine manure in swine housing,
storage and field application as well as the calculation to estimate the
potential saves due to the use of biodigestor. The glossary of terms are
described in APENDICE B and APENDICE C while the values for the
variables and parameters are described in APENDICE D and
APENDICE E. To facilitate understanding the annex is organized with
the same subtitles used in chapter 2.

2.2.3. Animal production

Tab Al. On-farm LCI for 1000 kg of swine carcass (deadweight).

(continua)
Piglet Production (PP)
Inputs Amount Unit Source
. - Oliveira; Zanuzzi;

Water for animal consumption 2.09 m?3 Souza (2006)
Water for clean the pens 9.11 L Primary data
Sows 45.09 kg Primary data
Sows feed 478.27 kg Primary data
Chemicals  (disinfectants,  soap, 0.86 kg Primary data
chlorine, dextrane iron)

Lamps for creep (standard heat and 1.34 pc Primary data
infrared)

Piglets feed 309.74 kg Primary data
Buildings 6.90-10° - Primary data

Energy and Transport

Electricity 121.53 kWh Primary data
Transport of sows to PP 4.92 tkm Primary data
Transport of boars to PP 0.15 tkm Primary data
Transport of sows to slaughterhouse 2.18 tkm Primary data

Transport of boars to slaughterhouse 0.02 tkm Primary data
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Tab Al. On-farm LCI for 1000 kg of swine carcass (deadweight).
(conclusao)

Outputs
Main product ?
Piglet 269.88 kg -
Byproducts *
Sows to slaughter 55.11 kg -
Boars to slaughter 0.57 kg -
Emissions to air
CH, (enteric fermentation for sows) 0.18 kg IPCC (20064a)
CHj, (enteric fermentation for piglets) 1.78 kg IPCC (2006a)
Hutchings et al. (2013)
NHs 0.96 kg /Sommer et al. (2006a)
Manure
Sows and boars 0.50 m3 Oliveira (1993)
Piglets 041 m3 Oliveira (1993)
Growing to finishing (GF)
Inputs Amount Unit Source
. . Primary data / Tavares
Water for animal consumption 10.12 m?3 et al. (2014b)
Primary data / Tavares
Water for clean the pens 0.69 m3 et al. (2014b)
L Primary data / Tavares
Water for nebulization 0.18 m3 et al. (2014b)
Piglets 269.88 kg Primary data
Swine feed 2,754.22 kg Primary data
Chemicals (disinfectants, soap, 027 K Primary data
ina i i . 9
chlorine, insecticide)
Buildings 2.51-10% - Primary data
Energy and Transport
Electricity 6.42 kWh Primary data
Transport piglets to GF 16.19 tkm Assumed
Transport of feed to GF 207.94 tkm Primary data
Transport of swine to slaughterhouse 73.20 tkm Agroindustry
Outputs
Main product
Swine liveweight 1,355.64 kg -
Emissions to air
CH, (enteric fermentation) 4.99 kg IPCC (20064a)
Hutchings et al. (2013)
NHs 5.74 : /Sommer et al. (2006a)
Manure
Swine manure 5.42 m3 Primary data / Tavares

et al. (2014b)

2 Without consider allocation.

2.2.3.1. N-related Emissions in housing (for all scenarios)

We estimated the N-related emissions based on (DAMMGEN;
HUTCHINGS, 2008; HUTCHINGS et al., 2013; IPCC, 2006a), which
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considers that the emissions depend on the amount of total ammonia
nitrogen (TAN) entering the housing in manure plus the TAN generated
through the mineralization of organic N in the manure.

a) The available TAN were based on Hutchings et al. (2013):
Equation 1
TAN, = TAN, + MR, * ON,

TAN, = Available TAN in housing (;) (kg'm™).

TAN, = TAN excreted (kgrm™).

MR}, = Mineralized rate (kg'kg™), is the proportion of the organic N
entering the house (i) that is mineralized.

ON, = N-organic excreted (kg-m™).

b) Ammonia emissions were based on Hutchings et al. (2013):
Equation 2
NH3h = TANh * eq

NH3, = NH3 emissions in house (1) (kg NH3-N).
e, = Emission factor for NH; emitted in housing (kg'kg™).

2.2.4. Manure management system (MMS)

Tab A2. LCI for the MMS scenarios. Sce.Ref: open slurry tanks without natural
crust cover; Sce.Flare: biodigestor with biogas flaring; Sce.CHP: biodigestor
with biogas capture for energy purposes; Sce.Comp: composting.

(continua)
Piglet Production (PP)
Inputs® Sce.Ref Sce.Flare ~ Sce.CHP  Sce.Comp
Manure, in m3 0.91 0.91 0.91 091
Outputs®
Product avoided
Chemical fertilizer NPK, in kg 13.48 14.02 14.02 12.65
Electricity from BR grid, in kWh na’ nal 25.55 na’
Heat wood-based, in MJ nar nar 111.70 nal’
Emissions to air
CO, from biodigestor, in kg® nal’ 42.76 2.18 na’
CO; from slurry tank, in kg 5.05 1.47 1.47 nal’
CHy, in storage, in kg 3.23 1.04 1.04 0.31
NHj in storage, in kg 0.28 0.39 0.39 0.57
N,O in storage, in g 3.57 5.10 5.10 257.25
N, in storage, in kg - - - 1.07

NO in storage, in kg - - - 0.52
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Tab A2. LCI for the MMS scenarios. Sce.Ref: open slurry tanks without natural
crust cover; Sce.Flare: biodigestor with biogas flaring; Sce.CHP: biodigestor
with biogas capture for energy purposes; Sce.Comp: composting.

(conclusao)

Piglet Production (PP)

Outputs® Sce.Ref Sce.Flare  Sce.CHP  Sce.Comp
Emissions to air
NHj in spreading, in kg 0.76 1.09 1.09 0.83
N.O in spreading, in g 91.95 59.84 59.84 77.21
N in spreading, in kg 0.13 0.10 0.10 0.04
NO in spreading, in kg 0.014 0.007 0.007 0.012
Emissions to water
NO; leaching, in kg 0.28 0.23 0.23 0.13
P leaching, in kg 0.22 0.22 0.22 0.22
Emissions to soil
Cupper, ing 28.08 28.08 28.08 28.08
Zinc,ing 47.89 47.89 47.89 47.89
Growing to finishing (GF)
Inputs? Sce.Ref Sce.Flare ~ Sce.CHP  Sce.Comp
Manure, in m3 5.42 5.42 5.42 5.42
Outputs?
Product avoided
Chemical fertilizer NPK, in kg 80.33 83.54 83.54 73.85
Electricity from BR grid, in kWh na’ nab 152.31 na’
Heat wood-based, in MJ na’ na’ 665.81 na’
Emissions to air
CO, from biodigestor, in kg° n.ap 254.87 12.98 nab
CO; from slurry tank, in kg 30.10 8.78 8.78 nab
CH, in storage, in kg 19.27 6.18 6.18 1.84
NHjs in storage, in kg 1.64 2.35 2.35 3.27
N,O in storage, in g 21.28 30.38 30.38 1,475.30
N, in storage, in kg - - - 6.14
NO in storage, in kg - - - 2.97
NHj in spreading, in kg 4.53 6.47 6.47 4.75
N,O in spreading, in g 548.07 356.70 356.70 430.18
N in spreading, in kg 0.76 0.58 0.58 0.21
NO in spreading, in kg 0.08 0.04 0.04 0.07
Emissions to water
NO; leaching, in kg 1.66 1.37 1.37 0.72
P leaching, in kg 1.34 1.34 1.34 1.34
Emissions to soil
Cupper, ing 167.40 167.40 167.40 167.40
Zinc, ing 285.49 285.49 285.49 285.49

2 Without consider allocation.

® Not applicable.
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2.2.4.1. C-related emissions in storage for Sce.Ref (open slurry tanks)

Methane (CH4) emissions were estimate based on
Intergovernmental Panel on Climate Change (2006 v.4 chapter 10). The
IPCC guide describes three different ways to estimate the emissions
(Tier 1, Tier 2 and Tier 3). Tier 1 method uses emissions factors default
defined by IPCC; it is a streamlined method, usually applied when no
site-specific data on livestock production is available. Tier 2 method
allows modify some input data like animal weight, volatile solids
production, methane producing capacity and N excreted to adapt the
emissions factors to specific conditions. Tier 3 method is used when
someone pretends to develop site-specific methodologies or to measure
the emissions on field. We used the Tier 2 method to estimate the

methane emissions from the manure management systems, as follow:
Equation 3

CH4, = VS * By % 0.67 * MCF

CH4, = Methane emissions in slurry tanks (s) (kg CH,).

VS = Volatile solids excreted (kg).

B, = Maximum methane producing capacity for swine manure (m® CH,
(kg VS excreted) ™).

0.67= Conversion factor of m® CH, to kilograms CH,.

MCF = Methane conversion factor (kg-kg™).

CO, emissions were estimated as total losses of C in-house minus

C loss as CHy (calculated through Equation 3), according to (HAMELIN
etal., 2010, 2011; WESNZS; WENZEL; PETERSEN, 2009).

Equation 4

CH4, ) 44.009

2, = -
€0z (Closs 16.033/12.011/ " 12.011

CO2 = Carbon dioxide emissions in slurry tanks (s) (kg CO,).

Closs = Carbon loss in slurry tanks (s) (kg C), see Tab A3.

CH4, = Methane emissions in slurry tanks (kg CH,), see Equation 3.
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Tab A3. Parameters to estimate CO, emissions. (DM: dry matter; VS: volatile
solids; C: carbon).

Parameter Ex-animal® Ex-housing Ex-storage loss
DMP 58.20 58.20 49.47 8.73
vsed 43.60 43.60 34.87 8.73

cf 27.88 27.88 23.70 418

“Tavares et al. (2014a), kg'm™>.

® poulsen et al. (2001) and DJF (2008b) use an estimate for the in-housing loss of dry matter at
10% of the “ex animal” content of dry matter for manure from swine. The loss during storage
is estimated to 5% of the “ex-housing” content of dry matter for swine manure. (in WESNZAS;
WENZEL; PETERSEN, 2009). As in Brazilian systems the manure goes directly to the
storage, it was assumed that there is no lost in swine housing, however in ex-storage is
considered a loss of 15% (5+10).

¢ Sommer et al. (2001) estimate that for swine manure, 65% of the volatile solids are easily
degradable and 35% are heavy degradable (ex animal” values). (in WESNAS; WENZEL,
PETERSEN, 2009).

9 In Sommer et al. (2001) it is assumed that the loss of DM is identical to the loss of easily
degradable VS. This is also identical to the loss of VS, as VS = VS (easily degradable) + VS
(heavy degradable) and as the VS (heavy degradable) is not changed). So: (VSx0.65)-
(DMx0.15)+(VSx0.35). (in WESNAS; WENZEL; PETERSEN, 2009).

¢ According to Knudsen and Birkmose (2005), swine manure contains 38 kg dry matter and
18.2 kg C, i.e. 47.9% of the dry matter is carbon. (in WESNAS; WENZEL; PETERSEN,
2009)

T Carbon loss (Closs) during storage is assumed to be in the same order as the DM loss
(WESNZAS; WENZEL; PETERSEN, 2009).

2.2.4.2. C-related emissions in storage for Sce.Flare (biodigestor + open
slurry tanks)

In the biodigestor scenarios (Sce.Flare and Sce.CHP) was
considered a biogas composition of 69% of CH,; and 31% of CO,
(OLIVEIRA; HIGARASHI, 2006a). We assumed that other gases (e.g.
N,, O, H,S, H,0, CO, Hy) are negligible once altogether generally
account for less than 1 % of the biogas composition (HAMELIN et al.,
2011). The flare efficiency was 90% (primary data), i.e., this means that
not all biogas captured is turned into CO, emissions.

a) Biogas production (HAMELIN et al., 2010, 2011; WESNAS;
WENZEL; PETERSEN, 2009):

Equation 5
VS * B,
B=——

BCH4

B = Biogas produced in the biodigestor (m3).
Bcrs = CH, in biogas composition (m?-m™).
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b) Organic matter turned into biogas from CH,-C (HAMELIN et
al., 2010, 2011; WESNZS; WENZEL; PETERSEN, 2009):

Equation 6
VS * By * Deya

Closs, = ————2_ “Ctit
950 = 16.033/12.011

Closs, = Organic matter loss due to biogas (,) production (kg CH,-C).
Dcha = CH4 density (kgrm™3).

¢) Emissions due to biogas leakage in the biodigestor (HAMELIN
etal., 2010, 2011; WESNZAS; WENZEL; PETERSEN, 2009):
Equation 7

CH4, = VS By * Dgyyq * Ly

CH4, = CH, emissions due to biogas leakage (;) in the biodigestor (kg
CHy).
L, = Biogas leakage (kg'kg™).

The CO, emissions due to biogas leakage were estimated based
on the ratio between emissions of CO, and CH, in anaerobic conditions,
i.e. 1.42 kg CO; per kg CH,4 leakage (see HAMELIN et al., 2011).

d) Emissions during flaring due to not converted methane

(UNFCCC, 2012):
Equation 8

16.033
) *(1—np) + CH41) * CFoyy + CH4, x 1.42

PE, = (Closs” i (12.011
PE; = Emissions during flaring (s) (kg CO, eq.).

n = Flare efficiency (kg-kg™).

CFcn4 = Characterization factor for CH, (kg CO; eq.).

e) Emissions during flaring due to methane convert into CO,

(IPCC, 2006b):
Equation 9
CH4s = VS % By x g * Deyy * SMF

CH4; = Methane convert into CO, during flaring (5) (kg COy).

SMF = Stoichiometric Mass Factor is the mass ratio of CO, produced
from full combustion of unit mass of methane and is equal to 2.75 (kg
COy).
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f) CH, and CO, emissions during storage in slurry tanks are
estimated based on the remaining VS post-biodigestor storage:
Equation 10
CH4s; = (VS — B = D) * By * 0.67 * MCF * R,

CH4, = Methane emissions in slurry tanks (s) (kg CH,).
Dy, = Biogas density (kg:m3).
R, = Reduction potential due to slowly degradable VS (kgkg™).

A reduction potential factor of 40% is applied since the remaining
VS are composed by slowly degradable VS (NIELSEN et al., 2014).
The CO, emissions in the open slurry tank were estimated based on the
ratio between emissions of CO, and CH, in anaerobic conditions, i.e.
1.42 kg CO, per kg CH,4 emitted (see HAMELIN et al., 2011).

2.2.4.3. C-related emissions in storage for Sce.CHP (biodigestor + open
slurry tanks)

In this scenario, the biogas captured in the biodigestor is turned
into energy with engine efficiencies of 25% for electricity and 65% for
heat (OLIVEIRA; HIGARASHI, 2006a). The gross energy produced
from the biogas is 6.46 kWh-m™ and 23.36 MJ-m® (HAMELIN et al.,
2010, 2011). Biogas production and the organic matter turned into
biogas was estimated using Equation 5 and Equation 6 (item 2.2.4.2).

a) Energy production from biogas (HAMELIN et al., 2010, 2011;
WESNZS; WENZEL; PETERSEN, 2009):
Equation 11

EL, = B * EL,; % LHV,,

EL, = Electricity produced from biogas (kWh).
ELs = Engine efficiency for electricity production (%).
LHV = Lower heat value of biogas for electricity (kWh-m’3).

Equation 12
HE, = B * HE ¢ * LHVp,

HE, = Heat produced from biogas (MJ).
HEs = Engine efficiency for heat production (%).
LHV} = Lower heat value of biogas for heat (MJ-m3).
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The electricity consumption in biogas engine was estimated
considering 5% of the net energy production (HAMELIN et al., 2011).
Heat consumption in the biogas process was estimated based on
(HAMELIN et al., 2011), which considers the difference between the
temperature needed for the process (37°C) and the local temperature
(20°C on average for Santa Catarina State) and the specific heat for the
DM and for water of 3.0 and 4.2 kJ'kg™-°C™, respectively.

Equation 13
(DM * SHppy + WM % SHyypp) * (30 —17)

1000

HE,

HE. = Heat consumption in the biogas process (MJ).
DM = Dry matter in the manure (kg:m3).

SHpwm = Specific heat for DM (kJ-kg™*-°C™).

WM = Water content in manure (kg-m3).

SHwm = Specific heat for water (kJ-kg™*-°C™).

It is assumed that 40% of all the available heat produced (HE, —
HE.) from biogas is wasted in the process (HAMELIN et al., 2011).

b) CH4 and CO, emissions during storage in slurry tanks are
estimated based on the remaining VS post-biodigestor storage
(see Equation 10).

2.2.4.4. C-related emissions in storage for Sce.Comp (comp)

In this scenario, it was only considered the CH, emissions since it
was not possible to estimate the C loss in the composting process. The
CH, emissions were estimate based on IPCC (2006a), Tier 2 method
(see Equation 3).

2.2.4.5. N-related emissions in storage for Sce.Ref (open slurry tanks)
a) The available N-organic in storage were based on Hutchings et
al. (2013):
Equation 14
ONs = ON, * (1 — MRy,)

ON, = N-organic ex-house, entering in the storage system (;) (kg'm™).
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b) Awvailable TAN in storage were based on Hutchings et al.
(2013):
Equation 15
TANg = TANy, * (1 — e;) + MRg x ON;

TAN; = Available TAN in storage (s) (kg'm™).
MR, = Mineralized rate (kg'kg™), is the proportion of the organic N
entering the storage (s) that is mineralized.

¢) Ammonia emissions were based on Hutchings et al. (2013):
Equation 16

NH3; = TAN; * e,

NH3; = NH3 emissions in storage (s) (kg NHz-N).
e, = Emission factor for NH; emitted in storage (kg-kg™).

d) Direct nitrous oxide emissions were based on Hutchings et al.
(2013):
Equation 17
N20dg = TAN; * eg

N20d; = Direct N,O emissions in storage (s) (kg N,O-N).
es = Emission factor for N,O emitted in storage (kg-kg™).

e) Nitrogen gas emissions, estimated according to Dd&mmgen and
Hutchings (2008):
Equation 18
N2, = N20d, * e,
N2 = N, emissions in storage (s) (kg N,-N).
e, = Emission factor for N, emitted in storage, considered that N»-N =
(direct) N,O-N x 3.

f) Nitrogen monoxide emissions, estimated according to
D&mmgen and Hutchings (2008):
Equation 19
NO, = N20d, = 1

NO, = NO emissions in storage (s) (kg NO-N).
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g) Indirect nitrous oxide emissions from ammonia and nitrogen
monoxide volatilized were based on IPCC (2006a):

Equation 20
N20i(v)s = (NH3, + NO,) = 0.01

N20i(v)s = Indirect N,O emissions from NH3-N+NO-N volatilized (,) in
storage (s) (kg N,O-N).

2.2.4.6. Storage emissions for Sce.Flare and Sce.CHP (biodigestor +
slurry tanks)

a) The available N-organic in biodigestor were based on
Hutchings et al. (2013):
Equation 21
ON, = ON, * (1 — MR},)

ON, = N-organic ex-house, entering in the biodigestor () (kg'm™).

b) Auvailable TAN in biodigestor were based on Hutchings et al.
(2013):
Equation 22
TAN, = TAN,, * (1 —e;) + MR, * ON,

TAN, = Available TAN in biodigestor (y) (kgm™).
MR, = Mineralized rate (kg'kg™), is the proportion of the organic N
entering the biodigestor (;,) that is mineralized.

c) The available N-organic in storage were based on Hutchings et
al. (2013):
Equation 23
ONs = ON, * (1 — MRy,) * (1 — MR))

ON; = N-organic ex-biodigestor, entering in the storage (;) (kg'm™).
d) Available TAN in storage were based on Hutchings et al.
(2013):
Equation 24
TANg = TAN, + MR, * ON;

TAN; = available TAN in storage (s) (kg'm™).
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MR, = Mineralized rate (kg'kg™), is the proportion of the organic N
entering the storage (s) that is mineralized.

e) Ammonia emissions were based on Hutchings et al. (2013):
Equation 25

NH3, = TAN; * e,

NH3s = NH3 emissions in storage (s) (kg NHz-N).
e, = Emission factor for NH; emitted in storage (kg-kg™).

f) Direct nitrous oxide emissions were based on Hutchings et al.
(2013):
Equation 26
N20dg = TAN * e3

N20d; = Direct N,O emissions in storage (s) (kg N,O-N).
e; = Emission factor for N,O emitted in storage (kg-kg™).

g) Nitrogen gas emissions, estimated according to D&mmgen and
Hutchings (2008):
Equation 27
N2, = N20d; * e,

N2; = N, emissions in storage (s) (kg N2-N).
e, = Emission factor for N, emitted in storage, considered that N,-N =
(direct) N,O-N x 3.

h) Nitrogen monoxide emissions, estimated according to

Déammgen and Hutchings (2008):
Equation 28

NO, = N20d, * 1
NO, = NO emissions in storage (s) (kg NO-N).

i) Indirect nitrous oxide emissions from ammonia and nitrogen

monoxide volatilized were based on IPCC (2006a):
Equation 29

N20i(v); = (NH3, + NO;) = 0.01

N20i(Vv)s = Indirect N,O emissions from NH3-N+NO-N volatilized (,) in
storage (s) (kg N,O-N).
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2.2.4.7. Storage emissions for Sce.Comp (composting)

The N-related emissions for the composting scenario considers
the N content in the substrate added in manure.

a) The available N-organic in the composting process were based
on Hutchings et al. (2013):
Equation 30
ONg = ONy * (1 — MRy) + MW x FS,. * DMS,. * NS

ON; = N-organic ex-house plus N content of the substrate added in the
composting process available in storage (5) (kg'm™).

MW = Total manure weight in the composting process (kg'm'g).

FS; = Fresh weight rate of structural material (substrate) added in the
composting process per unit mass of manure (kg kg™).

DMS; = Dry matter content of the structural material (substrate) added
to compost (kg kg™).

NSf The concentration of N in the structural material (substrate) (kg
kg™).

b) Available TAN in storage were based on Hutchings et al.
(2013):
Equation 31
TAN; = TANy, * (1 — e;) + MR, * ON,

TAN; = available TAN in storage (;) (kg'm™).
MR, = Mineralized rate (kgkg™), is the proportion of the organic N
entering the storage () that is mineralized.

¢) Ammonia emissions were based on Hutchings et al. (2013):
Equation 32
NH3, =TAN; * e,

NH3;s = NH3 emissions in storage (s) (kg NH3-N).
e, = Emission factor for NH; emitted in storage (kg-kg™).
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d) Direct nitrous oxide emissions were based on Hutchings et al.
(2013):

Equation 33
N20d; = TAN; * e

N20d, = Direct N,O emissions in storage (s) (kg N2O-N).
e; = Emission factor for N,O emitted in storage (kg-kg™).

e) Nitrogen gas emissions, estimated according to Dammgen and
Hutchings (2008):
Equation 34
N2, =TAN *x e,

N2 = N, emissions in storage (s) (kg N,-N).
e, = Emission factor for N, emitted in storage (kg-kg™).

f) Nitrogen monoxide emissions, estimated according to

Déammgen and Hutchings (2008):
Equation 35
NO, = N20d, * 1

NO; = NO emissions in storage (s) (kg NO-N).
g) Indirect nitrous oxide emissions from ammonia and nitrogen
monoxide volatilized were based on IPCC (2006a):
Equation 36
N20i(v); = (NH35+ NO;) * 0.01

N20i(v)s = Indirect N,O emissions from NH3-N+NO-N volatilized (,) in
storage (s) (kg N,O-N).

2.2.4.8. N-related field emissions (for all scenarios)
a) TAN applied in field were based on Hutchings et al. (2013):
Equation 37
TAN; = TAN; — (NH3; + 5 * N20d)

TAN; = Available TAN applied in field () (kg'm™).
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b) Ammonia emissions following field application were based on

Hutchings et al. (2013):
Equation 38

NH3; = NH; emissions in field () (kg NH3-N).
es = Emission factor for NH; emitted in field (kg-kg™).

c) The total N available as organic fertilizer were based on
Hutchings et al. (2013):
Equation 39

TN; = Total N available to application in field () (kg'm™®).
ON¢ = obtained by Equation 40.

d) The available N-organic in field were based on Hutchings et al.
(2013):
Equation 40
ON; = ONy * (1 — MRy,) * (1 — MRy)

ON; = N-organic ex-storage available to application in field (5) (kg'm™).

e) Direct nitrous oxide emissions were based on Hutchings et al.
(2013):
Equation 41

N20d; = Direct N,O emissions in field () (kg N,O-N).
es = Emission factor for N,O emitted in field (kg-kg™).

f) Nitrogen gas emissions, estimated according to Hutchings et al.
(2013):
Equation 42
sz = TNf * ey

N2¢ = N, emissions in field () (kg N,-N).
e; = Emission factor for N, emitted in field (kg-kg™).
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g) Nitrogen monoxide emissions, estimated according to Nemecek
and Kégi (2007):
Equation 43

NOs = NO emissions in field (s) (kg NO-N).
es = Emission factor for NO emitted in field (kg-kg™).

h) Indirect nitrous oxide emissions from ammonia and nitrogen
monoxide volatilized were based on IPCC (2006a):
Equation 44
N20i(v); = (NH3; + NO;)  0.01

N20i(Vv)s = Indirect N,O emissions from NH3-N+NO-N volatilized (,) in
field () (kg N2O-N).

i) The nitrate leaching after manure application in field were
based on Hutchings et al. (2013):
Equation 45
NO3f = TNy * eq

NO3; = NOs leaching after field application (5) (kg NOs-N).
eo = Emission factor for NO; emitted in field (kg-kg™).

j) Indirect nitrous oxide emissions from nitrate leaching were

based on IPCC (2006a):
Equation 46
N20i(l); = NO3; % 0.0075

N20i(I)s = Indirect N,O emissions from NO;z leaching () in field (5) (kg
N,O-N).

k) Nitrogen available as organic fertilizer to crops:
Equation 47

NF = (TAN; + ON;) * MFE

NF = Nitrogen available as organic fertilizer (kg-m™).
MFE = Mineral fertilizer equivalent, is the potential to substitute
mineral fertilizer (kg'kg™).
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We assumed no P loss in animal housing and manure storage. For
manure application, P losses were estimated according to (NEMECEK;

KAGI, 2007).

2.2.5. Slaughterhouse

Data on energy demand, sanitizers and cleaners are average
values of operation between January 2011 and July 2011, while effluent
composition is an average value between September 2010 and

September 2011.

Tab A4. LCI for the slaughterhouse stage.

Slaughterhouse?

Inputs Amount Unit Source
Water for clean the trucks 4.20 m3 Oliveira et al. (2006)
Swine (liveweight) 1,355.64 kg Primary data
Gas for toilet 3.80 kg Primary data
Refrigerator system 2.05E-05 p Primary data
Chemicals (detergents, sanitizers and 036 K Primary data

L . g9
disinfectants)

Energy and Transport
Electricity 81.21 kWh Primary data
Biomass steam 0.22 ton Primary data

Outputs

Main product

Swine carcass 1,000.00 kg -
Byproducts *
Edible offal, trotters, head, and others 177.40 kg -
Inedible offal and injured animals 178.23 kg -
Emissions to water
Effluent 7.19 m? Primary data
Biological Oxigen Demand 93.91 g Primary data
Chemical Oxygen Demand 295.59 g Primary data
Total N 7.77 g Primary data
Total P 3.38 g Primary data
Fats, oil and greases 31.92 g Primary data

2 Without consider allocation.
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2.5. Uncertainty analyzes

The emission factors used to establish minimum and maximum
values for NH; and N,O are shown in Tables A5 to A9. Values
highlighted in bold are the emissions factors used in the baseline

scenarios.

Tab A5. NHj; loss in housing (for all scenarios).

% of
Authors TAN OBS
Rotz (2004) 25.5 Compilation of various studies
Rotz (2004) 51.0 Compilation of various studies
Poulsen and Kristensen (1997)  25.5 For Denmark: in (Oenema et al., 2008)
Monteny and Erisman (1998); 28.9 For Netherlands for piglets: in (Oenema et al.,
Oenema et al. (2000) ' 2008)
Monteny and Erisman (1998); 493 For Netherlands for rearing pigs: in (Oenema et
Oenema et al. (2000) ’ al., 2008)
0.25 kg NH3-N (kg N)™* from CORPEN (2003).
CORPEN (2003) 21.2 Uncertainty range -50% +50% from Basset-
Mens; Van der Werf (2005)
Rigolot et al. (2010) 40.8 0.24 kg NH3-N (kg N)*
Gac et al. (2007) 29.6 For France (sows)
Gac et al. (2007) 245 For France (swine)
Sommer et al. (2006a) 25.0 Emission factor for NH3 in animal housing
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Tab A6. NH; loss in storage.

% of
Authors TAN OBS
Sce.Ref (liquid manure)
Rotz (2004) 85 Compilation of various studies
-1
Basset-Mens and van der Werf 0.05 kg NHz-N (kg N) from (.expert panel.
(2005) 4.2 Uncertainty range:
-50% +50%
~ -1
Basset-Mens and van der 65 0.05 kg NH3UN (kg N) from e?<pert panel.
Werf (2005) . ncertainty range:
-50% +50%
-1
Basset-Mens and van der Werf 0.05 kg NHz-N (kg N) from (.expert panel.
(2005) 12.7 Uncertainty range:
-50% +50%
Gac et al. (2007) 5.9 For France
Sce.Comp (solid manure)
Angnes (2012) 13.0 Brazilian study
. 0.093 kg NH3-N (kg N)* from expert panel.
Basset Mens(zaggs\)/an der Werf 11.9 Uncertainty range:
-25% +25%
. 0.093 kg NH3-N (kg N)* from expert panel.
Basset Mens(zelgct)jS\)/an der Werf 15.8 Uncertainty range:
-25% +25%
. 0.093 kg NH3-N (kg N)* from expert panel.
Basset Mens(zaggs\)/an der Werf 19.8 Uncertainty range:
-25% +25%
Emission factor (kg (kg treated)™). Treated
Rigolot et al. (2010) 17.0 corresponds to total N or C input in both treated

slurry and the straw required to compost it
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Tab A7. NHj; loss during manure application in field.

% of
Authors TAN OBS

Sce.Ref (liquid manure)

Basso (2003); Basso et al. Brazilian study 26% of TAN for 80m3 of N

(2004) 256 applied
Damasceno (2010) 9.9 Brazilian study experiment no.2
Gonzatto (2012) 79 Brazilian study
Gonzatto et al. (2013) 22.3 Brazilian study
Port, Aita(zagga();iacomini 13.6 Brazilian study exp. no.1 (autumn/summer)
Port, Aita(gggg(;iacomini 9.6 Brazilian study exp. no.2 (autumn/summer)
Mkhabela et al. (2009) 11.9 Canadian study (avega:g:svalues) appl. Forage
Sommer et al. (2006b) 125 Sandy soil
Sommer et al. (2006b) 7.0 Sandy-loam soil
Basset-Mens and van der Werf 120 0.12 kg NH3-N (kg TAN)* from Morvan and
(2005) Leterme (2001)
Chantigny et al. (2009) 34.0 Canadian study
Chantigny et al. (2007) 21.9 Canadian study
Chantigny et al. (2004) 40.0 Canadian study
Rochette et al. (2009) 46.2 Surface application
Gac et al. (2007) 33.3 French study
Rotz (2004) 22.1 Compilation of various studies
Rotz (2004) 44.2 Compilation of various studies

Sce.Flare and Sce.CHP (digested liquid manure)
Basso (2003); Basso et al. Values for liquid manure. Brazilian study

(2004) 256 26% of TAN for 80m3 of N applied
Chantigny et al. (2007) 18.1 Canadian study
Chantigny et al. (2009) 234 Canadian study

Sce.Comp (solid liquid manure)
Chantigny et al. (2007) 15.2 Canadian study
Rotz (2004) 34.0 Compilation of various studies

0.76 kg NH3-N (kg TAN)™ and uncertainty
range -60% +60%

Hansen et al. (2008) 39.0 0.39 kg NH3-N (kg TAN)?

EMEP-CORINAIR (2002) 30.4
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Tab A8. N,O loss during manure storage. (assumed no losses for liquid storage

according to IPCC 2006a)

Authors

% of

TAN o8BS

Basset-Mens and van der Werf
(2005)

Basset-Mens and van der Werf
(2005)

IPCC (2006a)

IPCC (2006a)

Sce.Ref (liquid manure)

0.001 kg N,O-N (kg N)* or 0.00127 kg N,O-N
0.1 (kg TAN)™ from expert panel. Uncertainty
range: -25% +25%
0.001 kg N,O-N (kg N)* or 0.00127 kg N,O-N
0.2 (kg TAN)™ from expert panel. Uncertainty
range: -25% +25%

03 0.005 kg N,O-N (kg N)* or 0.008 kg N,O-N (kg
' TAN)™. Uncertainty range with a factor of 2.
17  0.005kgNO-N (kg N)* or 0.008 kg N,O-N (kg
) TAN)™. Uncertainty range with a factor of 2.

Angnes (2012)

Basset-Mens and van der Werf
(2005)

Basset-Mens and van der Werf
(2005)

Rigolot et al. (2010)

IPCC (2006a)

IPCC (2006a)

Sce.Comp (solid manure)

4.4 Brazilian study
0.0125 kg N2O-N (kg N)™ or 0.0212 kg N,O-N
1.6 (kg TAN)™ from expert panel. Uncertainty

range: -25% +25%
0.0125 kg N,O-N (kg N)™ or 0.0212 kg N,O-N
2.7 (kg TAN)™ from expert panel. Uncertainty
range: -25% +25%
Emission factor (kg (kg treated)™). Treated
10.2 corresponds to total N or C input in both treated
slurry and the straw required to compost it
0  0-01kgN.O-N (kg N)? or 0.0212 kg N,O-N (kg
’ TAN)™. Uncertainty range with a factor of 2.
34  0-01kgN.O-N (kg N)* or 0.0212 kg N,O-N (kg
) TAN)™. Uncertainty range with a factor of 2.
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Tab A9. N,O loss during manure application in field. (mean value for Sce.Ref)

Authors %’T?j[ OBS
Sce.Ref (liquid manure)
Grave et al. (2013) 2.7 Brazilian study
Damasceno (2010) 11 Brazilian study
Denega (2009) 2.2 Brazilian study
Giacomoni et al. (2006) 0.2 Brazilian study
Gonzatto (2012) 13 Brazilian study
Gonzatto et al. (2013) 0.8 Brazilian study
Mkhabela et al. (2009) 01 Canadian study (ave;ggsvalues) appl. Forage
Sistani et al. (2010) 1.6
Sistani et al. (2010) 0.7
Vallejo et al. (2006) 1.6
Sherlock et al. (2002) 21 New Zealand study
Chan}tai\%ré)é,rsl?&%lgelt;e and 0.3 Canadian study
Chadwick et al. (2011) 0.4
Chantigny et al. (2007) 1.0 Canadian study
Gac et al. (2007) 0.9 French study
Rotz (2004) 1.0 Compilation of various studies
Rotz (2004) 4.0 Compilation of various studies
IPCC (2006a) 0.3
IPCC (2006a) 3.0

Sce.Flare and Sce.CHP (digested liquid manure)
Grave et al. (2013) 0.8 Brazilian study
Chantigny et al. (2007) 0.4 Canadian study

Sce.Comp (solid manure)
Grave et al. (2013) 2.0 Brazilian study
Denega (2009) 1.9 Brazilian study
Chantigny et al. (2007) 1.2 Canadian study
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APENDICE B - Glossario das variaveis e parametros para as
estimativas das emissdes de Carbono

Tab B10. Description of the variables and parameters for the C-related

emissions.
Variable/ Description
Parameter
B Maximum methane producing capacity for swine manure (m® CH, (kg VS
0 excreted) ).
B Biogas produced in the biodigestor (m3).
Bcha CHj, in biogas composition (m3~m'3).
CFcha Characterization factor for CH, (kg CO; eq.).
Closs Carbon loss in slurry tanks (s) (kg C).
Clossy Organic matter loss due to biogas (,) production (kg CH4-C).
CH4¢ CH,4 convert into CO, during flaring (s) (kg CO).
CH4, CH,4 emissions due to biogas leakage (j) in the biodigestor (kg CH,).
CH4, Methane emissions in slurry tanks (s) (kg CHy).
CO2 Carbon dioxide emissions in slurry tanks (s) (kg CO,).
Dy Biogas density (kg'm’).
Dcha CH, density (kg'm?3).
DM Dry matter in the manure (kg-m).
EL, Electricity produced from biogas (kWh).
ELes Engine efficiency for electricity production (%).
HE, Heat produced from biogas (MJ).
HE, Heat consumption in the biogas process (MJ).
HEs Engine efficiency for heat production (%).
Ly Biogas leakage (kg'kg™).
LHV¢ Lower heat value of biogas for electricity (kWh-m3).
LHVpe Lower heat value of biogas for heat (MJ-m3).
MCF Methane conversion factor (kg'kg™).
Nt Flare efficiency (kg-kg™).
PE¢ Emissions during flaring (r) (kg CO, eq.).
Ry Reduction potential due to slowly degradable VS (kg-kg™).
SMF Stoichiometric Mass Factor (kg CO5).
SHpm Specific heat for DM (kJ-kg™°C™).
SHwm Specific heat for water (kJ-kg?-°C™?).
VS Volatile solids excreted (kg).
WM Water content in manure (kg'm’).
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APENDICE C - Glossario das variaveis e parametros para as
estimativas das emissdes de Nitrogénio

Tab C11. Description of the variables and parameters for the N-related
emissions.
Variable/ Description
Parameter
DMS; Dry matter content of the structural material (substrate) added to compost (kg-kg™).
e Emission factor for NH; emitted in housing (kg-kg™).
A Emission factor for NH; emitted in storage (kg-kg™).
€3 Emission factor for N,O emitted in storage (kg-kg™).
[N Emission factor for N, emitted in storage.
es Emission factor for NH; emitted in field (kg'kg™).
e Emission factor for N,O emitted in field (kg-kg™).
e Emission factor for N, emitted in field (kg-kg™).
€s Emission factor for NO emitted in field (kg-kg™).
€ Emission factor for NO; emitted in field (kg-kg™).
Fs Fresh weight rate of structural material (substrate) added in the composting process
" per unit mass of manure (kg-kg™).
MFE Mineral fertilizer equivalent is the potential to substitute mineral fertilizer (kg-kg™).
MR Mineralized rate (kg-kg™), is the proportion of the organic N entering the biodigestor
b (») that is mineralized.
MR Mineralized rate (kg-kg™), is the proportion of the organic N entering the house (i)
n that is mineralized.
MR Mineralized rate (kg-kg™), is the proportion of the organic N entering the storage (s)
s that is mineralized.
MW Total manure weight in the composting process (kgm).
N2¢ N emissions in field (r) (kg N-N).
N2, N emissions in storage (s) (kg N2-N).
N20d¢ Direct N,O emissions in field (5 (kg N.O-N).
N20d; Direct N,O emissions in storage (s) (kg N2O-N).
N20i(l)s | Indirect NoO emissions from NOs leaching (;) in field (s) (kg N,O-N).
N20i(v)s | Indirect N,O emissions from NH;-N+NO-N volatilized (y) in field () (kg N,O-N).
N20i(v)s | Indirect N,O emissions from NH;-N+NO-N volatilized (y) in storage (s) (kg N2O-N).
NF Nitrogen available as organic fertilizer (kg:m®).
NH3¢ NHj; emissions in field (r) (kg NHz-N).
NH3;, NH; emissions in house (») (kg NHz-N).
NH3; NHj; emissions in storage (s) (kg NHz-N).
NO3¢ NO; leaching after field application (r) (kg NOz-N).
NOs¢ NO emissions in field (r) (kg NO-N).
NOs NO emissions in storage (s) (kg NO-N).
NS The concentration of N in the structural material (substrate) (kg-kg™).
ONp N-organic excreted (kg:m*).
ON, N-organic ex-house, entering in the biodigestor (,) (kg'm™).
ON¢ N-organic ex-storage available to application in field () (kg:m™).
ON;s N-organic ex-house (ex-biodigestor), entering in the storage system (s) (kg-m™®).
TAN, TAN excreted (kgm™).
TAN, Available TAN in biodigestor () (kgrm™).
TAN; Available TAN applied in field (5) (kg'm™).
TAN;, Available TAN in housing () (kg'm™).
TAN; Available TAN in storage (s) (kg-m™).
TN¢ Total N available to be application in field () (kg'm™®).
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Tab D12. Variable and parameters for the C-related emissions and their values.
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(continua)
Variable/ .
p Sce.Ref Reference Sce.Flare Reference Sce.CHP Reference Sce.Comp Reference Unit
arameter
19.82 (sows in 19.82 (sows in 19.82 (sows in 19.82 (sows in
gestation) gestation) gestation) gestation)
1.88 (lactating Own 1.88 (lactating Own 1.88 (lactating Own 1.88 (lactating Own
VS AT IS IS ST kg
SOWS) estimative SOWS) estimative SOWS) estimative SOWS) estimative
17.92 (piglets) 17.92 (piglets) 17.92 (piglets) 17.92 (piglets)
236.20 (swine) 236.20 (swine) 236.20 (swine) 236.20 (swine)
m® CH,
IPCC IPCC IPCC IPCC (kg VS
Bo 0.29 (2006a) 0.29 (20063) 0.29 (2006a) 0.29 (20063) | excreted)
-1
IPCC IPCC IPCC IPCC Lo
MCF 0.42 (2006a) 0.42 (2006a) 0.42 (2006a) 0.04 (o06a) | keke
Oliveira; Oliveira;
Bcha na’ nal 0.69 Higarashi 0.69 Higarashi nal nal m®m
(2006) (2006)
D na’ na’ 0.717 Hamelin et 0.717 Hamelin et na’ na’ kg-m?
o s s ' al. (2011) ' al. (2011) s - £
b b Hamelin et Hamelin et b b o4
Ly n.a. n.a. 0.01 al. (2011) 0.01 al. (2011) n.a. n.a. kgkg
b b Primary Primary b b Lol
Nt n.a. n.a. 0.9 data 0.9 data n.a. n.a. kg'kg
b b IPCC IPCC b b kg CO,
CFcha n.a. n.a. 25 (2007) 25 (2007) n.a. n.a. eq.
b b Hamelin et Hamelin et b b 3
Dy n.a. n.a. 1.1076 al. (2011) 1.1076 al. (2011) n.a. n.a. kg'm
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Tab D12. Variable and parameters for the C-related emissions and their values.

(conclusao)

P\g E:;':]téltz/r Sce.Ref Reference Sce.Flare Reference Sce.CHP Reference Sce.Comp Reference Unit
b b Nielsen et Nielsen et b b Lo
Ry n.a. n.a. 0.6 al. (2014) 0.6 al. (2014) n.a. n.a. kg'kg
Oliveira;
ElLes nab nab nab nab 25 Higarashi nab nal %
(2006)
b b b b Hamelin et b b 3
LHV n.a. n.a. n.a. n.a. 6.46 al. (2011) n.a. n.a. kWh'm
Oliveira;
HE.s na’ na’ n.a’ n.a’ 65 Higarashi na’ na’ %
(2006)
b b b b Hamelin et b b 3
LHVe n.a. n.a. n.a. n.a. 23.36 al. (2011) n.a. n.a. MJ'm
b b b b Hamelin et b b kJkg
SHopm n.a. n.a. n.a. n.a. 3.0 al. (2011) n.a. n.a. Lo
Total manure
WM na’ na’ n.a’ n.a’ minus the DM - na’ na’ kg
content
b b b b Hamelin et b b kl-kg
SHwm n.a. n.a. n.a. n.a. 4.2 al. (2011) n.a. n.a. Loct

aVS was estimate considering the VS from (i.e. 58.20 kg'm™, Tavares et al. (2014b)), the no. of each animals and their time to fulfil the FU.

® Not applicable.
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Tab E13. Variable and parameters for the N-related emissions and their values.
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(continua)
Variable/ Sce.Flare / .
Parameter Sce.Ref Reference Sce.CHP Reference Sce.Comp Reference Unit
In house emissions

TAN, 3.09 Tavares et al. (2014b) 3.09 Tavares et al. (2014b) 3.09 Tavares et al. (2014b) kgm?
. Hutchings et al. Hutchings et al. Lol

MR, 0.185 Hutchings et al. (2013) 0.185 (2013) 0.185 (2013) kgkg
ONo 2.16 Tavares et al. (2014b) 2.16 Tavares et al. (2014b) 2.16 Tavares et al. (2014b) kgm™
e 0.25 Sommer et al. (2006a) 0.25 Sommer et al. (2006a) 0.25 Sommer et al. (2006a) kgkg?

Storage emissions

. Hutchings et al. Hutchings et al. o

MR 0.185 Hutchings et al. (2013) 0.350 (2013) 0.600 (2013) kgkg

a } Hutchings et al. a )
MRy n.a. 0.846 (2013) n.a.

Basset-Mens; van der Basset-Mens; van der c -l

[ 0.085 Werf (2005)° 0.085 Werf (2005)° 0.130 Angnes (2012) kgkg
€3 0 IPCC (2006a)" 0 IPCC (2006a)" 0.026 Angnes (2012) kg-kg?
MwW 1026 - 1026 - 1026 - kg~m‘3
. ) . ) 0.214 (PP) o o

FS, n.a. n.a. 0.104 (GF) Own estimative kg'kg
DMS; n.at - nat - 0.858 Garcia (2010) kgkg?
NS n.a? - n.a? - 0.0026 Dai Pra (2006) kgkg?
Direct N20-  Dammgen; Hutchings Direct N20-  Dammgen; Hutchings Lo

€ N x 3 (2008) N x 3 (2008) 0.297 Angnes (2012) kgkg
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Tab E13. Variable and parameters for the N-related emissions and their values.
(conclusao)

Variable/ Sce.Flare /

Parameter Sce.Ref Reference Sce.CHP Reference Sce.Comp Reference Unit
Field emissions
Basso (2003); Basso et Basso (2003); Basso o
es 0.256 al. (2004) 0.256 et al. (2004) 0.390 Hansen et al. (2008) kgkg
Damasceno (2010);
Denega (2009);
Giacomini et al.
€s 0.0137 (2006); Gonzatto 0.0078 Grave et al. (2013) 0.0193 Grave et al. (2013) kgkg?
(2012); Gonzatto et al.
(2013); Grave et al.
(2013)
. Hutchings et al. Hutchings et al. o
e7 0.041 Hutchings et al. (2013) 0.035 (2013) 0.020 (2013) kgkg
Nemecek and Kégi Nemecek and Kagi Nemecek and Kagi o
& 0.1 (2007)f 01 (2007)" 0.1 (2007)f kekg
. Hutchings et al. Hutchings et al. o
[ 0.395 Hutchings et al. (2013) 0.369 (2013) 0.304 (2013) kgkg
MFE 0.75 - 0.85 - 0.85 - kgkg?

#Not applicable.

®0.05 kg NH5-N (kg N)™.

€0.077 kg NH5-N (kg N)™.

¢ Without natural crost cover.

® Estimated based on application rate of 1:10 (kg substrate per L of manure). Sawdust density of 197.5 kg'm™ (Dai Pr4, 2006).
fThe NO emitted in field correspond to 10% of the direct N,O-N emissions.
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The finishing stage in swine production: Influence of feed
composition on carbon footprint
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Abstract: Several studies in swine feed composition have demonstrated that
protein levels may be modified without significant changes in meat quality
in terms of carcass, lean and back fat yield. However, this variation may
change certain technical indicators, such as daily weight gain. The aim of
this study was to calculate the carbon footprint of the finishing stage in
swine production considering four scenarios of feed composition (P18, P16,
P15 and P13). The life cycle assessment methodology was applied with a
life cycle inventory based on reports in the literature. The feed composition
used in P18 (no soybean hulls or maize starch) had the best environmental
performance for global warming per kilogram of feed. However, when
evaluating the life cycle of finishing swine, P16 (containing soybean hulls,
maize starch and synthetic amino acids) exhibited better environmental
results; the feed used in this scenario had better technical indicators (in
terms of daily weight gain), thereby reducing the feed amount for finishing
swine. Using the feed composition for swine P16, the impact may be
reduced by an average of 12% compared to P13 (a high level of soybean
hulls, maize starch and synthetic amino acids).

Keywords: life cycle assessment; LCA; finishing swine stage; feed; carbon
footprint
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1. INTRODUCTION

Brazilian swine production in 2013 had an average herd of
38.578 million pigs, making it the fourth largest swine producer (and
exporter) in the world, as reported by the United States Department
of Agriculture (USDA 2013). In this context, the state of Santa
Catarina has greater prominence, as it is the largest Brazilian swine
producer. This southern state has approximately one-fifth of the
national herd, concentrated mainly in the western region (Brasil
2011).

Generally, swine production has a poor image in society
(Basset-Mens and van der Werf 2005) due to environmental risks
associated with the high density of swine per square meter and
impacts that have influences on the quality of life around population
centers, such as odors and disease vectors. As with any other human
activity, livestock generates environmental impacts, and this
particular activity is a potential impact concentrator (Dalla Costa et
al. 2008; Oliveira 2004). The origin of this impact and its meaning to
the environment are not always easily understood; examples include
eutrophication of aquatic ecosystems as a consequence of the
manure management system and global warming due to the emission
of greenhouse gases (GHG) from the production chain.

In the state of Santa Catarina, due to the large production of
swine, great efforts have been directed by the government to control
and decrease the environmental impacts of this activity. The
Brazilian government body that performs agricultural and livestock
research (EMBRAPA) has developed projects that aim to mitigate
these impacts and ensure that swine producers comply with current
environmental laws. However, the process of impact generation is
inadequately discussed.

Life cycle assessment (LCA) was developed to quantify
environmental impacts from product systems through several stages
and has been shown to feasibly analyze the impacts of agricultural
systems (van der Werf and Petit 2002). This methodology allows the
evaluation of environmental performances of scenarios of interest,
identification of hotspots in the production chain and comparison of
alternatives, all in an effort to improve the production system
(Baumann and Tillman 2004; Wenzel et al. 2001). LCA enables a
clear understanding of the life cycle of the analyzed system,
providing a basis for strategic and sustainable decisions and meeting
the requirements of domestic and foreign markets.
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Previous LCA research on swine production demonstrated
that feed is a critical point in the production chain, especially as it
relates to crop cultivation (Basset-Mens and van der Werf 2005;
Dalgaard 2007; Elferink et al. 2008; Kingston et al. 2009; Kool et al.
2009; Nguyen et al. 2011; Spies 2003; Williams et al. 2006). Diet
therefore has a direct influence on impact generation, where each
component has a unique production chain and different method of
assimilation by the animals in the finishing stage. Due to this
influence on the period required for the animal to reach its final
weight, feed composition may change the quantity of feed required
by the animals, modifying the characteristics of the manure and
consequently the emissions produced. The search for new
alternatives in animal diets therefore has an extremely important role
in sustainable development in the sector. Several authors (Eriksson
et al. 2005; Ferreira et al. 2005; Oliveira et al. 2006; Orlando et al.
2001; Orlando et al. 2007; Vidal et al. 2010) have already conducted
studies varying feed composition in several stages of swine
production and concluded that it is technically possible to change the
content of crude protein without significantly altering meat quality
in terms of carcass yield, lean yield and thickness of back fat.

The aim of this study was to calculate the carbon footprint of
the finishing stage in swine production considering four scenarios of
feed composition (P18, P16, P15 and P13), where animal diet varied
according to the level and source of protein.

2 MATERIALS AND METHODS

This study was conducted in accordance with LCA standards
issued by the International Organization for Standardization (1SO),
I1SO 14040 (2009a) and 1SO 14044 (2009b).

2.1 GOAL AND SCOPE DEFINITIONS

We define as a functional unit (FU) 30 kg of live weight gain
in the finishing stage. The boundaries begins with the grain
production, drying and processing into feed, while for animal rearing
we consider a swine with an initial weight of 70 kg in the growing-
finishing stages and end at the slaughterhouse gate, piglet production
and the weaning-to-growing stage was excluded, as shown by the
dotted lines in Fig. F1. The concept of "growing-finishing" pigs
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describes the increase in weight from 25 kg to market weight
(between 100 to 120 kg in Brazil). The age range is from
approximately 8 weeks to 22 to 26 weeks, with pigs spending
approximately 8 to 10 weeks in a growing unit until they reached
approximately 70 kg and the last 8 to 10 weeks in a finishing unit. In
terms of outputs, the boundary comprises animal emissions to the
air, manure management and manure soil application (counted as
avoided fertilizer, see Fig. F1). Within these boundaries, we used
background process from the ecoinvent® database for fertilizer
production, electricity and transport.

Vertical Terminator

| Production of fertilizers, fuels and
I System (SVT)
(25-70 kg)
P A

Grains and oilseed Production of Production of
production concentrated feed mineral supplements

Construction of
buildings

Manure Management

System (open tanks)

Vertical Terminator
System (SVT)
(70-100 kg)

Premix

Packaging

Electricity

Water (animal
consumption, cleaning)

Manure application
(organic fertilizer)

Transport

FEED
(P18/P16/P15/P13)

A,

@@ Avoided chemical

fertilizer production
y
Slaughterhouse

Fig. F1 Inputs, outputs and boundaries of the production system.

We assume a farm located in Concordia, a major swine-
producing city in Santa Catarina, with animal rearing in a building
with a concrete floor. During the finishing period, the consumption
of electricity, water, food and building materials for the facility were
based on (Brazilian Agroindustry; Hérndahl 2008; Tavares 2012;
Vidal et al. 2010). The construction aspects were based on data
collected by the swine farming industry, including building
materials.

For manure management, a system was considered in which
manure was stored in downspouts outside the building and then
transferred by gravity to open tanks. After 120 days of storage,
stabilized manure was applied to soil as organic fertilizer. This
approach considers manure as a byproduct of the ‘finished swine'
system and would imply an allocation of environmental impacts. To



213

avoid this procedure, we considered the substitution method, which
considers the environmental benefits of avoiding the manufacture of
the product replaced by use of manure (Dalgaard 2007), as oriented
by the standard (ABNT 2009b). In this case, manure avoids the
production and use of chemical fertilizer. The same approach was
used by several authors (Basset-Mens and van der Werf 2005;
Dalgaard 2007; Kingston et al. 2009; Kool et al. 2009; Nguyen et al.
2011; Williams et al. 2006).

The avoided fertilizer was modeled considering an average
combination of urea, triple superphosphate and potassium chloride
equivalent to the fertilizing potential of manure (urea contains 45%
N, triple superphosphate 42% P,0s and KCI has 60% K;O). To
estimate the amount of NPK fertilizer avoided, we used efficiency
rates of 0.8, 1 and 1 for NPK, for urea, triple superphosphate and
KClI, respectively. These indices are used because the concentrations
and subsequent release of nutrients in the soil from organic
fertilizers are highly variable. Therefore, the amount of these
nutrients that will actually be available in the first crop after manure
application must be calculated (SBCS 2004). In mathematical terms,
the avoided fertilizer (F) is calculated using the following expression

(Eq. 1):

24 X4 20
c_ o |05 " 0a  oe0 ! @
ZQi 3

where qi is the amount of the ith nutrient (i.e., N, P,Os and
K,O — Table F4).

A comparative LCA was used to quantify the environmental
performance of the scenarios, labeled P18, P16, P15 and P13, which
differ only by the compositions of feed involved in the finishing
period (source and protein levels) and their influences on animal
production. The labels refer to the protein percentage of each feed,
as shown in Table F2. Feed composition and technical indicators
such as daily feed consumption, daily weight gain, feed conversion
rate, carcass yield and meat quality were based on Vidal et al.
(2010), as shown in Table F3.
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2.2 INVENTORY
2.2.1 Inputs

For soybean and maize production, we used data from
Prudéncio da Silva et al. (2010) and Alvarenga et al. (2012).
Soybean processing was based on Prudéncio da Silva et al. (2010),
modified to include the production of byproduct ‘soybean hulls’.
Economic allocation was used with values described by Moreira et
al. (2009), which were in accordance with the Cooperativa
Agroindustrial Capal, May 2012. Maize starch was based on Nguyen
etal. (2012).

Diet P18, with the highest level of crude protein (CP), did not
include supplemental synthetic amino acids. The required amino
acids for this diet were from maize and soybeans. For the remaining
diets (P16, P15 and P13), the protein levels were progressively
reduced and supplemented with synthetic amino acids (SAA) (L-
lysine, DL-methionine, L-threonine, L-tryptophan and L-valine,
Table F1). Hence, the nutritional value of the ileal digestible lysine
was constant in the four diets (0.810), while the others SAA varied
(Vidal et al. 2010) as displayed in Table F2. Data for the LCI of
lysine, threonine and methionine were based on Nguyen et al.
(2012). For tryptophan and valine, we assume the same LCI as from
lysine production.
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P18 P16 P15 P13
Composition (g)?
Maize 708.44
Soybean meal 266.96 228.97 189.15 149.05
Soybean oil 2.63
Maize starch 0.00 28.47 57.79 79.63
Soybean hulls 0.00 6.23 12.76 19.33
Ca(HPOy) 7.74 8.10 8.47 8.84
Limestone 5.44 5.27 5.20 5.13
Salt (NaCl) 3.54 3.56 3.58 3.60
Inert? 0.00 1778 3.00° 10.73%
Vitamin premix 3.00
Mineral premix 1.00
Growth promoter? 1.00°
Antibiotics® 0.25°
DL-Methionine 0.00 0.09 0.54 0.99
L-Lysine 0.00 1.20 2.46 3.72
L-Threonine 0.00 0.02 0.68 1.34
L-Tryptophan 0.00 0.00 0.07 0.30
L-Valine 0.00 0.00 0.00 0.18
Packaging (Polypropylene) (g) 4.00
Grain transportation (t-km) 86.32 86.03 85.68 84.65
& Feed composition based on Vidal et al. (2010).
® Not considered in this LCA due to lack of data.
Table F2 Nutritional values® of the feed diets (% of natural matter)
P18 P16 P15 P13
Metabolized energy (kcal-kg™) 3230
Crude protein (%) 17.95 16.45 14.95 13.45
Calcium (%) 0.480
Auvailable phosphorus (%) 0.248
Sodium (%) 0.160
Crude fiber (%) 2.670
Ileal digestible lysine (%) 0.810
lleal gjlgestlble methionine + 0536 0503 0.502 0.502
cysteine (%)
lleal digestible methionine (%) 0.264 0.251 0.270 0.294
lleal digestible threonine (%) 0.598 0.543 0.543 0.543
Ileal digestible tryptophan (%) 0.189 0.169 0.154 0.154
lleal digestible valine (%) 0.761 0.690 0.620 0.560

 Nutritional values based on Vidal et al. (2010).
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Distances for the major feed components described in Table
F1, such as maize and soybeans, were based on the real cities
involved in the construction of scenarios based on Spies (2003),
reflecting the reality in the western state of Santa Catarina. Thus, it
considered 850 km of transportation by lorry truck from the grain
producer to the feed factory and then 35 km from the feed factory to
the swine producer. Feed was packed in raffia bags with a capacity
of 50 kg, consisting of 0.2 kg of polypropylene (PP) per package.

On-farm, the feed intake that is directly influenced by the
finishing period and required for the animal to reach 100 kg, was
estimated through feed conversion rates and varied according to the
feed applied (differences in weight gain and finishing periods can be
found in Table F3).
Table F3 Technical indicators for the finishing swine stage (per swine unit)

P18 P16 P15 P13
Direct crude protein 17.95%° 16.45%° 14.95%° 13.45%°
Slaughter weight (kg) 100.00 100.00 100.00 100.00
Daily feed consumption (kg) 3.13° 2.82° 3.09° 3.01°
Daily weight gain (kg-day™) 1.05% 1.04% 1.12° 1.02*
Feed conversion rate (g-g™) 3.01° 2.72° 2.76° 2.99°
Time (day)” 2857  2885°  26.79°  29.41°
Carcass yield (%) 69.59°% 70.19% 69.57° 70.25°
% of lean meat 57.01° 56.90° 57.13° 56.93
Backfat thickness (mm) 14.24° 13.50° 13.37° 13.78°

& Data based on Vidal et al. (2010).
b Estimated values for a swine in finishing with 70 kg of initial weight to reach
100 kg of final weight, considering the daily weight gain from Vidal.

With regard to water used for animal consumption, pen
cleaning, nebulization, production and manure composition, we used
data from Tavares (2012), which represent the reality of swine farms
in Concordia-SC, while energy consumption during the process was
based on data from Hérndahl (2008).

Data for on-farm buildings were estimated by considering a
lifespan of 30 years, based on data by the agroindustry. The life
cycle inventory (LCI) is listed in Table F4.

2.2.2 Outputs
Methane (CH,) and nitrous oxide (N,O) emissions generated

from animal rearing (including manure management) were
calculated according to IPCC (2006). For enteric fermentation
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emissions, 1.50 kg of CH, pig® year' was assumed, which
represents the emissions in developed countries (IPCC 2006). The
genetic source of animals produced in vertically integrated
production systems in Brazil is from European companies. As they
have controlled feeding strategies, Brazilian swine show similar
enteric fermentation rates to European ones.

For CH, emissions from manure storage, we used ‘Tier 2’
from IPCC, with a methane producing capacity (B,) of 0.29 m3
CHa (kg VS)™, considering a methane conversion factor (MCF) of
0.42. Regarding the N-related emissions, we assume no direct N,O
emissions because we considered a slurry tank without natural crust
cover. Indirect N,O emissions due to NH; and NO, volatilization
(both in storage and manure application) and NOj3 leaching (specific
for manure application) were calculated considering the default
emission factors and N losses from IPCC (2006). For manure,
besides the amount produced for each feed (based on the period of
weight gain), we also considered manure independently from feed
composition, with constant characteristics with values from Tavares
(2012). In this sense, the volatile solids (VS) were 0.21 kg
VS-animal*-day™, while values for nitrogen excretion (Nex) are
shown in Table F4.

Other emissions derived from the animal manure management
system, such as ammonia, zinc and copper, were calculated based on
emission factors according to Gac et al. (2006) and Tavares (2012).
Avoided fertilizer was estimated using Eq. (1) and values from
Table F4. Finally, for the main product, we assumed a transport
distance to the slaughterhouse of 50 km with a diesel truck. LCI for
the finishing swine stage are listed in Table F4.
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Table F4 LCI for the finishing swine stage (per functional unit)

(continua)
P18 P16 P15 P13
Inputs
Composition (g)*
Water consumption (m3) 0.217 0.219 0.203 0.223
Water for pen cleaning (L) 15.87 16.02 14.88 16.33
Water nebulization (L) 1.873 1.891 1.756 1.928
Electricity (kWh) 5.102 5.151 4.783 5.252
Feed consumption (kg)® 90.30° 81.60° 82.80° 89.70°
Swine transport (tkm) 5.00 5.00 5.00 5.00
Building material
Cement (kg) 6.56E-02 6.62E-02 6.15E-02 6.75E-02
Lime (kg) 3.44E-02 3.47E-02 3.23E-02 3.54E-02
Sand (kg) 421E-01 4.26E-01 3.95E-01 4.34E-01
Gravel (kg) 5.73E-01 5.78E-01 5.37E-01 5.90E-01
Water (L) 6.28E-02 6.34E-02 5.88E-02 6.46E-02
Bricks (kg) 2.45E-02 2.47E-02 2.30E-02 2.52E-02
Concrete blocks (kg) 149E-01 1.51E-01 1.40E-01 1.54E-01
Metallic tile (kg) 2.42E-02 2.45E-02 2.27E-02 2.49E-02
Steel cable (kg) 7.68E-04 7.75E-04 7.20E-04 7.91E-04
Steel bars (kg) 4.49E-03 4.54E-03 4.21E-03 4.63E-03
Polypropylene curtains (kg) 2.30E-04 2.32E-04 2.16E-04 2.37E-04
Wood (m3) 9.80E-06 9.99E-06 9.27E-06 1.02E-05
Doors for pens (kg) 3.39E-03 3.42E-03 3.17E-03 3.49E-03
Water pipe (m) 6.07E-04 6.13E-04 5.69E-04 6.25E-04
Sewage pipe (m) 5.50E-04 5.55E-04 5.15E-04 5.66E-04
Wooden door (m?) 2.41E-05 243E-05 2.26E-05 2.48E-05
Water tank (pc) 2.17E-06 2.20E-06 2.04E-06 2.24E-06
Outputs
Manure (m®) 0.1294 0.1307 0.1213 0.1332
Manure N (ex-housing/ex-  0.7361/ 0.7432/ 0.6901/ 0.7578/
storage) (kg) 0.3828 0.3865 0.3589 0.3940
Manure P,Os (kg)" 0.3527 0.3561 0.3307 0.3631
Manure K,0 (kg)" 0.3088 0.3118 0.2895 0.3179
In housing emissions
8(';')4 (enteric fermentation) 1474 01185 04101  0.1209
NH; (kg) 0.1060 0.1070 0.0994 0.1091
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Table F4 LCI for the finishing swine stage (per functional unit)
(concluséo)

P18 P16 P15 P13

In storage emissions

CH, (kg) 0.4830 0.4877 0.4528 0.4972

N,O (kg) 0.0056 0.0056 0.0052 0.0057

NH; (kg) 0.0221 0.0223 0.0207 0.0227
On field emissions

N,O (kg) 0.0078 0.0078 0.0073 0.0080

NH; (kg) 0.1192 0.1203 0.1117 0.1227
Copper (kg) 0.0039 0.0039 0.0036 0.0040
Zinc (kg) 0.0073 0.0074 0.0069 0.0076
Avoided fertilizer production

From manure N 0.7432 0.7503 0.6968 0.7651

From manure P 0.6848 0.6914 0.6420 0.7049

From manure K 0.5996 0.6054 0.5622 0.6173

® Estimated values for a swine in finishing with 70 kg of initial weight to reach
100 kg of final weight, considering the feed conversion rate from Vidal et al.
(2010).

®Values of P and K in manure were from Tavares (2012)

2.3 LIFE CYCLE IMPACT ASSESSMENT

The impact assessment method was the CML-IA, using a
midpoint approach to facilitate the understanding and identification
of impact origins without adding subjectivity to the final values.
Although the method allows the evaluation of up to 12 impact
categories, we chose to assess only the global warming potential
(GWP100), which identifies GHG emissions using the IPCC
characterization model in kg CO, equivalent, also known as the
carbon footprint (CF). The characterization factors were according
to the fifth report of IPCC (2013), considering 30 and 28 kg of CO,
equivalent per kg of fossil and biogenic methane (CH,),
respectively, and 265 kg CO, equivalent per kg of nitrous oxide
(N,0).

3. RESULTS AND DISCUSSION

For interpretation, we first analyzed the CF of 1 kg of each
feed composition and subsequently emissions from only enteric
fermentation and waste management (animal production), known in
this study as emissions from livestock during the finishing period
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(i.e., on-farm emissions); finally, we assessed the entire system (FU
analysis) with a final comparison between the scenarios.

3.1 FEED CARBON FOOTPRINT

Analysis of the impact from the production of 1 kg of each
feed indicates that the feed applied in P13 has the highest emission
of GHG, while feed P18 showed the best environmental
performance, decreasing by 9.3% or 0.06 kilograms of CO,
equivalent in comparison to P13, as shown in Fig. F2. In absolute
value of CO, equivalent, 1 kg of feed P13 emits 0.64 kg after
production and delivery on the farm (Concérdia), while P15, P16
and P18 emit 0.62 kg, 0.60 kg and 0.58 kg, respectively.
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P18 P16 P15 P13

OTransport of grains Packaging B Other ingredients B Soybean hulls

B Maize starch B Soybean meal OMaize

Fig. F2 Carbon footprint of 1 kg feed

Analysis of feed components indicates that maize is the main
hotspot due to its high abundance in all compositions (Table F1),
with a contribution of 0.293 kg CO, eq. per kg of feed for all
evaluated scenarios, as it has the same proportion in all four diets.
Soybean meal emits 0.097 kg, 0.083 kg, 0.068 kg and 0.054 kg CO,
eq. for P18, P16, P15 and P13, respectively, following the share of
soybean meal in the compositions: 26.7% for P18, 22.9% for P16,
18.9% for P15 and 14.9% for P13. Maize starch is the third largest
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source of the CF among the feed ingredients, equivalent to 0.025 kg
of CO; eg. in P16, 0.051 kg in P15 and 0.070 kg in P13; feed P18
does not contain maize starch. Synthetic amino acids and other
ingredients have a carbon footprint of 0.018, 0.026, 0.039 and 0.053
kg of CO, eq. for P18, P16, P15 and P13, respectively.

The other two inputs of feeds are non-food components.
Packaging showed little contribution, with 1.3% of CO, eq. on
average for the four diets. The same is not true for transport, which
has a significant share in the CF, with 26.9% on average per
kilogram of feed. Thus, transport becomes the second largest source
of GHG emissions in the feed after maize cultivation and processing
(due to the large amount consumed).

Although scenario P18 uses a higher amount of soybean meal
(3.8% more than the second largest consumer of this ingredient,
P16) and therefore results in higher GHG emissions, this are
outweighed by the use of maize starch and synthetic amino acids in
the other scenarios. Eriksson et al. (2005), evaluating three different
feed compositions, reported similar results, where the scenario
utilizing synthetic amino acids (scenario SAA) represented slightly
more GWP than the scenario with no amino acids and peas as an
alternative to wheat (scenario PEA). The authors concluded that
more GHG could be saved if amino acids were excluded. In our
study, SAA represented an emission approximately 5.0 kg CO,
eq..kg™ of lysine, threonine, tryptophan and valine and 3.0 kg CO,
eq..kg™ of methionine, while in Eriksson et al. (2005), this value was
3.6 kg CO, eq.kg™. All values were very close despite the high level
of uncertainly associated with the SAA data.

GHG emissions from grain and its derivatives are generated
by fossil fuels usage in the agricultural phase and direct and indirect
N,O emissions due to the urea application as a nitrogen source used
in maize production and its volatilization as NH; or NO, and N
leaching as NOj, as noted by Prudéncio da Silva (2011) when
assessing the feed used for the production of chickens in Brazil. The
emission of CO, from fossil fuel combustion contributes an average
of 68.6% of the total CF for the production of one kilogram of feed,
whereas N,O is responsible for 27.0%.
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3.2 LIVESTOCK CARBON FOOTPRINT

Analyzing the CF of livestock during the finishing period, we
highlight the greater contribution of CH4 emissions from the enteric
fermentation of animals and manure storage (Fig. F3).

Enteric fermentation contributes approximately 16.2% on
average (3.27 kg of CO; eq.) of total emissions in animal production
(20.22 kg of CO, eq.). Manure storage is responsible for the largest
share in this phase, reaching 73.7% of total livestock emissions
(13.45 kg on average for the scenarios, Table F5), considering CH,4
and N,O emissions. Due to the period required to stabilize the
organic matter in manure (120 days), manure storage in open tanks
is primarily responsible for GHG emissions in this step. Eriksson et
al. (2005) reached a similar conclusion, where the hotspot, apart
from feed production, was manure storage, mainly due to methane
emissions.

Soil application showed lower emission, with N,O being the
only source. Field emission participates with 10.1% of the total
emission in livestock or 2.04 kg CO, eq. (Fig. F3).
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Fig. F3 Livestock carbon footprint (on-farm emissions)

Livestock emission estimates were directly dependent on the
amount of time that swine were housed in growing-finishing;
therefore, the feed highly influences the estimates. As shown in
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Table F5 and Fig. F3, the swine in P13 are fed with feed that results
in a lower daily weight gain (1.02 kg - Table F3), thereby requiring
more time to reach the FU (29.41 days) and resulting in higher
emissions for enteric fermentation and manure management with
20.94 kg CO; eq. The swine fed with P15, however, have an average
daily gain of 1.12 kg (highest of the four scenarios), requiring only
26.79 days to achieve FU. Therefore, P15 has the best environmental
performance in animal rearing (total of 19.07 kg CO; eq. emitted).

3.3 FINISHING CARBON FOOTPRINT

Evaluating the entire finishing step (including feed
consumption, livestock emissions and other inputs) to increase in
weight from 70.00 to 100.00 kg, all scenarios reveal that feed intake
is the greatest contributor of CO, eq., with an average of 74.5% of
total emissions. Similar results were obtained by other authors
(Basset-Mens and van der Werf 2005; Baumgartner et al. 2008;
Dalgaard 2007; Eriksson et al. 2005; Kingston et al. 2009; Kool et
al. 2009; Nguyen et al. 2011), all of whom highlighted the
contribution of feed and emphasized this step as the most impactful
on the swine production chain. The high impact of this step is
associated with grain cultivation (mainly maize) and transport, as
shown in Fig. F2.

Table F5 Carbon footprint of finishing swine stage (in kg CO, eq..FU™)

Life Cycle P18 P16 P15 P13
Feed 52.45 48.92 51.60 57.46
Building construction 0.16 0.16 0.15 0.17
Transport — slaughter 0.96 0.96 0.96 0.96
Electricity 1.23 1.24 1.15 1.26
Livestock emissions (on-farm) 20.33 20.54 19.07 20.92
Enteric fermentation (CH,) 3.29 3.32 3.08 3.38
Manure storage (CHy) 13.52 13.66 12.68 13.92
Manure storage (N,0) 1.47 1.49 1.38 151
Land application (N,O) 2.05 2.07 1.93 211
Avoided fertilizer -4.62 -4.67 -4.34 -4.75
Total 70.51 67.15 68.59 76.02

Table F5 quantifies the total GHG emissions for each
scenario. The results were directly influenced by the feed
performance in terms of mass gain to swine (feed conversion rate
and daily weight gain). Scenarios with higher feed consumption
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during the period also had higher emissions. P18 requires 90.30 kg
of feed to meet the FU proposed, followed by P13 with 89.70 kg.
These values converted into CO, equivalent emissions represent
52.45 and 57.46 kg for P18 and P13, respectively.

Despite the small difference in consumption between P18 and
P13 (P18 consumes 0.6 kg more than P13), feed composition in P13
has 9.3% more emissions than P18, as shown in the comparison for
each feed kilogram (Fig. F2). Thus, P13 has the highest emissions
associated with feed, although it is not the largest consumer among
the scenarios.

The swine in P15 is the third largest feed consumer, with
82.80 kg, followed by P16, which is the scenario that requires the
least amount of feed, 81.60 kg. Feed emissions associated with
scenarios P15 and P16 are 51.60 and 48.92 kg of CO, eq.,
respectively. Both have lower GHG emissions than P18 and P13 due
to their superior feed conversion rates. The difference in GHG
emissions between P15 and P16 is due to the quantity and quality of
each composition. P15 has a higher consumption (more than 1.20
kg) and a higher emission per kilogram of feed, 0.024 kg CO; eq.

Feed consumptions in P18 and P15 have nearly equal CF
emissions (differing by 0.85 kg CO; eq.). Although P18’s feed has a
considerably lower CF per kg of feed than P15 (as displayed in Fig.
F2), the higher consumption due to its high feed conversion rate
makes both results similar when assessed over the whole system.

The second largest CF was from livestock, reaching an
average of 28.7% of the total GHG emitted and corresponding to
20.22 kg CO; eq. CH,4 emissions (enteric fermentation and manure
management) are most responsible for the CF, with an average of
16.71 kg (23.7% of total), while N,O corresponds to 5.0% of the
total (3.50 kg of CO; eq. on average). Although N,O has a higher
GWP, CH, accounted for a much higher volume of CO, equivalent,
due to the larger quantities emitted compared to N,O in the manure
management system.

Other emissions do not appear to be significant, as the sum of
the impacts associated with feed and livestock achieved an average
share of 96.9% of the total. The buildings in which the animals were
housed have an average CF of 0.16 kg of CO; eq. (Table F5), less
than 0.2% of the total emitted. The gases are mainly related to
materials such as cement and limestone, which contribute
approximately 52% of the impact of the facility. Electricity
consumption in animal housing was evaluated separately from
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construction, accounting on average for 1.7% of GHG emissions.
The difference in performance between the scenarios is related to the
time of animal rearing, which is dependent on the feed conversion
rate for each diet (Table F3).

Swine transport to slaughter is responsible for an emission of
0.96 kg CO; eq. for all scenarios. This amount corresponds to a
small share of the total GHG emissions (approximately 1.4%).
Although the transport (truck) consumes diesel, the short distance
and low amount of mass transported (related to FU) resulted in this
small share.

The avoided impact by the application of manure as an
organic fertilizer is shown as a positive impact in the results (or
environmental benefits), attenuating the negative impacts on the
balance. This application results in the 'non-use' of approximately
2.02 kg of chemical fertilizer. This non-consumption represents a
positive impact of 6.5% (average) of the total emission, as shown by
the negative values of Table F5. This ‘credit' is equivalent to 4.60 kg
CO, eg. avoided on average for the scenarios evaluated. Slight
differences in avoided fertilizer between the scenarios are explained
by the different amounts of manure generated in each one.

3.4 COMPARATIVE ASSESSMENT

The comparison of scenarios, simulating the consumption of
four different diets in the same process (finishing swine), shows that
P16 has the best environmental performance with respect to GHG
emissions. Although the feed in this scenario does not have the
lowest CF (status attributed to feed in P18, Fig. F2) and has the
second largest CF associated with manure management (Fig. F3),
P16 has the lowest CO, eq. This low amount is due to the high feed
conversion rate in swine P16 that results in a lower amount of feed
required to reach the 100.00 kg slaughter weight.

Swine in P15 showed similar values to those in P16. Although
P15 is fed with a greater CO, eq. emitter, the shorter amount of time
required to achieve 30.00 kg (26.8 days - Table F3) influences the
amount of manure managed. This difference of almost two days
generates less waste and hence a lower emission of CO, eq., as
shown in Table F5.

Regarding the P18 scenario, although its diet composition had
the lower CF per kg of feed, this scenario has the second highest
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emission of CO; eq. because of its low feed efficiency (3.01 - Table
F3), resulting in a higher daily feed and longer period of time needed
to reach the final body weight.

Swine in the P13 scenario have the greatest final emission. In
addition to consuming the worst performance diet (Fig. F2), they
also have the lowest daily weight gain and therefore require a longer
amount of time to reach the FU.

Improvement options for feed production were evaluated by
Baumgartner et al. (2008) and Eriksson et al. (2005) in studies with
different diet compositions for swine production in Germany and
Sweden, respectively, by replacing the soybean meal (current
practice) with European grain legumes (peas and faba beans), a feed
with higher levels of synthetic amino acids (SAA), or grain
produced on the farm (Baumgartner et al. 2008). The results showed
that feeding the swine with European grain legumes or SAA was
able to reduce the GHG emissions per kg of swine by 5 to 6%,
respectively, when compared to current scenario with the use of
soybean meal (Baumgartner et al. 2008). Eriksson et al. (2005)
reached similar results by replacing a feed based on soybean meal
with a feed containing peas, rapeseed meal and synthetic amino
acids, saving approximately 7% of the GWP. Comparing to our
results, swine fed with P13 (feed with high levels of SAA) showed
the highest impacts when compared to the scenario with no use of
SAA and a high content of CP (P18). Nevertheless, it is important to
highlight that the slight reduction of the GHG emissions in SAA
(Baumgartner et al. 2008 and Eriksson et al. 2005) was associated
with no use of soybeans from deforested areas, while in our study
this impacts was not considered because we assumed the use of
grains from southern Brazil (see Prudéncio da Silva et al. 2010). If
we had considered these impacts in soybean production, the CF of
P18 would probably have been increased. Using grain-produced on-
farm (Baumgartner et al. 2008) resulted in a decrease in the CF due
to less grain transportation, which represented on average 26.9% of
the total GHG from feed production in our study.

Similar to our results, Meul et al. (2012), evaluating four diets
for fattening swine, found that by decreasing the crude protein
content (N-LOW) and increasing the levels of synthetic amino acids,
it was not possible to reduce the CO, eq. emissions. However, the
authors only evaluated the emissions per kg of feed produced.
Although the diets were nutritionally equivalent with no expected
consequences in the finishing stage (Meul et al. 2012), as we showed
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in our study, it is important to consider that the feed diet can change
the performance in promoting daily weight gain, and the need for
more feed consumption increases the environmental impact.

4 CONCLUSIONS

LCA can be used as a basis for evaluating various scenarios
of animal production with the ability to specify paths for better
environmental performance within the methodological specifications
of the analysis. In this specific case study, P16 obtained a reduction
of up to 11.7% of the carbon footprint (global warming potential)
compared to P13, with changes in only one of the stages of the swine
life cycle (feed composition).

Due to the superior environmental performance through LCA
of P16 and the technical feasibility of the diets described by Vidal et
al. (2010), this scenario was shown to be the most favorable.
Nevertheless, to ensure the complete viability of P16, further
analysis is recommended to assess the economic factors and,
especially with regard to the production and transport of feed. In
addition, an uncertainty analysis should be conducted since the
parameter uncertainties in LCA studies can be high. Moreover, it
should further be considered that the LCA considers fractions of a
day in animal rearing to estimate the net environmental impacts,
while in practice farmers do not make use of such precision.

This study demonstrates that small changes in an already
consolidated system, such as feed protein origin and variation of its
content, may generate significant reductions in environmental
impacts. Extrapolating these results, which are modeled around a
functional unit of one swine, for annual production, for example, or
values of a production region (such as the west of Santa Catarina),
the reduction becomes much more significant, many times justifying
a choice that otherwise would be discarded.

Due to the high impact generation related to feed production
(73% of the total emitted), this step is the main hotspot in the
finishing stage of swine production and should therefore be the main
focus of attention and improvement. Issues related to the efficiency
and productivity of crops, feed conversion and transport of feed
components become key parameters when the goal is the reduction
of the carbon footprint of swine farming.
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Finally, products should be analyzed in their overall context.
As demonstrated in this study, the consumption of better
performance feed does not necessarily mean less environmental
impact because it may have inferior performance in promoting
weight gain in finishing swine.

For further recommendations, we suggest conducting an LCA
of Brazilian swine production considering the earlier steps of the
swine supply chain, from piglet production to the end of the
weaning-to-growing (25-70 kg) stage. In addition, the influence of
CP content on manure characteristics and consequently on N,O
emissions should be evaluated. The use of food residues for animal
feed is an alternative feed strategy that has not yet been studied by
Brazilian researchers.
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APENDICE G - Routine to estimate the N-related emissions in
MATLAB and SimaPro

+SimaPro

This routine was developed to be used in the SimaPro
software to estimate the uncertainties in N-related emissions in
manure management from facilities until the manure applied into
soil. Calculation procedure and explanation are given in APENDICE
A. Texts highlighted in gray are the input parameters of the model.
Note: to run this routine in a Monte Carlo simulation you need a
professional version of the software or the PhD license.

In the main interface of SimaPro, go to ‘Parameters’ in the
‘Inventory’ menu.

e |nput parameters

Name Value Distribution Coments
TAN_O 3.09 TAN excreted (kg/m3)
ON_O0 2.16 N-organic excreted (kg/m3)
MR_h 0185 Mineralized rate (kg/kg), is the proportion of the organic

N entering the house (h) that is mineralized

Mineralized rate (kg/kg), is the proportion of the organic

MR_s_ S  0.185 N entering the storage (s) that is mineralized. For Sce.Ref
©)
MR_b 0.846 Mineralized rate (kg/kg), is the proportion of the organic

N entering the biodigester (b) that is mineralized.

Mineralized rate (kg/kg), is the proportion of the organic

MR_s B 0.35 N entering the storage (s) that is mineralized. For
Sce.Flare and Sce.CHP (B)

NO3_N 0.226 Convert NO3-N to NO3

P 1.23 P in excreted manure (kg/m3)

K 217 K in excreted manure (kg/m3)

P205 2.29 Convert P into P205

K20 1.205 Convert K into K20

e Calculated parameters

Name Value Coments
NH3_N 17/14 Convert NH3-N to NH3
N20O_N 44/28 Convert N20-N to N20

NOx_N 46/14 Convert NOx-N to NOx
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Slurry tanks (Sce.Ref)
Then, in the unit process go to ‘Parameters’

Name
el
e?2
e3
ed
e5
e 6
e’
e8
e9

MFE

Name

TAN_h

ON_s_S
TAN_s

NH3_h
NH3_s
N20d_s
N2_s
NO_s
N20iv_s
TAN_f
NH3_f
ON_f
TN_f
N20d_f

Input parameters

Value Distribution Min Max Coments

0.25 Uniform  0.146 0.51

emission factor for NH3 emitted in house

(kg/kg) -
0.085 Uniform 01042 01127 ((elgllsl,(s;))n factor for NH3 emitted in storage
. emission factor for N20 emitted in storage
0 Uniform 0 0.017
(kg/kg)
B - emission factor for N2 emitted in storage

0.256 Uniform  0.055 0.462

0.0187  Uniform  0.001 0.04

0.041 -
0.1 -

0.395 -

0.75 -

Calculated parame

emission factor for NH3 emitted in field
(kgrkg)

emission factor for N2O emitted in field
(kg/kg)

emission factor for N2 emitted in field (kg/kg)
emission factor for NO emitted in field
(kg/kg)

emission factor for NO3 emitted in field
(kgrkg)

Mineral fertilizer equivalent is the potential to
substitute mineral fertilizer (kg/kg)

ters

Equation
TAN_0+(MR_h*ON
0

ON_0*(1-MR_h)
TAN_h*(1-
e_1)*MR_s_S*ON_s
_S

TAN_h*e_1
TAN_s*e_2
TAN_s*e_3
N20d_s*e_4
N20d_s*1
(NH3_s+NO_s)*0,01

TAN_s-
(NH3_s+5*N20d_s)
TAN_f*e 5
ON_0*(1-MR_h)*(1-
MR_s_S)
TAN_f-NH3_f+ON_f

TN_f*e_6

Comments

Auvailable TAN in housing (h) (kg/m3)
N-organic ex-house (ex-biodigester), entering in the
storage system (s) (kg/m3)

Auvailable TAN in storage (s) (kg/m3)

NH3 emissions in house (h) (kg NH3-N)

NH3 emissions in storage (s) (kg NH3-N)
Direct N20 emissions in storage (s) (kg N20-N)
N2 emissions in storage (s) (kg N2-N)

NO emissions in storage (s) (kg NO-N)

Indirect N20 emissions from NH3-N+NO-N volatilized
(v) in storage (s) (kg N20-N)

Auvailable TAN applied in field (f) (kg/m3)

NH3 emissions in field (f) (kg NH3-N)

N-organic ex-storage available to application in field (f)
(kg/m3)

Auvailable TAN applied in field (f) (kg/m3)

Direct N20 emissions in field (f) (kg N20O-N)



N2_f TN_f*e_7

NO_f N20d_f*e_8

N20iv_f  (NH3_f+NO_f)*0,01

NO3 f  TN_f*.9

N20il_f  NO3_f*0,0075

AN_f
p-

AP_f (0,07%(1+0,2/80*P)+

(TAN_f+ON_f)*MF
E

0,175*(1+0,7/80*P))

((AN_fI(AN_f/(AN_f
+AP_f*P205+K*K2
0)*0,45)*0,8)+(AP_f
I(AP_f/(AN_f+AP_f*
P205+K*K20)*0,42
)*0,9)+(K*K20/(K*
K20/(AN_f+AP_f*P
205+K*K20)*0,60)*

Avoided_f
ertilizer

1)/3
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N2 emissions in field (f) (kg N2-N)

NO emissions in field (f) (kg NO-N)

Indirect N20O emissions from NH3-N+NO-N volatilized
(v) in field (f) (kg N20-N)

NO3 leaching after field application (f) (kg NO3-N)

Indirect N20O emissions from NO3 leaching (1) in field (f)
(kg N20-N)

Auvailable N applied in field (kg/m3)
Auvailable P applied in field (kg/m3)

The avoided fertilizer was modeled using a combination
of urea, triple superphosphate and potassium chloride,
equivalent to the fertilizing potential of manure (urea
contains 45% N, triple superphosphate 42% P205 and
KClI has 60% K20); to estimate the amount of NPK
fertilizer avoided, we used efficiency rates of 0.8, 1 and
1, to NPK, for urea, triple superphosphate and KCl,
respectively.

Then, in the unit process go to ‘Inputs/Outputs’

Emissions to air
Name

Ammonia

Ammonia
Dinitrogen monoxide

Nitrogen

Nitrogen oxides
Dinitrogen monoxide
Ammonia
Dinitrogen monoxide

Nitrogen
Nitrogen oxides

Dinitrogen monoxide

Quantity Unit  Distribution Coments
NH3_h*NH3_ - Ammonia emissions from
N kg Undefined N-excreted in house.
NH3_s*NH3_ K Undefined Ammonia emissions from
N g manure storage.
Direct nitrous oxide
% |
NﬁOd_s N20 kg Undefined  emissions from manure
- storage.
N2 s kg Undefined Nitrogen gas emissions
= from manure storage.
] Nitrogen oxides emissions
X
NO_s"NOX_N kg Undefined from manure storage.
. Indirect (NH3-N+NOx+N)
x|
NﬁOIV_S N20 kg Undefined  nitrous oxide emissions
- from manure storage.
NH3_f*NH3_ . Ammonia emissions from
kg Undefined S .
N manure application to soil.
Direct nitrous oxide
*
’\ﬁOd—f N20 kg Undefined  emissions from manure
- application.
N2 f kg Undefined Dinitrogen emissions frqm
- manure application to soil.
] Nitrogen oxides from
x
NO_"NOX_N kg Undefined manure application to soil.
. ] -
N20iv_f*N20 kg Undefined Ir)dlrect (l\_lH3 N_+N_Ox+N)
N nitrous oxide emissions
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Dinitrogen monoxide

Emissions to water

Nitrate

N20il_f*N20 K
N 9
NO3_f*NO3

N ok

from manure application.

Indirect (NO3 leaching)
Undefined  nitrous oxide emissions
from manure application.

Undefined  Nitrate leaching.

Biodigestor + slurry tanks (Sce.Flare and Sce.CHP)
Then, in the unit process go to ‘Parameters’

Name
el
e?2
e 3
e 4
e>5
e 6
e 7
e8
e9

MFE

Name
TAN_h
NH3_h
ON_b
TAN b
ON_s

TAN_s

NH3_s
N20d_s

Input parameters

Value

0.25

0.085

0
3
0.256

0.008
0.035
0.1

0.369

0.85

Uniform

Uniform

Uniform

Uniform

Uniform

Distribution Min Max

0.212 051

0.042 0.127

0 0.017

0.181 0.256

0.004 0.008

Calculated parameters

_0)

Equation
TAN_0+(MR_h*ON

TAN_h*e_1

ON_0*(1-MR_h)

TAN_h*(1-

e_1)+MR_b*ON_b
ON_0*(1-MR_h)*(1-

MR_b)

TAN_b+MR_s_B*O

N_s

TAN_s*e_2
TAN_s*e_3

Coments

emission factor for NH3 emitted in house

(kg/kg)

emission factor for NH3 emitted in storage
(kg/kg)

emission factor for N20 emitted in storage
(kg/kg)

emission factor for N2 emitted in storage
emission factor for NH3 emitted in field
(kg/kg)

emission factor for N20 emitted in field
(kg/kg)

emission factor for N2 emitted in field (kg/kg)
emission factor for NO emitted in field

(kg/kg)
emission factor for NO3 emitted in field

(kglkg)
Mineral fertilizer equivalent is the potential to
substitute mineral fertilizer (kg/kg)

Comments

Available TAN in housing (h) (kg/m3)

NH3 emissions in house (h) (kg NH3-N)
N-organic ex-house, entering in the biodigester (b)

(kg/m3)

Auvailable TAN in biodigester (b) (kg/m3)

N-organic ex-biodigester, entering in the storage system

(s) (kg/m3)

Available TAN in storage (s) (kg/m3)

NH3 emissions in storage (s) (kg NH3-N)
Direct N20 emissions in storage (s) (kg N20-N)



N2_s N20d_s*e 4

NOs  N20d s*1

N20iv_s  (NH3_s+NO_s)*0,01
TAN_s-

TANCF (NH3_s+5*N20d_s)

NH3 f  TAN f*e 5
ON_0*(1-MR_h)*(1-

ON_f MR_b)*(1-MR_s_B)

TN f TAN_f-NH3_f+ON_f

N20d f TN f*e 6

N2_f TN f*e_7

NO_f N20d_f*e_8

N20iv_f  (NH3_f+NO_f)*0,01

NO3f  TN_f*e.9

N20il f  NO3_f*0,0075

ANT (TAN_ON_0*MF
P-

AP f (0,07%(1+0,2/80%P) +
0,175*(1+0,7/80*P))
((AN_fI(AN_f/(AN_ f
+AP_PP205+K*K2
0)*0,45)*0,8)+(AP_f

. J(AP_TI(AN_f+AP_T*

Q‘t’i?i'f:rd—f P205+K*K20)*0,42
Y%0,9)+(K*K20/(K*
K2O/(AN_f+AP f*p
205+K*K20)*0,60)*
)13
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N2 emissions in storage (s) (kg N2-N)

NO emissions in storage (s) (kg NO-N)

Indirect N2O emissions from NH3-N+NO-N volatilized
(v) in storage (s) (kg N20-N)

Auvailable TAN applied in field (f) (kg/m3)

NH3 emissions in field (f) (kg NH3-N)

N-organic ex-storage available to application in field (f)
(kg/m3)

Available TAN applied in field (f) (kg/m3)

Direct N20 emissions in field (f) (kg N20-N)

N2 emissions in field (f) (kg N2-N)

NO emissions in field (f) (kg NO-N)

Indirect N20O emissions from NH3-N+NO-N volatilized
(v) in field (f) (kg N20-N)

NO3 leaching after field application (f) (kg NO3-N)
Indirect N20O emissions from NO3 leaching (1) in field (f)
(kg N20-N)

Auvailable N applied in field (kg/m3)
Auvailable P applied in field (kg/m3)

The avoided fertilizer was modeled using a combination
of urea, triple superphosphate and potassium chloride,
equivalent to the fertilizing potential of manure (urea
contains 45% N, triple superphosphate 42% P205 and
KCI has 60% K20); to estimate the amount of NPK
fertilizer avoided, we used efficiency rates of 0.8, 1 and
1, to NPK, for urea, triple superphosphate and KClI,
respectively.

Then, in the unit process go to ‘Inputs/Outputs’ — Same
equations from the slurry tanks.

Composting (Sce.Comp)
Then, in the unit process go to ‘Parameters’

Name

el

e 3
e 4

Input parameters

Value

0.25

0.013

0.044
0.297

Distribution Min Max Coments
. emission factor for NH3 emitted in house
Uniform 0.212 0.51
(kglkg) ..
Uniform 0419 Ofes Emission factor for NH3 emitted in storage
(kgrkg) ctor © ;
. emission factor for N20 emitted in storage
Uniform 0.013 0.102
(kgrkg)

emission factor for N2 emitted in storage
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e 6
e’7
e8

MFE

MwW
FS_r

DMS _r

NS

MR s

Name
TAN_h
NH3_h

ON_s

TAN_s

NH3_s
N20d_s
N2_s
NO_s

N20iv_s

TAN_f

NH3_f

ON_f

TN f

0.39

Uniform

0.152 0.39

emission factor for NH3 emitted in field

(kg_/kg) factor for N20 emitted in field
. emission factor for emitted in fie
0.02 Uniform 0.01 0.02 (kg/kg)
0.02 - emission factor for N2 emitted in field (kg/kg)
01 ) emission factor for NO emitted in field
| (kglkg) o
0.304 ) emission factor for NO3 emitted in field
(kg/kg)
085 ) Mineral fertilizer equivalent is the potential to
’ substitute mineral fertilizer (kg/kg)
1026 ) Total manure weight in the composting
process (kg/m)
Fresh weight rate of structural material
0.104 - (substrate) added in the composting process
per unit mass of manure (kg/kg)
0.858 ) Dry matter content of the structural material
: (substrate) added to compost (kg/kg)
0.0026 ) The cc_)ncentration of N in the structural
’ material (substrate) (kg/kg)
Mineralized rate (kg/kg), is the proportion of
0.6 - the organic N entering the storage (s) that is

mineralized

Calculated parameters

Equation
TAN_0+MR_h*ON_
0
TAN_h*e_1
ON_0*(1-
MR_h)+MW*FS_r*
DMS_r*NS
TAN_h*(1-e_1)+
MR_s*ON_s
TAN_s*e_2
TAN_s*e_3
TAN_s*e_4
N20d_s*1
(NH3_s+NO_s)*0,01
TAN_s-
(NH3_s+2*N20d_s+
N2_s)

TAN_f*e_5
(ON_0*(1-
MR_h)+MW*FS_r*
DMS_r*NS)*(1-
MR_s)
TAN_f-NH3_f+ON_f

Comments
Auvailable TAN in housing (h) (kg/m3)
NH3 emissions in house (h) (kg NH3-N)

N-organic ex-house, entering in the storage system (s)
(kg/m3)
Auvailable TAN in storage (s) (kg/m3)

NH3 emissions in storage (s) (kg NH3-N)

Direct N20 emissions in storage (s) (kg N20-N)

N2 emissions in storage (s) (kg N2-N)

NO emissions in storage (s) (kg NO-N)

Indirect N20O emissions from NH3-N+NO-N volatilized
(v) in storage (s) (kg N20O-N)

Auvailable TAN applied in field (f) (kg/m3)

NH3 emissions in field (f) (kg NH3-N)

N-organic ex-storage available to application in field (f)
(kg/m3)

Auvailable TAN applied in field (f) (kg/m3)



N20d_f  TN_f*e 6

N2_f TN f*e 7

NO_f N20d_f*e 8
N20iv_f  (NH3_f+NO_f)*0,01
NO3_f  TN_f*e9

N20il_f  NO3_f*0,0075

*
AN f (ETAN_f+ON_f) MF
p-
AP f (0,07*(1+0,2/80*P)+
0,175*(1+0,7/80*P))
((AN_f/(AN_f/(AN_f
+AP_f*P205+K*K2
0)*0,45)*0,8)+(AP_f
I(AP_f/(AN_f+AP_f*
P205+K*K20)*0,42
)*0,9)+(K*K20/(K*
K20/(AN_f+AP_f*P
205+K*K20)*0,60)*
1))/3

Avoided_f
ertilizer
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Direct N20 emissions in field (f) (kg N20O-N)

N2 emissions in field (f) (kg N2-N)

NO emissions in field (f) (kg NO-N)

Indirect N20 emissions from NH3-N+NO-N volatilized
(v) in field (f) (kg N20-N)

NO3 leaching after field application (f) (kg NO3-N)
Indirect N20O emissions from NO3 leaching (1) in field (f)
(kg N20-N)

Available N applied in field (kg/m3)

Available P applied in field (kg/m3)

The avoided fertilizer was modeled using a combination
of urea, triple superphosphate and potassium chloride,
equivalent to the fertilizing potential of manure (urea
contains 45% N, triple superphosphate 42% P205 and
KCI has 60% K20); to estimate the amount of NPK
fertilizer avoided, we used efficiency rates of 0.8, 1 and
1, to NPK, for urea, triple superphosphate and KCl,
respectively.

Then, in the unit process go to ‘Inputs/Outputs’ — Same
equations from the slurry tanks.

+~Matlab

This routine was developed to be used in the MATLAB
software to estimate the uncertainties in N-related emissions in
manure management from facilities until the manure applied into
soil. Calculation procedure and explanation are given in APENDICE
A. Texts highlighted in gray are the input parameters of the model.

In the Command window after inserting the routine below,

type:

random MC_N_desired function (e.g. MC_N_slurry_tanks)

Slurry tanks (Sce.Ref)

function [] = MC N slurry tanks

% MC N slurry tanks

5 MC number of trials
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N = 10000;
% bounds for emission factors
el 1lim = [0.146, 0.510];

e2 lim = [0.042,
e3 lim = [0.000,
e5 lim = [0.055,
e6 lim = [0.001,

oo oo
o
=
-

% MC values

el = unifrnd(el lim(1l), el 1im(2),N,1)
e2 = unifrnd(e2 lim(1l), e2 1lim(2),N,1)
e3 = unifrnd(e3 lim(1l), e3 lim(2),N,1);
e5 = unifrnd(e5 lim(1l), e5 1lim(2),N,1)
e6 = unifrnd(e6 lim(l), e6 1lim(2),N,1)

[NH3 h, NH3 s, N20d s, N2 s, NO s, N20iv_ s, NH3 f,
N20d f, N2 f, NO f, N20iv f,...

NO3 f, N20il f, NF] = est emiss N slurry tanks new(
el,e2,e3,e5,e06 );

matrix = [NH3 h, NH3 s, N20d s, N2 s, NO s, N20iv_ s,
NH3 f, N20d _f, N2 f, NO_f,

N20iv_f, NO3 f, N20il f, NF];
x1lswrite ('C:\1nsert correct directory here\Slurry
tanks\excel.xls',matrix);

function [NH3 h, NH3 s, N20d s, N2 s, NO_s, N20iv_s,
NH3 f, N20d f, N2 f, NO f, N20iv f,...

NO3 f, N20il f, NF] = est emiss N slurry tanks new(
el,e2,e3,e5,e6 )
SUNTITLED Summary of this function goes here

% Detailed explanation goes here

% default values for INPUT VARS

TAN 0 = 3.090; % total ammoniacal nitrogen excreted
[kg]

ON 0 = 2.160; % organic nitrogen excreted [kg]

% default values for PARAMETERS

MR h = 0.185; % mineralization rate of ON 0 [kg/kg]
MR s = 0.185; % mineralization rate of ON_s [kg/kg]
MFE = 0.75; % fertilizing potential from manure

% constant default values for EMISSION FACTORS

ed = 3; % emission factor for N2 emitted in
storage [kg/kg]
e7 = 0.041; % emission factor for N2 emitted in

field [kg/1lg]



e8 = 0.1; % emission factor
field [kg/kg]
e9 = 0.395; % emission factor

field [kg/kg]

% EMISSIONS IN FACILITIES
% available total ammoniacal nitrogen
TAN h = TAN 0+MR h*ON 0;

% emissdo de amonia
NH3 h = TAN h*el;

% EMISSIONS IN STORAGE

% available organic nitrogen
ON_s = ON_0* (1-MR_h) ;

% available total ammoniacal nitrogen
TAN s = TAN h*(l-el)+MR s*ON_s;

% ammonia emissions
NH3 s = TAN s.*e2;
% direct nitrous oxide emissions
N20d s = TAN s.*e3;

% nitrogen gas emissions
N2 s = N20d_ s.*e4;

% nitrogen monoxide emissions
NO s = N20d s*1;

241

for NO emitted in

for NO3 emitted in

in storage

% indirect nitrous oxide emissions from NH3 and NO

N20iv_s = (NH3_ s + NO_s)*0.01;

% EMISSIONS IN MANURE APPLICATION IN SOIL
% total ammoniacal nitrogen applied in soil

TAN f = TAN s - (NH3 s + 5*N20d s);
% ammonia emmisions
NH3 f = TAN f.*e5;
% organic nitrogen applied in soil
ON f = ON 0*(1-MR h)*(1-MR s);

% total nitrogen available (TAN+ON)
TN £ = TAN f - NH3 f + ON f;

% direct nitrous oxide emissions
N20d _f = TN _f.*e6;

% nitrogen gas emissions

N2 f = TN f*e7;

% nitrogen monoxide emissions
NO_f = N20d_f*e8;

N20iv_f = (NH3 f + NO f)*0.01;
% NO3 leaching

NO3 f = TN f*e9;

N20il £ = NO3 £f*0.0075;
% nitrogen fertilizer
NF = (TAN_f + ON_f) *MFE;

% indirect nitrous oxide emissions from NH3 and NO2

% indirect nitrous oxide emissions from NO3
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end

Biodigestor + slurry tanks (Sce.Flare and Sce.CHP)

function [STA] = MC N biodigestor

% MC N biodigester

% MC number of trials

N = 10000;

% bounds for emission factors

el lim = [0.146, 0.510];
e2 lim = [0.042, 0.127];
e3 lim = [0.000, 0.017];
e5 lim = [0.181, 0.256];
e6 lim = [0.004, 0.008];

% MC values
el = unifrnd(el lim
e2 = unifrnd(e2 lim P

( (1),el llm(2) N,1);
( (1) (2),N,1);
e3 = unifrnd(e3 lim(1l),e3 llm(Z),N,l),
( (1) (2),N,1);
( (1), (2),N,1);

’

~

e5 = unifrnd(e5 lim ,e5 lim
e6 = unifrnd(e6 lim e6 lim

’

’

~

[NH3 h, NH3 s, N20d s, N2 s, NO_ s, N20iv_s, NH3 f,
N20d f, N2 f NO f,

N20iv £, NO3 f, N20il f, NF] =
est emiss N biodigester(el,e2,e3,e5,e6);

[NH3 h, NH3 s, N20d s, N2_s, NO_ s, N20iv_s, NH3 f,
N20d_f, N2_f, NO f,
N20iv_f, NO3_f, N20il f, NF]

% Export file to excel------------——————————————————————

excel file = [NH3 h, NH3 s, N20d s, N2 s, NO s, N20iv_ s,
NH3 f NZOd f, N2 f, NO_ f
N201v_f, NO3_f, NZOll_f, NF];
minimos = min(excel file);
maximos = max(excel file);
media = mean(excel file);
desvio = std(excel file);
STA = [media;minimos;maximos;desvio];

xlswrite ('C:\1nsert correct directory
here\Biodigestor\excel.xls',matrix) ;
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function [NH3 h, NH3 s, N20d s, N2 s, NO s, N20iv_s,
NH3 f, N20d f, N2 f, NO f, N20iv f,...
NO3 f, N20il f, NF] =
est emiss N biodigester(el,e2,e3,e5,eb)
SUNTITLED Summary of this function goes here
% Detailed explanation goes here
% default values for INPUT VARS
TAN 0 = 3.090; % total ammoniacal nitrogen excreted
[kgl
ON 0 = 2.160; % organic nitrogen excreted [kg]

% default values for PARAMETERS

MR h = 0.185; % mineralization rate of ON 0 [kg/kg]
MR s = 0.350; % mineralization rate of ON s [kg/kg]
MR b = 0.846; % mineralization rate of ON_ [kg/kg]
MFE = 0.85; % fertilizing potential from manure
% constant default values for EMISSION FACTORS

ed = 3;

e7 = 0.035;

e8 = 0.1;

e9 = 0.369;

% EMISSIONS IN FACILITIES
% total ammoniacal nitrogen
TAN h = TAN 0+MR h*ON 0;

% ammonia emissions
NH3 h = TAN h*el;

% EMISSIONS IN STORAGE

% organic nitrogen available in biodigestor
ON b = ON 0*(1-MR h);

% ammoniacal nitrogen available in biodigestor
TAN b = TAN h*(l-el)+MR b*ON b;

% organic nitrogen available in slurry tanks
ON s = ON _0*(1-MR h)*(1-MR b);

% ammoniacal nitrogen available in slurry tanks
TAN s = TAN b+MR s*ON_s;

% ammonia emissions
NH3 s = TAN s.*e2;
% direct nitrous oxide emissions
N20d s = TAN s.*e3;

% nitrogen gas emissions
N2 s = N20d_s.*e4;

% nitrogen oxide emissions
NO_s = N20d s*1;

% indirect nitrous oxide emissions from NH3 and NO
N20iv_s = (NH3 s + NO s)*0.01;

% EMISSIONS IN MANURE APPLICATION IN SOIL
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% total ammoniacal nitrogen applied in soil
TAN f = TAN s - (NH3 s + 5*N20d s);

% ammonia emissions in soil
NH3 f = TAN f.*e5;

% organic nitrogen emissions in soil
ON f = ON O0* (1-MR h)*(1-MR_s);

% total nitrogen available (TAN+ON)
TN f = TAN f - NH3 f + ON_f;

% direct nitrous oxide emissions
N20d f = TN f.*e6;

% nitrogen gas emissions
N2 f = TN f*e7;

% nitrogen oxides emissions

NO f = N20d f*e8;

% indirect nitrous oxide emissions from NH3 and NO2
N20iv f = (NH3 f + NO f)*0.01;

% NO3 leaching

NO3 f = TN f*e9;

% indirect nitrous oxide emissions from NO3
N20il f = NO3 £*0.0075;

% nitrogen fertilizer
NF = (TAN f + ON_f)*MFE;

end

Composting (Sce.Comp)

function [STA] = MC N composting
MC N composting

% MC number of trials

N = 10000;

% bounds for emission factors

el 1im = [0.146, 0.510];

e2 lim = [0.130, O.

e3 1lim = [0.008, O.

e5 1lim = [0.152, 0.390
e6 lim = [0.010, O.

o°

©

% MC values

el = unifrnd(el lim(1l), el 1im(2),N,1)
e2 = unifrnd(e2 lim(l), e2 1lim(2),N,1)
e3 = unifrnd(e3 lim(l), e3 1lim(2),N,1);
e5 = unifrnd(e5 lim(1l), e5 1lim(2),N,1)
e6 = unifrnd(e6 lim(1l), e6 1lim(2),N,1)

[NH3 h, NH3 s, N20d s, N2_s, NO s, N20iv_s, NH3 f,
N20d f, N2 f, NO f,

N20iv_f, NO3_f, N20il f, NF] =
est emiss N composting new( el,e2,e3,e5,e6 );
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[NH3 h, NH3 s, N20d s, N2 s, NO s, N20iv_s, NH3 f,
N20d f, N2 f, NO f,
N20iv_f, NO3 f, N20il f, NF]

excel file = [NH3 h, NH3 s, N20d s, N2 s, NO_ s, N20iv_s,
NH3 f, N20d f, N2_f, NO_f,
N20iv_f, NO3 f, N20il f, NF];

minimos = min(excel file);

maximos = max(excel file);

media = mean(excel file);

desvio = std(excel file);

STA = [media;minimos;maximos;desvio];

xlswrite ('C:\Insert correct directory
here\Composting\excel.xls',matrix) ;

function [NH3 h, NH3 s, N20d s, N2 s, NO_ s, N20iv_s,
NH3 f, N20d f, N2 f, NO f, N20iv f,...

NO3 f, N20il f, NF] = est emiss N composting(
el,e2,e3,e5,e6 )
SUNTITLED Summary of this function goes here
% Detailed explanation goes here
TAN 0 = 3.090; % total ammoniacal nitrogen excreted
[kg]
ON 0 = 2.160; % organic nitrogen excreted [kg]

% default values for PARAMETERS

MR h = 0.185; % mineralization rate of ON 0 [kg/kg]
MR s = 0.600; % mineralization rate of ON_s [kg/kg]
MW = 1026; % density of manure [kg/m3]

FS r = 0.214; % fresh mass rate (substrate) add
[kg/kg]

DMS r = 0.858; % dry matter in substrate [kg/kg]
NS = 0.0026; % N concentration in substrate
(kg/kg]

MFE = 0.85; % fertilizing potential from manure

% constant default values for EMISSION FACTORS

ed = 0.297; % emission factor for N2 emitted in
storage [kg/kg]

e7 = 0.020; % emission factor for N2 emitted in
field [kg/kg]

e8 = 0.1; % emission factor for NO emitted in
field [kg/kg]

e9 = 0.304; % emission factor for NO3 emitted in

field [kg/kg]
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% EMISSIONS IN FACILITIES
% total ammoniacal nitrogen available
TAN h = TAN 0+MR h*ON 0;

% ammonia emissions
NH3 h = TAN h*el;

oe

EMISSIONS IN STORAGE

organic nitrogen in composting

ON s = ON_0* (L-MR_h)+MW*FS_r*DMS_r*NS;

% total ammoniacal nitrogen in composting
TAN s = TAN h*(l-el)+ MR s*ON_s;

% ammonia emissions

NH3 s = TAN s.*e2;

% direct nitrous oxide emissions
N20d s = TAN s.*e3;

% nitrogen gas emissions

N2 s = TAN s.*e4;

% nitrogen oxides emissions

NO s = N20d s*1;

% indirect nitrous oxide emissions from NH3 and NO
N20iv_s = (NH3 s + NO s)*0.01;

oe

% EMISSIONS IN MANURE APPLICATION IN SOIL

% total ammoniacal nitrogen applied in soil
TAN f = TAN s - (NH3 s + 5*N20d s);

% ammonia emissions

NH3 f = TAN f.*e5;

% organic nitrogen applied in soil
ON f = ON 0* (1-MR h)*(1-MR s);

% total nitrogen available (TAN+ON)
TN f = TAN f - NH3 f + ON_f;

% direct nitrous oxide emissions
N20d f = TN f.*e6;

% nitrogen gas emissions
N2 f = TN f*e7;

% nitrogen oxides emissions
NO_f = N20d f*e8;

% indirect nitrous oxide emissions from NH3 and NO2
N20iv f = (NH3 f + NO f)*0.01;

% NO3 leaching

NO3 f = TN f*e9;

% indirect nitrous oxide emissions from NO3
N20il f = NO3 £*0.0075;

% nitrogen fertilizer
NF = (TAN f + ON_f)*MFE;

end



