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RESUMO

Avaliacdes de desempenho ambiental requerem uma abordagem que estime os impactos ao
longo de toda a cadeia analisada. A avaliagdo do ciclo de vida (ACV) ¢ uma das metodologias
que tem sido amplamente aplicada neste contexto, no entanto, dependendo de algumas
condigdes, as decisdes por ela subsidiadas podem ser controversas, uma vez que existe a
possibilidade de seus resultados serem afetados por diferentes fontes de incerteza. Neste
sentido, a ocorréncia de trade-offs associados ao procedimento de agregagao para os diferentes
indicadores da ACV ¢ uma das etapas metodoldgicas que carece de mais desenvolvimento.
Paralelamente, tem crescido a tendéncia de combinar, integrar ou usar simultanecamente a ACV,
com outras estruturas de avaliacdo ambiental no intuito de se obter uma visdo mais ampla da
sustentabilidade de um sistema. A analise emergética (AE) ¢ uma das metodologias de
quantificagdo ambiental que tem ganhado espaco neste contexto. Sendo assim, o principal
objetivo desta tese foi combinar a ACV com a AE para desenvolver um indicador Unico para
os resultados da primeira. Para tal, a presente pesquisa objetivou: (1) avaliar as possiveis
convergéncias e divergéncias entre as metodologias aplicando a ACV e a AE ao mesmo sistema
de produto; (2) estabelecer fatores de caracterizagdo para as diferentes categorias de impacto
da ACV em termos da emergia solar necessaria para produzi-las ou trata-las; e (3) analisar a
aplicabilidade dos fatores estabelecidos nas diferentes categorias de impacto resultantes de um
estudo de ACV. Algumas consideracdes e defini¢des diferentes na estruturagdo dos métodos
(ACV e AE), possibilitaram a ocorréncia de divergéncias entre os resultados dos estudos.
Embora divergentes em alguns aspectos, a aplicacdo das metodologias de forma conjunta pode
fornecer mais informagdes aos tomadores de decisdo. Ao combinar os fatores de caracterizagao
das diferentes substancias relacionadas com as diferentes categorias de impacto da ACV, e
ainda, com seus respectivos limites legais de emissdo, foi possivel quantificar a diluigdo
“virtual” necessaria para que as referidas substancias ndo impactem o meio em que sdo
langadas, e ainda, associd-las a um contetido emergético para tal (indicador tnico). Desta forma,
esta tese cumpre seu papel ao estabelecer um método de agregagdo que, diferente de todos os
demais, possibilita a agregacdo das diferentes categorias de impacto da ACV sem utilizar
julgamentos com base em valores e/ou opinides, mas sim, utilizando informagdes de contetido
energético com bases em termodindmica.

Palavras-chave: Impactos ambientais; Avaliacdio do ciclo de vida; Andlise emergética;
Agregacao; Indicador unico.



ABSTRACT

Environmental performance assessments require an approach that estimates impacts throughout
the analyzed chain. Life cycle assessment (LCA) is one of the methodologies that has been
widely applied in this context, however, depending on some conditions, the decisions
subsidized by it can be controversial, since there is a possibility that its results may be affected
by different sources of uncertainty. In this sense, the occurrence of trade-offs associated with
the aggregation procedure for the different LCA indicators is one of the methodological stages
that need further development. At the same time, there has been a growing tendency to combine,
integrate or use LCA simultaneously with other environmental assessment structures to obtain
a broader view of the sustainability of a system. Emergy analysis (EMA) is one of the
environmental quantification methodologies that has been gaining ground in this context.
Therefore, the main objective of this thesis was to combine LCA with EMA to develop a single
score for the results of the first. To this, this research aimed to: (1) to evaluate the possible
convergences and divergences between the methodologies applying LCA and EMA to the same
product system; (2) to establish characterization factors for the different impact categories of
LCA in terms of the solar emergy necessary to produce or treat them; and (3) to analyze the
applicability of the factors established in the different impact categories resulting from a LCA
case study. Some considerations and different definitions in the structuring of the methods
(LCA and EMA), made possible the occurrence of divergences between the results of the
studies. Although divergent in some aspects, the application of the methodologies jointly can
provide more information to decision-makers. By combining the characterization factors of the
different substances related to the different impact categories of the LCA, and, with their
respective legal emission limits, it was possible to quantify the “virtual” dilution necessary so
that the referred substances do not impact the environment in which are launched, and still,
associate them with an emergy content for this (single score). In this way, this thesis fulfills its
role by establishing an aggregation method that, unlike all others, allows the aggregation of the
different impact categories of the LCA without using judgments based on values and/or
opinions, but using information from energy content based on thermodynamics.

Keywords: Environmental impacts; Life cycle assessment; Emergy analysis; Aggregation;
Single score.
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CAPITULO L. INTRODUCAO GERAL.

I.1 INTRODUCAO DA TESE

Avaliagoes de desempenho ambiental requerem uma abordagem sistematica que
estime os impactos com base em modelagem de sistemas e de fluxos de recursos ao longo dos
diferentes estagios do ciclo de vida. Devido a sua capacidade de analisar sistemas complexos e
uma grande quantidade de dados, a avaliagdo do ciclo de vida (ACV) tem sido amplamente
aplicada neste contexto (DE SOUZA et al., 2016).

A ACV consiste no desmembramento de um processo produtivo em todas as suas
etapas para que os aspectos e impactos ambientais possam ser identificados ao longo de toda a
cadeia de um produto, processo ou servico. Tal identificacdo pode apoiar o desenvolvimento
de sistemas de produ¢do menos impactantes, fornecendo aos tomadores de decisdo informagodes
sobre os efeitos ambientais de diferentes escolhas. Porém, dependendo de algumas condigdes,
as decisdes apontadas pela ACV podem ser controversas, uma vez que os resultados de um
estudo podem ser afetados por diferentes fontes de incerteza (CELLURA; LONGO;
MISTRETTA, 2011).

No estudo de ACV, na etapa de avaliacdo do impacto do ciclo de vida (AICV), os
aspectos ambientais sdo convertidos em categorias de impacto ambiental (aquecimento global,
eutrofizagdo, entre outras), e cada categoria ¢ representada por uma unidade de medida
diferente. Esta diversidade de categorias de impacto abrange os diferentes meios em que os
aspectos ambientais causam impactos, no entanto, possibilitam a ocorréncia de trade-offs
(trocas de cargas ambientais) entre as diferentes categorias, ou ainda, entre as diferentes etapas
do ciclo de vida. Sendo assim, para subsidiar adequadamente os tomadores de decisdo, faz-se
necessario o uso de metodologias cientificamente solidas para abordar as compensagdes dentro
da ACV e no processo de tomada de decisdo (LAURIN et al., 2016).

Uma das solugdes apontadas ¢ a agregacdo das categorias de impacto para comporem
um single score (indicador unico) (esta agao pode ser precedida ou ndo de etapas de ponderacao
e normaliza¢io). Embora amplamente aplicada (SOARES; TOFFOLETTO; DESCHENES,
2006; ZANGHELINI, 2018), esta medida acrescenta mais subjetividade aos resultados (FENG;
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MALI, 2016; GOLDSTEIN et al., 2016; WANG et al., 2018), dado que o processo de agregagao
¢ dependente da escolha entre os diversos métodos disponiveis. Isto culmina em resultados
método-dependentes. Do mesmo modo, a ponderagdo trata-se de um julgamento de valor,
reflexo da opinido de quem o faz, e consequentemente, nenhum conjunto de classificagdes ou
fatores de ponderacao sdo “ideais” (FINNVEDEN et al., 2009). O indicador tnico pode ser
sensivel também a escolha de método de normalizacao.

Em paralelo a essa situagao, na ultima década tem havido uma tendéncia crescente
para combinar, integrar ou usar simultaneamente a metodologia de ACV, com outras estruturas
de avaliagdo ambiental (ANGELAKOGLOU; GAIDAJIS, 2015; PATTERSON;
MCDONALD; HARDY, 2017) para que se possa obter uma visdo mais ampla da
sustentabilidade de um sistema (WANG et al., 2018). Almeida et al. (2010) indicaram a anélise
emergética (AE) como uma métrica promissora para introduzir preocupagdes ambientais nas
metodologias de avaliagdo de impacto ambiental.

Inicialmente desenvolvida por Odum (1996), a AE se propde a medir todas as
contribui¢cdes de um sistema (moeda, massa, energia e/ou informag¢do) em termos equivalentes
(emergia). A emergia se expressa em Joules de energia solar equivalente (seJ) por unidade de
recurso (kg ou J, por exemplo). Assim, todos os impactos podem ser estabelecidos em uma base
comum, expressando os produtos e os servicos em unidades de emergia (ODUM, 1996).

O uso combinado das metodologias de ACV e AE foi proposto por alguns autores que
estudaram diferentes sistemas. Sendo a ACV caracterizada como um método de contabilidade
ambiental voltado para as consequéncias dos aspectos ambientais, € a AE caracterizada como
um método relacionado com as demandas e causas que suportam os aspectos ambientais, ambos
os métodos sdo, portanto, complementares e tem potencial para serem usados em uma avaliagdo
integrada (PEREIRA; ORTEGA, 2010). Raugei et al. (2014) corroboram com esta visdo ao
afirmarem que a AE deve ser vista como um complemento valioso, € ndo como uma alternativa,
as métricas existentes de ACV.

Neste contexto, esta tese se prop0s a combinar aspectos especificos das metodologias
de ACV e de AE, no intuito de fundamentar uma abordagem metodoldgica que possibilite a
agregacao das diferentes categorias de impacto em um indicador Unico. Esta combinagao,
desenvolvida com bases termodindmicas tem como principal objetivo, subsidiar fatores que

contornem a ocorréncia de trade-offs existentes nos resultados de estudos de ACV.
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1.2 PERGUNTAS DE PESQUISA

Considerando o que foi brevemente exposto, foram identificadas duas problematicas:

(1) A aplicagdo das metodologias de avaliag¢ao do ciclo de vida e de andlise emergética
convergem ao identificar os processos mais impactantes, do ponto de vista
ambiental, de um sistema?

(2) E possivel estabelecer um indicador tinico para a ACV utilizando a AE?

1.3 HIPOTESES

Como possiveis respostas, estabeleceram-se as seguintes hipdteses:

(1) Embora diferentes, as metodologias de avaliacdo do ciclo de vida e de andlise
emergética convergem ao identificar os processos mais impactantes de um sistema.

(2) Os contetidos emergéticos da AE podem ser associados aos fatores de
caracterizacdo (FC) das diferentes categorias de impacto da ACV, permitindo a

agregacao em unidades de emergia (seJ).

1.4 OBJETIVOS

O objetivo geral desta tese ¢ combinar a ACV com a AE para desenvolver um
indicador tnico para os resultados da primeira. Em paralelo, os objetivos especificos sao:
(1) Avaliar as possiveis convergéncias e divergéncias entre as metodologias aplicando
a avaliacdo do ciclo de vida e a analise emergética a0 mesmo sistema de produto;
(2) Estabelecer fatores de caracterizagdo para as diferentes categorias de impacto da
ACV em termos da emergia solar necessaria para produzi-las ou trata-las;
(3) Analisar a aplicabilidade dos fatores estabelecidos nas diferentes categorias de

impacto resultantes de um estudo de ACV.
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L.5S JUSTIFICATIVA

Na Avaliacdo Ecossistémica do Milénio (MEA, 2005), ¢ identificado que a maioria
dos servigos ecossistémicos (SE) estudados apresenta alto grau de degradagdo devido as
atividades humanas, representando um risco para o bem-estar da humanidade. Logo, para evitar
mais danos e amenizar a exploracao dos SE, se faz necessario avaliar os possiveis impactos
sobre eles, aplicando métodos de quantificagdo ambiental (ALEJANDRE; VAN BODEGOM,;
GUINEE, 2019). Pavan ¢ Ometto (2018) identificaram que a metodologia de ACV tem ganhado
atencao em face da avaliagdo destes servigos.

Na ACV, a avaliacdo do impacto do ciclo de vida ¢ uma das etapas mais criticas, visto
que ¢ onde se encontram os graus de incerteza mais significativos (RAUGEI et al., 2014). E
nesta etapa que as intervengdes ambientais identificadas na fase de inventario do ciclo de vida
(ICV) s3o convertidas em impactos ambientais potenciais de acordo com fatores de
caracterizagdo (FC) especificos. Além disso, ¢ neste ponto que a ACV enfrenta uma série de
melhorias desafiadoras para definir novos fatores para AICV em nivel de midpoint (impacto
potencial) e/ou endpoint (dano potencial) da cadeia de causa e efeito (RUGANI et al., 2013).
Assim, para que a ACV abranja adequadamente os servigos ecossistémicos, novas categorias
de impacto ainda precisam ser incorporadas, bem como novos fatores de caracterizagdo
desenvolvidos (ALEJANDRE; VAN BODEGOM,; GUINEE, 2019; RUGANI et al., 2019).

Paralelamente, e de maneira a contribuir com a manuten¢do dos SE, o interesse pela
economia circular (EC) cresceu a medida que se tornou um hotspot analisado pela comunidade
cientifica, governos e organiza¢des (KIRCHHERR; REIKE; HEKKERT, 2017; MURRAY;
SKENE; HAYNES, 2017). Embora a pesquisa associada a EC apresente uma grande variedade
de estruturas e revisdes de literatura, poucos estudos se concentram em como medir a
“circularidade” de produtos, servigos ou a cadeia de suprimentos como um todo de forma eficaz
(ELIA; GNONI; TORNESE, 2017). Saidani et al. (2019) corroboram com tal situagdo
mencionando que, em todo o mundo, académicos, formuladores de politicas e industrias
concordam sobre a necessidade de instrumentos confiaveis de medi¢ao relacionados a EC para

gerenciar a transicao entre modelos de negocios lineares para circulares.
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Encontrar a melhor maneira de tornar um sistema circular, nao ¢ uma tarefa facil, pois
as modificacdes na cadeia de valor estao frequentemente sujeitas a uma compensagao entre os
impactos ambientais. Nesse caso, se pode citar o estabelecimento de redes de logistica reversa,
que inevitavelmente, acarreta impactos ambientais (consumo de combustivel e emissdes dos
modais de transporte, por exemplo) (LIU et al., 2017). Para garantir uma melhor circularidade,
os trade-offs ambientais devem ser cuidadosamente analisados. Assim, Homrich et al. (2018)
afirmam que o pensamento do ciclo de vida ¢ fundamental para garantir condigdes favoraveis
para melhores estratégias nos circulos mais restritos da EC.

Assim sendo, seja para quantificar os impactos ambientais nos processos de economia
circular, ou ainda, os servigos ecossistémicos, a ACV tem potencial para fornecer uma visao
holistica para ambas as situagdes. No entanto, nem todos os tipos de impactos sdo igualmente
bem cobertos por uma ACV tipica. Por exemplo, os métodos para a avaliagdo de impacto do
uso da terra, incluindo impactos na biodiversidade, e aspectos de recursos, incluindo recursos
de 4gua doce, sdo problemadticos e precisam ser melhorados (FINNVEDEN et al., 2009).

Curran (2013) afirma que raramente os resultados de uma ACV identificam um
“vencedor” claro entre as alternativas. Em alguns casos, pode nao ser possivel afirmar que uma
alternativa € melhor que as outras devido a incerteza nos resultados, entretanto, isso nao implica
que os esfor¢os tenham sido desperdigados ou que a ACV ndo seja uma metodologia viavel
para os tomadores de decisdo. Ainda assim, o processo de ACV melhorard a compreensao dos
impactos ambientais associados a cada alternativa. Laurin et al. (2016) corroboram, ao
afirmarem que, embora a ACV seja util e informativa, ela ainda ¢ imperfeita e precisa de mais
desenvolvimento. Um caminho para tornar a metodologia mais aplicadvel tem sido a sua
combinagdo com outros métodos para avaliar a sustentabilidade ambiental
(ANGELAKOGLOU; GAIDAIJIS, 2015).

Para Geng et al. (2010) um unico método de avaliagdo de impacto ambiental, de
maneira nenhuma, podera fornecer informagdes completas sobre o objeto de estudo. Os autores
mencionam que ACV baseada em apenas uma abordagem provavelmente fornecera
informacdes incompletas e talvez, até mesmo contraditérias. Tanto Zhong et al. (2016), quanto

Patterson, Mcdonald e Hardy (2017), corroboram ao afirmarem que nenhum método tnico pode
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resolver todos os problemas, levando a necessidade de combinagao com outros métodos,
possibilitando assim a obtengao de resultados mais holisticos e precisos.

Pensando em algumas destas adversidades da ACV, Almeida, Barrella e Giannetti
(2007) escolheram a AE para contornar as dificuldades com aspectos como a normalizacdo e a
agregacao de varidveis com diferentes unidades. Nas palavras dos autores, o método da
transparéncia na avaliacdo de sistemas, ao contrario de fatores de ponderagdo, que sao juizos
de valor e podem ser propensos a erros. Corroboram com essa escolha Chen et al. (2017),
quando discutem que muitos métodos de avaliagdo tém sido propostos (ACV, andlise de fluxo
de material (AFM), e pegada ecologica (PE), por exemplo), porém s3o concentrados
principalmente em parametros individuais e, portanto, podem ndo fornecer um quadro completo
do objeto de avaliagdo.

Embora a AE tenha se tornado uma das abordagens dominantes nas tomadas de
decisdes para apoiar iniciativas de desenvolvimento sustentavel (CHEN et al., 2016), assim
como a ACV, tal abordagem possui muitas barreiras em sua aplicagdo para quantificacdo da
sustentabilidade (KHARRAZI et al., 2014). Amaral, Martins e Gouveia (2016) defendem os
varios recursos atraentes da AE: ela usa uma unidade de medida Unica para todos os recursos;
permitindo uma compara¢do mais justa entre os sistemas; considera os diferentes niveis de
qualidade de energia (e sua capacidade de realizar trabalho) usando o conceito de
transformidade; conecta sistemas econdmicos e ecologicos superando a avaliagdo econdmica
de insumos ambientais; € por fim, justifica seus resultados com base em termodinamica. Porém,
destacam também, que o desenvolvimento da metodologia ainda ndo foi finalizado.

De acordo com Amaral, Martins e Gouveia (2016), a metodologia enfrenta certa
dificuldade para se tornar aceita na comunidade cientifica, e para tentar contornar esta situagao,
pesquisadores tem se esforgado para comprovar a aplicabilidade da AE. Uma das maneiras
encontradas pela comunidade, tem sido combinar a AE com outros métodos ou técnicas mais
consolidadas cientificamente, neste caso, especialmente a ACV. Assim, a integracdo entre as
metodologias tem sido incentivada aos pesquisadores das mesmas, apontando para esta, como
uma dire¢do promissora de pesquisas futuras (CHEN et al., 2017; YU et al., 2016).

Essa integracao, de fato, tem atraido a atencao de pesquisadores que estudam métodos
de contabilidade ambiental. Buonocore, Franzese e Ulgiati (2012) avaliaram sistemas de

producdo de bioenergia, Song, Wang e Li (2013) estudaram processos de reciclagem de
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residuos eletronicos, e Wilfart et al. (2013) abordaram os sistemas de aquicultura, afirmando
que a combinagao das duas metodologias permite uma visao mais ampla dos efeitos de um
sistema no seu meio ambiente, uma vez que ele se ajusta ao ambiente e aos recursos que fornece
ao sistema.

Pizzigallo, Granai e Borsa (2008) aplicaram as metodologias na analise de sistemas
agricolas e concluiram que a integragdo se mostrou muito util para fornecer uma gama mais
ampla de informacdes. Na gestdo de residuos, Gala et al. (2015) afirmam que apesar dos
avancos na integracdo entre ACV e AE, estudos de caso bem estruturados e bem executados
ainda sdo escassos na literatura, e ainda, ha uma série de questdes ndo resolvidas que requerem
mais pesquisas. Ghisellini, Ripa e Ulgiati (2018) reforcam esta situacdo quando se trata da
gestao de residuos de construcdo e demoli¢ao do ponto de vista de uma economia mais circular.

Nesse sentido, Wang et al. (2015), explorando algumas relagdes entre ACV e AE
aplicadas a avaliacdo da sustentabilidade de um sistema de suinocultura em grande escala,
argumentam que a consideracao insuficiente de resultados através da AE, como as emissdes de
gases, pode ser complementada pela aplicagdo da ACV, e concluem que a revisdo € o
desenvolvimento da combinacao das metodologias sdo necessarios para melhorar a avaliagdo
da sustentabilidade dos processos de produgdo em diferentes aspectos. Além disso, Rugani e
Benetto (2012) afirmam que a AE mostra como maximizar a permanéncia de recursos nos
sistemas de produgdo e consumo, enquanto a ACV permite a identificagdo de processos com
altas taxas de emissdo, a melhoria da reutilizacao de residuos e a quantificacao dos beneficios
relacionados.

Por outro lado, Raugei et al. (2014) destacam que a integracdo entre as duas
metodologias ndo € trivial, visto que uma série de situagdes precisam ser contornadas antes que
os calculos emergéticos possam ser rotineiramente realizados com as ferramentas de ACV. De
qualquer forma, os autores afirmam que o esforco necessario deve valer a pena, dado o valor
que a AE pode acrescentar 8 ACV. Ainda assim, embora tenha havido um interesse crescente
pelo tema por parte da comunidade cientifica (CHEN et al., 2017), a combinagdo ACV/AE
pode ser considerada incipiente, € por mais que as referéncias aqui mencionadas tenham
aplicado as duas metodologias, destaca-se que tal aplicagdo nunca aconteceu de forma

combinada, mas sim paralelamente. Logo, o fato de uma combinagdo de aspectos especificos
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de cada uma das metodologias nunca tendo sido realizada, torna a abordagem metodologica
aqui proposta inédita e inovadora.

Por fim, considerando que os estudos do Grupo de Pesquisa em Avaliagdo do Ciclo de
Vida (CICLOG), inserido na linha de pesquisa de “Gestdo Ambiental em Organizagdes” do
Programa de Pos-Graduag¢ao em Engenharia Ambiental (PPGEA) da Universidade Federal de
Santa Catarina (UFSC), de maneira geral, procuram contribuir de alguma forma com o
entendimento, desenvolvimento e a consolidagdo da metodologia de ACV, e ainda,
considerando que o grupo tem vivido um momento de transi¢dao, ampliando seu escopo para
estudos de EC. Esta tese, tendo em vista o que foi até aqui exposto, pretende contribuir com os
trabalhos desenvolvidos por: Cherubini (2015), que buscou contornar incertezas das escolhas
metodoldgicas na ACV; por Zanghelini (2018), que estudou a ponderacdo de categorias de
impacto usando analise multicritério; por Galindro (2019), que desenvolveu um sistema de
benchmarking para facilitar a comunicagdo em DAP; e principalmente por Dantas (2019), que
estudou as relagdes entre ACV e AE em um sistema circular. E ainda, contribuir com a missao
do grupo, explorando a possibilidade da diminui¢@o das incertezas e subjetividades em tomadas
de decisdo baseadas puramente em ACV, integrando-a com a AE para quantificacdo de

impactos ambientais de sistemas.

1.6 ESTRUTURA DA TESE

No intuito de facilitar a leitura e levando em consideragdo o formato definido para a
estruturacdo deste documento — como uma compilacdo dos artigos desenvolvidos — o texto
encontra-se dividido em cinco capitulos, conforme apresentado na Figura 1.1 e na Tabela I.1.
No Capitulo II, os conceitos que apoiam e sustentam o desenvolvimento do trabalho sdo
apresentados na fundamentagao teorica. Em seguida, os Capitulos III e IV sdo apresentados na
forma como submetidos aos jornais cientificos. O primeiro artigo (Capitulo III) ja foi publicado
em revista especializada, enquanto o segundo (Capitulo IV) ja foi submetido para publicagdo e
encontra-se atualmente em processo de revisdo por pares. Os dois sdo acompanhados de

resumos expandidos em portugués, conforme determinado pelo PPGEA.



23

O proposito deste arranjo ¢ possibilitar a leitura dos capitulos de maneira
individualizada sem que a compreensdo e o entendimento sejam afetados por falta de
informagdes adicionais. Sendo assim, os capitulos III e IV contam com seus proprios resumos,
introdugdes, metodologias, resultados, discussdes e conclusdes. Para manter a independéncia
dos capitulos, as respectivas referéncias bibliograficas foram disponibilizadas ao fim de cada
um. Ressalta-se que os contetidos dos capitulos sao relacionados, permitindo uma colaboragao
conjunta para o atendimento dos objetivos estabelecidos na presente tese. Finalmente, as
conclusdes e a relagdo dos resultados de cada capitulo com o cumprimento dos objetivos sdao

apresentadas no Capitulo V.

Figura 1.1 — Estrutura da tese.

Capitulo 1T / \

Fundamentagao teorica:
* Avaliagdo do Ciclo de Vida (ACV): frade-offs & ponderagao;
+ Analise Emergética (AE): teoria emergética;
+ ACV&AE.

Capitulo TIT

Medindo o desempenho ambiental de um sistema
circular: AE e ACV em um sistema de poliestireno
reciclado
« Comparar os aspectos ambientais entre um
N sistema circular e um sistema linear; > Capitulo V
* Aplicar AE e ACV: Conclusdo geral
« Identificar os principais hotspots ambientais
(convergéncias/divergéncias): * Respostas as perguntas:
Perguntas + Identificar frade-offs entre as metodologias e |= 7" ° Anilise das hipoteses;
Hipoteses == entre os sistemas; 1 + Atendimento aos objetivos;
Objetivos 1 kldentiﬁcar o melhor desempenho ambiental. j : + Analise critica;
l i + Sugestoes para estudos

e rrrrrrrrrrrrrrer Frimmres.

Capitulo IV \

Avaliacdo de servigos ecossistémicos: AE para os
resultados da ACV
+ Combmar ACV e AE para quantificar a demanda
de SE;
™+ Identificar os fatores de caracterizacdo de todas as
categorias de impacto;
+ Agregar as categorias de impacto por meio da AE;
+ Identificar os hotspots do estudo de caso;

« Identificar as maiores demandas emergéticas para
\ o5 SE / K /

v

Fonte: elaborado pelo autor (2021).



Tabela I.1 — Objetivos e conclusdes de cada capitulo.

Cap. Objetivo Topicos Conclusio
Tomadas de decisdo com base em ACV
podem ser fragilizadas pela ocorréncia de
Enquadrar o tema, )
Contextualizaggo; trade-offs;
definir as perguntas de
I ] ) Objetivos da tese; Agregacdo pode ser usada para amenizar
pesquisa e hipoteses, e
o ] Justificativa. essa situagdo, porém ndo ¢ uma etapa trivial;
justificar a pesquisa.
Combinar ACV com AE, nunca feito para
agregacdo, pode ser uma solugdo.
ACV (trade-offs e
Fornecer os elementos Identificac¢do da lacuna quanto a agregagio
agregacao); )
- fundamentais para a AE das categorias de impacto da ACV;
compreensdo da Identificac¢do da lacuna na combinagdo entre
) Relagdes entre ACV e
pesquisa. ACV e AE.
AE.
Avaliar as possiveis
) ) o As metodologias convergem e divergem em
convergéncias e Aplicacdo individual )
aspectos especificos, entretanto, foi
I  divergéncias entre as das metodologias em
identificada a possibilidade de combinacao
metodologias de ACV ~ um estudo de caso.
entre ambas.
e AE.
Estabelecimento dos
Combinar a AICV )
FC para as categorias
com a AE para o Confirmagao da possibilidade de
de impacto da ACV em
desenvolvimento de combinagdo de aspectos da ACV com AE.
v termos da emergia;
um indicador Gnico ) ) A combinagao possibilitou a agregacido dos
Aplicacdo conjunta das o ]
para os resultados de resultados do estudo em um indicador tinico.
metodologias em um
uma ACV.
estudo de caso.
Conclusdes; Contribui¢do no avango cientifico de
Respostas as perguntas  métodos de agregacao de categorias de
V  Fechamento da tese. de pesquisa; impacto da ACV;

Analise critica;

Recomendagdes.

Contribui¢ao para o avango cientifico na

combinagdo entre ACV ¢ AE.

Fonte: elaborado pelo autor (2021).
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CAPITULO II. FUNDAMENTACAO BIBLIOGRAFICA.

Esta secdo descreve a literatura recente relacionada ao escopo desta tese para
posicionar o trabalho e demonstrar sua relevancia para as lacunas de pesquisa identificadas nos
topicos de trade-offs e agregacdo na ACV, bem como na combinagdo desta metodologia de

quantificagdo de impacto ambiental com a AE.

I1.1 AVALIACAO DO CICLO DE VIDA

A medida que governos, corporagdes e consumidores se tornam mais conscientes dos
impactos ambientais causados por produtos, processos e servigos, a avaliagado ambiental se torna
mais importante (CURRAN, 2013; REAP et al.,, 2008a). A informagdo sobre aspectos
ambientais de diferentes sistemas é, portanto, necessaria, ¢ muitos métodos, ferramentas e
indicadores para avaliar os impactos ambientais de diferentes sistemas foram desenvolvidos
(FINNVEDEN et al., 2009).

A ACV ¢ um destes métodos, concebida para avaliar os impactos ambientais
potenciais ao longo do ciclo de vida de um produto, ou seja, desde a aquisi¢ao da matéria-prima,
passando pelas fases de produc¢ao e uso, até a gestao de residuos (ISO, 2006a). Esta consiste de
uma avalia¢do abrangente que considera todos os atributos ou aspectos do ambiente natural,
saude humana e recursos (ISO, 2006a). A caracteristica exclusiva da ACV ¢ o fato de ser focada
na perspectiva de ciclo de vida dos produtos, possuindo um escopo abrangente, Util para evitar
a transferéncia de problemas, por exemplo, de uma fase do ciclo de vida para outra, de uma
regido para outra ou de um problema ambiental para outro (CURRAN, 2013; FINNVEDEN et
al., 2009).

Nas normas de ACV (ISO 14040 e ISO 14044) sao definidas, entre outras coisas, as
quatro etapas distintas, embora interdependentes (REAP et al., 2008a), que compdem um estudo
de ACV (Figura IL.): definicdo de objetivo e escopo; andlise de inventario de ciclo de vida
(ICV); avaliagdo de impacto do ciclo de vida (AICV); e interpretacao. As definigdes de objetivo
e escopo incluem as razdes para a realizagao do estudo, a aplicagdo pretendida e o publico-alvo

(ISO, 2006a). E também a etapa onde os limites do sistema do estudo sio descritos e a unidade
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funcional (UF) ¢ definida. A UF ¢ uma medida quantitativa das fungdes que os bens (ou
servicos) fornecem. O resultado do ICV ¢ uma compilagdo dos insumos (recursos) e das saidas
(emissdes) do sistema de produto ao longo de seu ciclo de vida em relagdo a UF. A AICV
destina-se a compreender e avaliar a magnitude e importdncia dos potenciais impactos
ambientais do sistema estudado (ISO, 2006a). Por fim, na Interpretagdo, os resultados das fases

anteriores sdo avaliados em relacdo aos objetivos e escopo para chegar a conclusdes e

recomendagdes (CURRAN, 2013; FINNVEDEN et al., 2009; ISO, 2006b; REAP et al., 2008a).

Figura II.1 — Fases de uma ACV.

1. Defini¢ao de objetivo e escopo |

—
1 T
=

2. Analise de Inventario do Ciclo de Vida | | 4. Interpretacio

! 1

3. Avaliagdo do Impacto do Ciclo de Vida |=|

FONTE: adaptado de ISO (2006a).

De forma abrangente, o objetivo da ACV ¢ auxiliar no desenvolvimento de sistemas
de produto menos impactantes e fornecer aos tomadores de decisdo informagdes sobre as
consequéncias ambientais de diferentes escolhas. No entanto, as decisdes assistidas pela ACV
podem ser contraditorias, uma vez que os resultados de um estudo de ACV podem ser
prejudicados por diferentes fontes de incerteza (CELLURA; LONGO; MISTRETTA, 2011).

Reap et al. (2008a) realizaram uma revisdo sobre problemas até entdo ndo
solucionados na ACV e iniciaram seu trabalho afirmando que a melhoria efetiva e a utilizacdo
da ACV, dependem da identificacdo destes problemas, os quais, sobrecarregam a mesma.
Zamagni et al. (2009) corroboram com os autores ao comentarem da solicitacdo dos usudrios
para melhoria das normas, com o objetivo especifico de aumentar sua consisténcia e
compatibilidade com o contexto politico e setorial. Os autores comentam que esforcos

adicionais sdo necessarios para tornar a metodologia mais “robusta”, em termos de
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confiabilidade, significancia e usabilidade, podendo assim, superar as barreiras ainda existentes
a adogao mais ampla da ACV.

Curran (2013) complementa a visdo mencionada, afirmando que embora as normas
ISO definam a ACV e fornecam uma estrutura geral para a realiza¢do de uma avaliacdo, ela
deixa muito para interpretacdo do praticante. Como resultado, os estudos de ACV té€m sido
criticados por produzirem resultados diferentes para aparentemente o mesmo produto. Logo, ha
muita confusdao sobre o que a ACV pode e nao pode fazer e como ela se encaixa em uma
abordagem de sustentabilidade de nivel estratégico. Desta maneira, existe na literatura um
consenso de que, embora a ACV seja 1til e informativa, ela ainda ¢ imperfeita e precisa de mais

desenvolvimento (LAURIN et al., 2016).

II.1.1 TRADE-OFFS

Prado-Lopez et al. (2016) explicam que em uma ACV orientada a decisdo (em que a
meta ¢ identificar a alternativa ambientalmente mais viavel entre um conjunto de opcdes) se
pode (i) orientar a selegdo de material e processamento na industria; (i1) identificar o melhor
cenario politico para informar regulamentacdes ambientais; e ainda (iii) direcionar
pesquisadores para dreas mais promissoras para reducdo de impactos ambientais no
desenvolvimento de tecnologia. No entanto, os resultados raramente sdo conclusivos, e quando
uma alternativa apresenta o melhor desempenho em alguns aspectos, ela frequentemente
também apresenta resultados piores em outros. Esses frade-offs entre as diferentes categorias
de impacto dificultam a identificagdo da alternativa mais viavel.

Neste sentido, Zamagni et al. (2009) afirmam que a simplificagdo ¢ considerada uma
questao crucial para a ampla aplicagdo da informacao sobre o ciclo de vida, e a definem como
a maneira de tornar mais facil para o tomador de decisdo a compreensdo € o acesso a
informagdes confidveis, precisas e relevantes sobre o ciclo de vida.

Reap et al. (2008b) afirmam que os tomadores de decisdes muitas vezes consideram
varios objetivos que entram em conflito ou de compensagao através de um conjunto de opgdes
de decisdo (uma op¢ao domina as outras por um objetivo, mas ¢ dominada por outro objetivo).

Um exemplo classico desta situagdo, sdo os casos onde um processo ¢ mais impactante para
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uma categoria de impacto A, enquanto que, outro processo ¢ mais impactante para uma
categoria de impacto B. Laurin et al. (2016) corroboram com esta observagao, quando afirmam
que as ACV nem sempre mostram uma vantagem clara de uma opg¢ao sobre a outra em todas
as categorias de impacto. Além disso, quando uma clara vantagem (ou desvantagem) ¢
observada, isso deve conter uma margem grande o suficiente para acomodar a incerteza
relacionada aos dados de inventario e aos métodos de avaliagdo de impacto.

Essa gama de trabalhos apresentados expde alguns desafios nas tomadas de decisao
baseadas exclusivamente nos resultados da ACV. Para informar adequadamente os tomadores
de decisdo, dentro do contexto de suas metas e objetivos, ¢ necessario que haja metodologias
cientificamente solidas para abordar as compensacdes dentro da ACV e no processo de tomada
de decisdo maior (LAURIN et al., 2016). Para Laurin et al. (2016), para identificar a melhor
alternativa ao fazer uma comparagdo, muitas vezes € necessario entender os frade-offs entre as
diferentes categorias de impacto. Os autores sugerem técnicas de analise de decisdo
multicritério (MultiCriteria Decision Analysis — MCDA) para auxiliar nessa interpretacdao de
resultados, podendo incluir neste quadro a ponderacdo para agregacdo. Esta, por sua vez,
relativiza a importancia ou o valor de diferentes objetivos e agrega-os em uma inica pontuacao

composta (indicador Unico).

I1.1.2 AGREGACAO

Finnveden et al. (2009) apontam que os passos finais da ACV incluem a agregac¢ao, a
qual normalmente passa pelas etapas de pondera¢do e/ou de normalizagdo, das diferentes
categorias de impacto ambiental, refletindo a importancia relativa que lhes ¢ atribuida no
estudo. A agregacao pode ser necessaria quando ocorrem situagdes de trade-off, por exemplo,
onde melhorias em uma pontuacdo de impacto sdo obtidas a custa de outra pontuagdo de
impacto. Os autores comentam da relutdncia em se discutir métodos de
ponderacdo/normalizagdo para agregagdo nos grupos de trabalho de padronizagdo e
harmonizagao da ACV. Isso ¢ compreensivel do ponto de vista de que os valores nao podem
ser harmonizados e ndo ha como se descobrir quais valores sdo “corretos”, do ponto de vista
cientifico. No entanto, os métodos e dados utilizados nas ponderacdes podem e devem ser

discutidos e avaliados quanto a consisténcia por métodos cientificos. Desta maneira, o
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desenvolvimento de métodos de ponderacdo a serem usados na ACV beneficiou-se dos
desenvolvimentos dentro de economia ambiental e da MCDA (FINNVEDEN et al., 2009).

De acordo com Reap et al. (2008b), a agregacao ¢ inevitavel quando se recomenda
uma a¢ao entre um conjunto de possibilidades, e lidar com ela, significa lidar com os problemas
perniciosos de ponderacdo e normalizacdo. A necessidade de imputar valores socialmente
enraizados na forma de pesos coloca essa dificuldade na mesma classe que outras decisdes
problematicas da ACV. Para Finnveden et al. (2009) o elemento de ponderagao na ACV sempre
foi uma questdo controversa, em parte porque esse elemento requer a incorporacao de valores
sociais, politicos e éticos (PENNINGTON ET AL., 2004; WANG ET AL., 2018), e também,
porque nao ha valores envolvidos apenas na escolha dos fatores de ponderacao e normalizagao,
mas também na selecao do tipo de método a ser usado.

Apesar das controvérsias, Finnveden et al. (2009) destacam que a
ponderagdo/normalizagdo para agregacdo ¢ amplamente usada na pratica, evidenciando a
importancia de se revisar criticamente os métodos e dados usados. Para a ACV, isso requer
quantificar e comparar o valor de diferentes impactos ambientais, mesmo quando suas unidades
e escalas diferem.

Para enfrentar este desafio fundamental, numerosos métodos de
ponderagdo/normalizagdo para agregagdo, com diferentes processos de identificagdo de
preferéncias, foram propostos e aplicados. Alguns problemas destes métodos foram apontados
por Reap et al. (2008b). Primeiro, quando as preferéncias sdo construidas por extragdo direta,
os pesos ou fungdes de valor resultantes podem ser afetados por vieses, alguns dos quais sdo
inevitaveis. As causas de viés podem ser de tipo comportamental (WEBER; BORCHERDING,
1993) ou de tipo processual. O viés processual pode ser devido ao enquadramento ou redagdo
da pesquisa (METTIER; HOFSTETTER, 2004) ou a escolha de referéncias cognitivas
(METTIER; SCHOLZ; TIETIJE, 2006). Da mesma forma, as preferéncias obtidas através de
métodos indiretos (isto &, revelados) podem ser de relevancia questionavel quando transferidas
para o contexto real de interesse. Assim, Reap et al. (2008b) concluem que a agregacdo ¢ o
problema geral na fase de Interpretacdo, pois infelizmente, juntamente com a ponderacao e a
normalizag¢do introduzem subjetividade, a qual, nem sempre ¢ satisfatoriamente tratada pelos

métodos atuais na ciéncia da decisao.
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Outra sugestdo para contornar os possiveis trade-offs aqui mencionados foram
propostas por Zamagni et al. (2009), que sugeriram o desenvolvimento de novos métodos de
caracterizacdo e novas categorias de impacto, apontando a exergia para proporcionar a
comparabilidade entre os diferentes métodos desenvolvidos. Finnveden et al. (2009) também
apontaram para esta dire¢do ao citarem métodos disponiveis para caracterizagao de recursos.
Entre os diversos métodos, os autores mencionam os métodos baseados no consumo exergético
ou producao de entropia, sendo a exergia uma medida da energia disponivel e a entropia
interpretada como uma medida de desordem.

De acordo com Finnveden et al. (2009) tais métodos e dados baseados nesta
abordagem foram desenvolvidos para a ACV por Finnveden e Ostlund (1997) e dados para um
grande niimero de recursos foram publicados por Bosch et al. (2007). Os autores contrapdem
os criticos desta abordagem, mencionando que um dos argumentos contra os métodos baseados
no consumo exergético tem sido a falta de dados, que passaram a ser disponibilizados em grande
volume. Dewulf et al. (2007) sugeriram que os dados exergéticos sobre fosseis, minerais, ar,
agua, ocupacao do solo e fontes de energia renovaveis podem ser calculados e agregados como
a extracdo exergética cumulativa do ambiente natural. Este topico sera especificado no capitulo

a seguir.

I1.2 ANALISE EMERGETICA

Previamente, ¢ importante esclarecer os conceitos de exergia e emergia. A analise
exergética fornece uma visdo mais clara do proprio processo, enquanto a AE ¢ til para entender
o contexto no qual o processo ocorre e sua relacdo com a dindmica ambiental. Sendo assim, a
relacdo exergia e emergia pode ser Util para avaliar a eficiéncia com a qual um ecossistema
transforma insumos disponiveis (emergia) em informacao e organizagao real (exergia), sendo
que, um ecossistema sera mais eficiente (e sustentavel) quanto maior for tal relagdo (AMARAL;
MARTINS; GOUVEIA, 2016).

De acordo com Chen et al. (2016), a emergia ¢ uma das métricas de sustentabilidade
que incorporam aspectos ambientais, sociais € econdmicos em uma unidade comum de medida
ndo monetaria. A AE fornece uma abordagem de ciclo de vida que, em comparagdo com a ACV

tradicional, sintetiza informagdes e usa uma quantidade menor de dados. A AE tem a
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capacidade de avaliar todos os recursos, bens e servicos sob uma tnica unidade de medida. Ao
usar esse recurso, ¢ possivel por exemplo, preencher a lacuna que tipicamente existe em varios
estudos entre visdes econOmicas ¢ ambientais do mesmo problema. Esse recurso também
permite que a AE seja uma boa opg¢ao para a avaliacao de sustentabilidade de qualquer sistema
e, assim, auxilia na tomada de decisdes sobre questdes energéticas, ambientais e sociais
(AMARAL; MARTINS; GOUVEIA, 2016).

As primeiras tentativas de quantificar a sustentabilidade surgiram do uso de principios
termodinamicos no campo da ecologia para medir a sustentabilidade dos sistemas ecologicos.
A AE foi uma das primeiras, seguida por outras ferramentas conceituais, como analise de
exergia (AEx) e a PE (KHARRAZI et al., 2014).

Quanto a emergia, Brown e Ulgiati (2004) explicam que o homem comecou a
desenvolver uma base totalmente nova para o uso de carvao, petroleo e outras fontes de energia
armazenada para suplementar a energia solar. Insumos concentrados de energia, cuja
acumulacdo tinha sido obra de bilhdes de joules de energia solar, tornaram-se disponiveis para
manipulagdo pelo homem.

Foi com o discurso de que “vérias quilocalorias de energia solar eram necessarias para
produzir uma quilocaloria de energia de maior qualidade”, que Odum desvendou seu principio
de hierarquia de energia em que “a qualidade da energia ¢ medida pela energia usada nas
transformagdes” de um tipo de energia para o proximo. O conceito de energia liquida
desempenhou um papel importante no desenvolvimento da qualidade energética e emergia
(BROWN; ULGIATI, 2004).

De acordo com Brown e Ulgiati (2004), Odum apresentou seus conceitos de qualidade
energética ligados a energia liquida em uma reunido em Stanford organizada pela National
Science Foundation em resposta a nova lei. Seu conceito era que todas as transformacgdes de
energia da geobiosfera poderiam ser organizadas em uma série ordenada para formar uma
hierarquia de energia com muitos joules solares necessarios para fazer um joule de matéria
organica, muitos joules de matéria organica para produzir um joule de combustivel, varios
joules de combustivel necessarios para fazer um joule de energia elétrica, e assim por diante

(Figura I1.2).
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Figura I1.2 — Conceitos de hierarquia de transformacio de energia.
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FONTE: adaptado de Brown e Ulgiati (2004).

Durante o desenvolvimento inicial do campo que se tornaria a pesquisa emergética, o
termo “embodied energy” era utilizado no lugar de “emergy”. Depois que o livro
“Environmental Accounting: Emergy and Environmental Decision Making”, um marco na
histéria da pesquisa sobre emergia, foi publicado por Odum (1996), a palavra “emergia”

comecou a ser amplamente utilizada nessa area (CHEN et al., 2016).
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O acumulo desta energia ao longo da hierarquia, foi definida por Odum como emergia
(ODUM, 1996). Emergia ¢ a disponibilidade de energia (exergia) de um tipo que ¢ usada em
transformagoes direta e indiretamente para fazer um produto ou servi¢o. A unidade de emergia
¢ o emjoule, uma unidade que se refere a energia disponivel de um tipo consumida nas
transformagdes, logo, o prefixo “em” conota o uso passado de energia que foi necessario para
criar o presente produto ou servico (LI et al., 2010). Por exemplo, a luz do sol, o combustivel,
a eletricidade e o servigo humano podem ser colocados em uma base comum. Como o sol €, de
longe, a maior fonte de energia disponivel que entra na Terra, o joule solar foi escolhido como
a unidade basica de energia acumulada (ODUM, 1996). De acordo com Li et al. (2010), o joule
solar ¢ comumente usado como a unidade base para estudos de emergia, assim, as
transformagoes solares sdo expressas como emjoules solares por joule (seJ/J).

A AE considera qualquer ambiente dado como uma teia complexa de fluxos de
energia. A partir da luz solar, a principal fonte, a energia ¢ concentrada e transferida para niveis
troficos superiores. No entanto, a partir da segunda lei da termodindmica, argumenta-se que
todas as energias ndo podem ser consideradas para manter uma qualidade igual e, portanto, os
valores devem ser transformados em uma unidade unificada, a fim de explicar a qualidade das
transformagdes de energia (KHARRAZI et al., 2014).

Tais transformacdes sdo dadas pela transformidade, também chamada de valores
emergéticos unitarios (Unit Emergy Values — UEV), a qual ¢ definida como a entrada de
emergia por unidade de saida de energia disponivel (exergia). Por exemplo, se sdo necessarios
4.000 emjoules solares para gerar um joule de madeira, entdo a transformidade solar dessa
madeira ¢ de 4.000 emjoules solares por joule (abreviado seJ/J). A energia solar ¢ a maior e
mais dispersa entrada de energia para a terra, logo, a transformidade da luz solar absorvida pela
terra € de 1,0 por definigdo (BROWN; ULGIATI, 2004).

A transformidade € um conceito consciente da Teoria dos Sistemas Energéticos
(ODUM, 1996), porque ¢ fundamental para o célculo da emergia e ¢ um indicador da posi¢do
relativa de componentes e fluxos dentro de uma rede de sistemas de energia. Segundo Kharrazi
et al. (2014), através de um processo de medi¢do complexo, os pesquisadores calculam varias
transformidades de produtos e servicos, permitindo assim o calculo de véarios valores de fluxo

emergético.
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De acordo com Patterson, Mcdonald e Hardy (2017), as transformidades sao
essencialmente fatores de qualidade energética, e a emergia sdo as entradas de energia expressas
em unidades da mesma qualidade energética. Uma vez que as entradas de energia sdo expressas
em unidades da mesma qualidade, elas podem ser validamente agregadas e, portanto, Odum
(1996) argumenta que o problema da comensuragao (agregacao de energia) ou da qualidade da
energia ¢ resolvido. Logo, tal comensuragdo ¢ realizada pela multiplicagdo de entradas de
energia (medidas em joules) em um processo por suas transformidades (unidade de emergia por
joule de energia), de modo que as entradas de energia sdo entdo expressas em unidades de
emergia.

Por outro lado, Li et al. (2010) destacam que as transformidades sdao frequentemente
as informagdes mais dificeis de encontrar ou estimar para completar uma AE. Em
complemento, Amaral, Martins ¢ Gouveia (2016) comentam que a AE oferece uma abordagem
baseada em valores médios, tendo assim, consideravel incerteza associada aos seus calculos.
Essa fragilidade, no entanto, sempre foi admitida pelos pesquisadores da AE, inclusive pelo
proprio Odum. A posi¢ao deles ¢ de que a utilidade e o interesse da AE vao além dessa
limita¢do. Nesse sentido, duas fontes potenciais de incerteza podem ser identificadas: a entrada
de energia disponivel no sistema e a incerteza associada ao método pelo qual a transformidade
¢ calculada. Patterson, Mcdonald e Hardy (2017) apontam em sua revisdao que AE tem sido
criticada em um nivel tedrico em certos trabalhos, destacando o trabalho de Hau e Bakshi
(2004), os quais afirmaram que a AE ¢ “simplista, contraditéria, equivocada e imprecisa”.

Uma descrigao abrangente das metodologias usadas para estimar os coeficientes de
transformidade de véarios processos, ¢ dada no principal livro de Odum acerca da anélise
emergética (ODUM, 1996). Os coeficientes de transformidade permitem a unificagdo de todos
os fluxos representados em um sistema, onde unidades de energia/massa sdao convertidas em
unidades equivalentes de emergia. Depois de obter os valores de varios fluxos de emergia,
varios indicadores sdo construidos para descrever o nivel do sistema. Os indicadores da emergia
baseiam-se principalmente em renovaveis (R), ndo renovaveis (N) e adquiridos (F). Destas
fungdes, podem ser estabelecidos indices emergéticos relevantes para uma definigdo
quantificada de sustentabilidade (BROWN; ULGIATI, 1997).

De acordo com Kharrazi et al. (2014), a AE fornece aos pesquisadores varias

ferramentas baseadas em indices para investigar e avaliar sistemas a partir de uma perspectiva
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ecocéntrica, cujo objetivo ¢ unir parametros econdmicos e ecologicos. Estudos em vérias
disciplinas empregaram a abordagem AE, para avaliar a sustentabilidade regional e nacional
(ULGIATI; BROWN, 1998; YANG et al., 2010); ecossistemas naturais (MORANDI;
CAMPBELL; BASTIANONI, 2014) e sustentabilidade urbana (LIU et al., 2009; ZHAO et al.,
2013). Segundo os autores, esses estudos foram bem-sucedidos na comparacao de sistemas e
forneceram aos formuladores de politicas insights sobre a eficiéncia da produgao econdmica de
um sistema em relagdo a seus insumos emergéticos, bem como os riscos de dependéncia
excessiva de insumos emergéticos locais ndo-renovaveis.

Desta maneira, ao fornecer métodos objetivos para quantificar insumos ambientais que
ndo sejam de mercado, a AE ¢ talvez a metodologia mais antiga que tenta colmatar os fluxos
ecoldgicos e econdomicos. No entanto, muitos desafios permanecem na aplicacdo dela para
quantificar a sustentabilidade. Tal quantificacdo pode avancar e direcionar a compreensao das
complexidades intrinsecas desse conceito elusivo. Isso poderia ajudar a colmatar as lacunas
entre a ciéncia e a formulagdo de politicas e entre a subjetividade e a praticidade e, assim,
contribuir para uma comunica¢do mais eficaz entre empresas, governos e individuos sobre
como alcancar a sustentabilidade (KHARRAZI et al., 2014).

Como ja foi mencionado, a incerteza numérica existe ao longo do processo de AE e,
portanto, a falta de uma andlise de incerteza foi identificada como uma grande desvantagem
pelos criticos da AE (AMARAL; MARTINS; GOUVEIA, 2016). Os autores argumentam que
tentativas de superar algumas das desvantagens e limitagdes do AE foram feitas através do
desenvolvimento de novas metodologias que fundem a AE com outras ferramentas. Hau e
Bakshi (2004) nomearam pela primeira vez o potencial (ainda a ser explorado na época) da
interacdo entre a AE e a ACV. A ACV ¢ usada principalmente para contabilizar os recursos
totais necessarios € as emissoes totais para os processos de producao. Por sua vez, a AE pode
ser usada para expandir o foco da ACV, a fim de explicar adequadamente a contribuicao de
fluxos que ndo estdo associados a matéria significativa e para os transportadores de energia
(como trabalho, cultura e informagdo) responsaveis pela dinamica sustentavel do

sistema/processo.
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Ulgiati, Bargigli e Raugei (2007) sugeriram a ACV e a AE como metodologias
conjuntas para avaliacdo qualitativa e quantitativa dos progressos em direcdo a simbiose
industrial e padrdes de produgdo e consumo mais sustentaveis, dentro de um quadro de emissoes
zero. Pizzigallo, Granai e Borsa (2008) avaliaram dois processos produtivos agroindustriais na
sua totalidade (um organico e um semi-industrial), comparando os impactos derivados dos
insumos e produtos do sistema (por meio da ACV) e calculando a integracdo de uma avaliagao
fisica de recursos e servigos naturais (usando AE).

Outros trabalhos sao apontados na revisao de Chen et al. (2017) que citam a AE como
uma ferramenta 1til para as politicas de gestdo e planejamento ambiental (RUGANI;
BENETTO, 2012), e ainda mostram que a AE tem sido amplamente aplicada em outros
sistemas, como sistemas agricolas (FERRARO; BENZI, 2015; GHISELLINI et al., 2014;
WANG et al., 2017), sistemas industriais (FAN et al., 2017; GENG et al., 2014; ZHAO et al.,
2015) e sistemas urbanos (LEIL; LIU; LOU, 2018; LIU et al., 2014; YANG et al., 2014). Além
disso, a AE também tem sido amplamente aplicada em niveis micro, como producao de
computadores (PUCA et al., 2017), geracdo de energia (BROWN; RAUGEI; ULGIATI, 2012;
YANG et al., 2013), producao de materiais de constru¢ao (PAN et al., 2016; PULSELLI et al.,
2008), bem como tratamento de residuos (ZHANG et al., 2015).

Chen et al. (2017) também explicitaram a relagdo de outros métodos analiticos, por
exemplo, PE e AEX, os quais também foram frequentemente usados em artigos relacionados a
emergia. Embora a AE tenha varias vantagens sobre outros métodos de avaliacdo, ja que outros
métodos ndo consideram os servigos ecossistémicos locais ou o valor do capital natural
existente, exceto em termos monetarios e sempre exigem politicas que otimizem um recurso ou
fluxo individual, esses métodos tém suas vantagens e desvantagens, podendo melhor preencher
a lacuna que a AE nao pode preencher por si s6 (CHEN et al., 2017).

Neste contexto, Chen et al. (2016) destacam que o método de AE ¢ uma ferramenta
importante para avaliar a sustentabilidade ambiental. A medicao de todas as formas de energia,
recursos e servicos humanos com base em energia solar equivalente permite a comparagao
direta dos fluxos de entrada e saida. De forma correspondente, uma série de indicadores
emergéticos poderia ser calculada para quantificar os beneficios econdmicos, os impactos

ambientais e avaliar a sustentabilidade geral de um sistema (CHEN et al., 2017). Assim,
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entender o processo de desenvolvimento e as tendéncias na AE se torna um objetivo comum
para pesquisadores.

Por fim, ¢ reconhecido que apesar das melhorias e desenvolvimentos feitos em relagao
a metodologia AE, a tarefa ndo estd concluida. Apesar desses esforcos, a AE ndo ¢ tdo
consolidada como os pesquisadores emergéticos queriam que fosse. Um dos motivos para o
relativo insucesso da AE pode estar relacionado a falta de uma ferramenta utilizavel em
condi¢gdes do “mundo real”, que poderia permitir o uso do conceito de emergia como um
avaliador de sustentabilidade. Mais pesquisas devem ser feitas para tornar a AE uma ferramenta
de gerenciamento prontamente utilizdvel em um nivel estratégico e/ou operacional dentro de
uma organizagao e, a0 mesmo tempo, levar em conta melhorias recentes feitas na metodologia
da AE (AMARAL; MARTINS; GOUVEIA, 2016)

Para Chen et al. (2017), indicadores de EC que incluirem emergia, por exemplo,
poderdao fornecer um quadro mais holistico ao examinar as caracteristicas completas de um
sistema complicado. Desta forma, a combinagdo de AE com outros métodos de avaliagao
devera ser a dire¢do de longo prazo de futuros estudos relacionados a emergia. Alguns esforgos
iniciais tem sido feitos, particularmente com a ACV, e tem demonstrado que tal combinagdo
(AE e ACV) poderd ajudar a resolver os problemas da falta de padronizagdo e precisdao durante
um procedimento contdbil, em que apenas uma AE fosse conduzida (DUAN et al., 2011;

RAUGETI et al., 2014; SONG; WANG; LI, 2013).

II.3 ACV & AE

Uma das primeiras referéncias que menciona as duas metodologias data de 1997,
possivelmente, nao por coincidéncia, o mesmo ano em que foi langada a primeira norma ISO
relacionada a ACV (ISO, 2006a). No caso, Nilsson (1997) analisou a biomassa utilizada como
combustivel em usinas de aquecimento urbano. Para tal, o autor utiliza as anélises energética,
exergética e emergética. Neste primeiro momento, a ACV somente ¢ citada como uma
abordagem com potencial para complementar tal estudo. Na época, o autor citou que as
precisoes das transformidades eram limitadas devido a falta de dados e conhecimento

insuficiente e inadequado sobre o sistema estudado. O autor cita Mansson e Mcglade (1993)



42

que criticam o referencial tedrico da AE por usar a energia como medida para “tudo”, e por ser
construida sobre hipoteses infundadas.

As aplicacdes no estudo de Nilsson indicaram que a for¢a do método reside
principalmente em sua clarificagdo da estrutura do sistema e na sua descrigdo do trabalho
ambiental que ¢ fornecido ao sistema em consideragcdo. O autor comenta que as analises de
energia, exergia e emergia podem ser usadas para avaliar o uso de recursos naturais nao-
renovaveis e escassos em diferentes sistemas de producao, mas ainda, que ¢ dificil, ou mesmo
impossivel, considerar, por exemplo, a toxicidade, a eutrofizagdo, a acidificagdo e a deplegdo
do ozbdnio com os entdo atuais métodos de calculo desses conceitos.

Geng et al. (2010) mencionaram algumas dificuldades quando, na AE de um parque
industrial, para calcular os indices emergéticos, precisaram coletar grandes quantidades de
dados, sendo uma atividade demorada e, as vezes, comprometida pela falta de bancos de dados
em escala local (situagdo que também pode acontecer em estudos de ACV). Além disso, embora
as transformidades atualizadas para itens diferentes estejam disponiveis, elas sdo especificas de
localizagd@o e processo, € ndo se ajustam de forma global. Assim, de acordo com o autor, obter
as transformidades para novos itens € um grande desafio, devido a falta de estudos de referéncia.
No entanto, esses problemas sao encontrados, nao apenas na AE, mas sdao compartilhados por
outros métodos de avaliacdo, como na ACV, na AFM, na pegada ecoldgica, entre outros.

Quanto a questao das transformidades supracitada, Bjorklund, Geber e Rydberg (2001)
analisando a geragdo e o tratamento de aguas residuais, utilizaram transformidades ja fornecidas
por estudos prévios quando possivel e quando nenhuma transformidade estava disponivel,
novos valores foram calculados. Uma analise de sensibilidade referente as transformidades para
os maiores inputs emergéticos constatou que a referida situagdo ndo afetou as principais
conclusdes do estudo.

Brown e Buranakarn (2003) avaliando os ciclos de vida dos principais materiais de
construcdo, assim como, Nilsson (1997), comentam da importancia da ACV para avaliar o
comprometimento de recursos, de energia, do capital humano e da degradagdo ambiental
resultante das escolhas de materiais e produtos. Por outro lado, os autores citam uma das
desvantagens da ACV (a principal segundo eles), que seria o fato de os rankings e indicadores
resultantes serem de unidades mistas. Para os autores, essas unidades frequentemente dificultam

a analise comparativa entre produtos ou servicos. Para contornar tal situacdo, no referido artigo,
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os autores utilizaram uma metodologia de AE do ciclo de vida como uma forma de contabilizar
materiais, energia e servigos humanos, dentro de um mesmo quadro quantitativo.

Neste sentido, Ulgiati, Raugei e Bargigli (2006) apresentaram a comunidade cientifica
uma abordagem integrada para a avaliagdo de impacto ambiental, denominada avaliag@o
multicritério e multiescalar de sustentabilidade (SUstainability Multicriteria Multiscale
Assessment — SUMMA). Para contextualizar sua proposta, os autores afirmam que, de um modo
geral, os métodos de avaliagao de impacto podem ser divididos em duas grandes categorias:
aqueles focados na quantidade de recursos usados por unidade de produto (métodos
“upstream”, ou de montante) e aqueles que lidam com as consequéncias das emissdes do
sistema (“downstream”, ou de jusante). O primeiro pode fornecer insights sobre os custos
ambientais ocultos e o grau de sustentabilidade inerente de sistemas aparentemente “limpos”.
Por outro lado, os métodos downstream sao frequentemente mais relacionados com o impacto
imediato percebido no ecossistema local e podem revelar grandes diferengas entre sistemas com
desempenho upstream semelhante.

Sendo assim, se pode inferir que, somente uma analise baseada em varias abordagens
complementares pode destacar os inevitaveis trade-offs que residem em cenarios alternativos,
e assim, permitir uma selecao mais inteligente da op¢ao que contém o melhor compromisso a
luz das condi¢des econdmicas, tecnoldgicas e ambientais existentes (ULGIATI et al., 2011;
RAUGETI et al., 2014).

Tratando da combinagao entre ACV e AE, um dos primeiros trabalhos em que esta
acontece, ¢ em Pizzigallo, Granai e Borsa (2008), os quais avaliaram dois processos produtivos
agroindustriais, comparando os impactos derivados das entradas e saidas do sistema (ACV),
integrada com uma avaliacdo fisica dos recursos e servi¢os naturais, em uma base comum (AE).
Para os autores, métodos baseados no uso conjunto de ACV e AE sdo uteis, pois medem a
contribuicdo de servicos e produtos ambientais para o processo produtivo, focando
principalmente no impacto ambiental de emissdes € no consumo de recursos energéticos nao-
renovaveis.

Li e Wang (2009), Almeida et al. (2010) e Duan et al. (2011) foram outros autores que
combinaram as duas metodologias. Almeida et al. (2010) comentam que, embora varios estudos

que apliquem a ACV para materiais ja tenham sido realizados, os profissionais de ACV tém
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varios métodos de ponderacao disponiveis, e os resultados dos diferentes métodos geralmente
nao coincidem devido a falta de padroniza¢ao nas metodologias convencionais. Quanto aos
indicadores, os autores também discorrem que varios indicadores que quantificam o
desempenho ambiental do produto foram propostos, mas nenhum deles foi completamente
aceito pela comunidade cientifica, apontando para a AE como uma métrica promissora para
introduzir preocupagdes ambientais nas metodologias de eco-design.

Arbault et al. (2013) em trabalho semelhante ao de Duan et al. (2011) (estagdes de
tratamento de 4gua), analisaram criticamente o atual procedimento de AE destacando a baixa
precisdo relativa do método quando em comparacdo com a ACV, quando predominam os
insumos feitos pelo homem, assim como os objetivos e escopos complementares dos dois
métodos. Os autores compararam os resultados da AE com os da ACV para as mesmas plantas,
e destacaram as diferengas e complementaridades de ambos os métodos de avaliagdo ambiental,
pontuando que melhorias metodologicas na classificacdo e tratamento da emergia associada a
insumos feitos pelo homem sdo necessarias para tornar os indicadores de emergia mais diretos
e robustos.

Como ja foi mencionado, a tarefa de integrar as duas metodologias ndo € tdo simples,
visto que, uma série de questdes persistentes também precisam ser resolvidas antes que os
calculos emergéticos possam ser rotineiramente realizados com as ferramentas de ACV
existentes. Apesar disso, entende-se que o esforco necessario pode ser recompensador, dado o
valor acrescentado que a emergia pode proporcionar a ACV (RAUGEI et al., 2014). Reza, Sadiq
e Hewage (2014) buscando desenvolver uma estrutura para avaliacdo de sustentabilidade de
edificios, afirmaram que, existem trés abordagens principais na literatura para caracterizar e
comparar a sustentabilidade de um produto ou processo com base na técnica de ACV:

1. Avaliagdo comparativa da sustentabilidade e selecao da opcao mais sustentavel
com base nos resultados iniciais de uma ACV padrao.

2. Aplicar uma ferramenta de MCDA, por exemplo, AHP, PROMETHEE,
ELECTRE, TOPSIS, etc. Esta pratica ¢ muito comum, e algumas aplicagdes
recentes sdo apontadas em Reza, Sadiq e Hewage (2014). No entanto, os
sistemas de pontuacdo de ponderagdo sdao frequentemente baseados no
julgamento de especialistas e, as vezes, podem ser extremamente tendenciosos.

Além disso, as técnicas de agregagdo para ponderagdo geralmente ignoram a
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esséncia fundamental e a utilidade de varias energias e recursos relacionados a
servicos ecossistémicos (por exemplo, servicos necessarios para diluir uma
determinada emissdo), biodiversidade, sequestro de carbono e fungdes
hidrolégicas.

3. Tomada de decisdo com base em um unico indicador, por ex. energia
incorporada, PE, carbono incorporado ou custo-beneficio. Embora todos esses
métodos sejam cientificamente sélidos, eles nao retratam uma visao abrangente

dos aspectos de sustentabilidade dos produtos de construgao.

Para os autores a AE-ACV fornece uma estrutura quantitativa comparativa para
avalia¢do de sustentabilidade de sistemas de constru¢do com minima subjetividade. Também
fornece um conjunto de indicadores quantitativos de sustentabilidade para a construgdo de
sistemas para agregar efeitos cumulativos dos impactos ambientais e socioecondmicos do ciclo
de vida e para defender o uso sustentavel dos recursos naturais (REZA; SADIQ; HEWAGE,
2014).

Wang et al. (2015) ao explorarem estudos que envolveram ACV e AE, afirmam que a
maioria desses analisou os resultados dos indicadores separadamente, apenas fornecendo
resultados de diferentes pontos de vista. Consequentemente, explicam que, o estudo para
integrar a ACV a AE ainda ¢ raramente relatado atualmente. Deste modo, os autores tentaram
introduzir o calculo do impacto ambiental da ACV na AE para refletir o impacto sobre a
sustentabilidade dos sistemas de produgdo pecudria devido a produtos nocivos. Pensando na
melhoria das avaliagcdes de sustentabilidade, Zhong et al. (2016) ao realizarem uma revisao
bibliométrica sobre métodos de contabilidade ambiental, trazem grande contribui¢do para a
comunidade cientifica. Os autores identificaram seis métodos, a saber, modelagem monetéria
(MM), analise emergética (AE), analise exergética (AEx), pegada ecolédgica (PE), avaliagdao do
ciclo de vida (ACV) e a andlise de fluxo de material (AFM), e compilaram as principais

informagdes em duas figuras (Figura I1.3 e Figura I1.4).
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Figura I1.3 — Evolucio da aplicacio de métodos de quantificacio ambiental (1995-2014).
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FONTE: adaptado de Zhong et al. (2016).

A Figura 1.3 mostra os nimeros de publicagdo e as propor¢des de aplicagdo
correspondentes dos métodos identificados no intervalo de 1995-2014, com subintervalos de
cinco anos. A aplicacdo da MM aumentou rapidamente e se tornou a principal entre todos os
métodos, embora sua porcentagem no total de publicagdes selecionadas tenha diminuido
gradualmente. Correspondentemente, as porcentagens de aplicagdo dos outros cinco métodos
aumentaram, indicando a diversidade e o desenvolvimento de varios métodos neste campo.
Entre estes cinco métodos emergentes, a AE recebeu mais atengdes, seguido pela ACV, PE e

AEXx, enquanto a AFM ¢ o inico com um nimero decrescente nos tltimos cinco anos.

Figura I1.4 — Combinacées entre os métodos de quantificacio ambiental (1995-2014).
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A Figura II.4 mostra a combinagao entre os seis métodos. O tamanho de cada circulo
representa quantitativamente as publicagdes com métodos de pesquisa combinados. A
espessura e a cor de uma linha representam a frequéncia e o periodo em que houve a combinagao
entre os dois métodos, respectivamente. Em geral, a maioria das combina¢des de métodos
ocorreu na segunda década do periodo investigado. A AE ¢ o método mais favorecido e pode
ser facilmente combinado com outros métodos. Alguns pesquisadores também tentaram
vincular a ACV a AEx. Enquanto isso, poucos artigos combinaram trés métodos diferentes
(linhas pontilhadas), a exemplo de Hoang (2014) que integrou AE, AEx e AFM para quantificar
a eficiéncia de recursos.

Para Zhong et al. (2016), as cinco abordagens ambientais fornecem novas perspectivas
para avaliar a relagdo entre o ecossistema e a sociedade humana e avaliar a sustentabilidade de
uma regido. Mas algumas desvantagens ainda existem, como as incertezas das transformidades
da AE (CAMPBELL; BROWN, 2012), apenas uma analise estatica da PE, e assim por diante.
Em principio, esses seis métodos diferem principalmente em propdsitos, escopos € requisitos
de dados, mas todos compartilham a abordagem do sistema por natureza. Nenhum deles ¢
perfeito, nem qualquer método Unico pode resolver todos os problemas, levando a necessidade
de combinacao com outros métodos. A fim de resolver essas questdes, serd racional melhorar
os métodos originais, como métodos hibridos, combinando duas ou trés abordagens
(NAKAJIMA; ORTEGA, 2016; WANG et al., 2015). Isto ¢ confirmado pela andlise de
métodos mostrada na Figura I1.4. Por exemplo, as combinacdes de AEx, AE e AFM com ACV
tornaram-se mais populares, uma vez que todas cobrem todo o ciclo (mineragdo, produgao,
fabricagdo, uso, manuseio de residuos) de uma determinada substancia dentro de um
determinado limite geografico e cronograma, o que a torna adequada para estudos envolvendo
escassez de recursos e reciclagem.

Sendo assim, dificilmente a aplica¢do exclusiva de um unico método pode lidar com
questdes tdo complicadas, portanto, a integracdo de diferentes métodos € necessaria para que
resultados contabeis mais holisticos e precisos sobre os recursos naturais possam ser obtidos
para a tomada de decisdes cientificas (ZHONG et al., 2016). Patterson, Mcdonald e Hardy
(2017) concordam com os autores anteriores, ao afirmarem que uma melhor compreensdo de

qualquer questdo ambiental ¢ susceptivel de ser conseguida através de uma combinagdo dessas
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ferramentas contdbeis ambientais, ao invés de depender de apenas uma ferramenta, uma
perspectiva ou um critério.

Outro trabalho de revisdo, desta vez, focando na AE, foi desenvolvido por Chen et al.
(2017). Segundo os autores, estudos relacionados a emergia tém sido amplamente conduzidos
em todo o mundo, a fim de avaliar o total apoio ambiental e sustentabilidade de um sistema,
tanto do lado natural quanto do lado economico. Logo, com o objetivo de descrever as
caracteristicas das literaturas emergéticas, reconhecer focos de pesquisas globais e prever
futuras diregOes para trabalhos, foi realizada uma revisdo completa sobre os progressos da
tematica relacionada por meio de uma abordagem de andlise bibliométrica. A analise conjunta
revela que a pesquisa de sustentabilidade baseada em emergia e a integracdo da AE com outros
métodos (especialmente a ACV) serdo dire¢des futuras de pesquisa em campos relacionados a
emergia.

Quanto a combinacdo de metodologias, Chen et al. (2017) também apresentaram a
relacdo atual (Figura I1.5), e afirmaram que, outros métodos analiticos (por exemplo, ACV, PE
e AEx) também foram frequentemente usados em artigos relacionados a emergia. Embora a AE
tenha varias vantagens sobre outros métodos de avaliagdo, j4& que outros métodos ndo
consideram os SE locais ou o valor do capital natural existente, exceto em termos monetarios e
sempre exigem politicas que otimizem um recurso ou fluxo individual, esses métodos tém suas
vantagens e desvantagens, podendo melhor preencher a lacuna que a AE ndo pode preencher
por si s0. Os autores citam a ACV, a qual pode medir com eficacia a carga ambiental a jusante,
por exemplo, o impacto das emissdes na cadeia de producao. Assim, na opinido dos autores, a
avaliacdo da sustentabilidade baseada na emergia e a integracdo da AE com a ACV tornaram-

se os principais pontos criticos nos campos relacionados a emergia.
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Figura IL.5 — Rede das 15 palavras-chave mais relacionadas com AE (1999-2014).
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Por fim, Fan et al. (2017) estudando simbiose industrial, apontaram que a
quantificagdo dos impactos ambientais desta simbiose, na melhoria da sustentabilidade de um
parque industrial, raramente ¢ estudada. Logo, propuseram uma AE para realizar uma avaliacao
numa 4rea de desenvolvimento econdmico e tecnoldgico para quantificar o desempenho da
simbiose industrial. Suas contribui¢cdes ficam acerca das possibilidades de pesquisas futuras
apontadas. Para os autores, as transformidades da AE seriam um problema, mas também um
ponto de avanco e uma diregdo de pesquisa. Pode haver inumeras oportunidades de fornecer
maiores insights para melhorar as transformidades, deixando-as mais adequadas para uma
escala relativamente pequena, baseada em dados totalmente localizados e procedimentos
contabeis precisos. Mais uma vez, a integracdo do método de AE a outros métodos (como o
ACYV), ¢ solicitada, para fornecer um quadro mais completo e evolutivo da simbiose industrial,
que pode efetivamente complementar a compreensao e as capacidades de gerenciamento de

parques industriais.



50

No entanto, como apontado por Patterson, Mcdonald e Hardy (2017) a padronizagao
destes métodos pode ser vista como uma “faca de dois gumes”, com a vantagem de
padronizagao, significando que todos os resultados usando o mesmo método de contabilidade
ambiental (ex., ACV) podem ser validamente comparados quando estdo usando exatamente o
mesmo método; mas, por outro lado, a padronizagao inflexivel significa que ¢ dificil, se ndo
impossivel, comparar os resultados entre dois métodos diferentes de contabilidade ambiental
(por exemplo, ACV e AE). Assim, concluem que, o desafio para a futura integragdo desses
métodos, que indiscutivelmente fornecera uma visdo mais completa e diferenciada do impacto
ambiental da produgdo de um produto ou servigo, € criar maneiras de superar essa “divisao de
padronizacao” entre os diferentes métodos de contabilidade ambiental.

Por fim, ap6s a explanacdo das bases conceituais da ACV e da AE, e da compreensdo
das dificuldades e potencialidades da combinacao entre estas (as quais puderam ser observadas
nas iniciativas aqui apresentadas), nos proximos capitulos as duas metodologias sdo aplicadas
de forma individual (Capitulo III), e entdo de forma combinada (Capitulo 1V), visando

contribuir no avango da combinag¢do de métodos de contabilidade ambiental supracitada.
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CAPITULO III. APLICACAO INDIVIDUAL DAS METODOLOGIAS DE ACV E AE

Considerando as dificuldades para combinar as metodologias de ACV e AE
apresentadas no capitulo anterior, este capitulo (artigo) foi desenvolvido para entender aspectos
especificos de ambas e avaliar as possiveis convergéncias, divergéncias ou até mesmo
sobreposi¢des entre os métodos quando aplicados de forma individual. Os resultados deste
capitulo serviram para subsidiar os elementos que irdo compor o indicador unico apresentado

no proximo capitulo (objetivo principal desta tese).

RESUMO EXPANDIDO DO ARTIGO (EM PORTUGULS)

Introdu¢fo. Os padroes de producdo e consumo da economia linear estdo exigindo mais do
que o ambiente natural pode suportar (Kitzes et al., 2008; Korhonen et al., 2018; Nguyen et al.,
2014) desencadeando em problemas associados a recursos, que estdo se tornando escassos e
mais caros para serem extraidos (Andrews, 2015), bem como a geracdo de residuos, a qual
deverd superar o crescimento populacional em mais que o dobro até 2050 (Banco Mundial,
2018). Para contornar essa situagdo, a economia circular tem sido apontada como o novo
paradigma de desenvolvimento que implica repensar os processos economicos € as atividades
humanas dentro das restri¢des ecoldgicas do planeta (Ghisellini et al., 2018), visando otimizar
0 uso de materiais para reduzir o consumo de recursos e a geragdo de residuos (Paletta et al.,
2019). No entanto, uma das principais barreiras para a mudanca deste paradigma reside na
necessidade de medir a circularidade (Elia et al., 2017), bem como de fornecer informagdes
claras aos stakeholders (Bianchini et al., 2018), visto que para garantir o “melhor circulo de
circularidade”, os trade-offs ambientais devem ser cuidadosamente analisados. Dado o contexto
apresentado, o objetivo deste artigo ¢ avaliar o desempenho ambiental de um sistema de produto
circular. Um estudo de caso real de poliestireno expandido (EPS) reciclado ¢ analisado através
de uma abordagem de ACV e de AE e, posteriormente, ¢ comparado com um sistema linear
ficticio para fins de benchmarking.

Metodologia. O estudo de caso ¢ baseado na operagao de uma industria localizada na regiao
Sul do Brasil, e para efeitos de comparagdo entre os impactos ambientais, foram estabelecidos

dois cendrios para a avaliagdo do sistema de produtos de rodapé. O cendrio I (cenério circular
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real) ¢ referente a producgdo de rodapés com EPS reciclado e o cenario II (cenario linear ficticio)
se refere a produgao de rodapés com EPS virgem. A ACV foi desenvolvida para quantificar e
comparar os impactos ambientais dos dois cendrios. A UF foi definida como “produzir 1.000
kg de rodapés de EPS”. O ICV foi baseado em dados primarios coletados em 2015 diretamente
da empresa, ¢ os dados secundarios foram obtidos da base de dados ecoinvent 3.5. Por fim, a
AICYV foi realizada com o uso do método ReCiPe midpoint (H) 2016 (Huijbregts et al., 2017)
e modelada no software openLCA versao 1.9.0. A AE foi realizada com base no escopo da
ACYV e nos dados de ICV, seguindo as etapas sugeridas por Odum (1996). A GEB utilizada
para o célculo dos UEV foi baseado no trabalho de Brown e Ulgiati (2016), que contabilizaram
12,00E+24 selJ/ano.

Resultados e discussdo. A emergia total da producdo de rodapés com EPS reciclado ¢ de
8,62E+15 sel, enquanto a producdo baseada na utilizagdo de material virgem apresenta um
valor de emergia total superior, sendo de 1,26E+16 seJ (valor 46% maior). O consumo de
eletricidade € o principal fator para ambas as situagdes, com 82% e 53% da carga emergética,
para os cenarios circular e linear, respectivamente. Diferentemente, o segundo aspecto mais
emergético difere para os dois cenérios. No Cenadrio I, o transporte ¢ responsavel por 10% da
emergia total, enquanto a entrada de EPS virgem representa 42% da emergia total no caso do
Cenario II. A ACV indicou melhor desempenho para o Cenario I para categorias de impacto
como aquecimento global e acidificagdo terrestre, por outro lado, as categorias de toxicidade e
uso de solo apresentaram melhor desempenho ambiental para o cendrio linear. As contribuigdes
para a AE e para as diferentes categorias de impacto da ACV analisadas podem ser atribuidas
a aspectos ambientais semelhantes. Esses aspectos refletem principalmente o consumo de
eletricidade (representativo em ambos os cendrios) e a produgdo de EPS virgem (no caso do
Cenario II). Com menor participacdo, mas ainda significativa, podem ser citados aspectos como
transporte, aterro sanitario € uso de GLP (todos para o Cenario I). Ao adotar uma abordagem
dupla na avaliagdo do sistema de produtos de rodapé de EPS, um perfil ambiental geral foi
estabelecido pela AE e aprofundado pela ACV, sendo este, convergente quanto a tomada de
decisdo em alguns aspectos (eletricidade), mas também divergente em outros (transporte ou

GLP).
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Conclusido. A mudanga de paradigma de sistemas lineares para circulares ¢ um dos principais
desafios a serem enfrentados nos proéximos anos. Tal mudanga nas cadeias produtivas nem
sempre levam a melhorias em todos os aspectos da sustentabilidade. ACV e AE se mostraram
convergentes ao identificar o consumo de eletricidade, o EPS virgem (exclusivo no cenario
linear) como os principais aspectos ambientais. Ja aspectos como o consumo de GLP ¢ as
emissoes de aterro foram identificados exclusivamente pela ACV. Os resultados demonstraram
que um sistema de producao estabelecido com base nos principios da economia circular nem
sempre tera um melhor desempenho ambiental para todas as categorias de impacto ambiental.
Condi¢do que reforga a necessidade da analise multidimensional, para fornecer o melhor

conjunto de informacdes para auxiliar o processo de tomada de decisao.
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Abstract: The search for sustainability has pointed to the need to transition from a linear to a
circular model. However, such a transition is not trivial. Modifying production chains with the
focus on reducing virgin raw materials consumption, cut emissions, and prevent waste
generation implies implementing new processes and services, which can add considerable
environmental impacts to the supply chain. This paper analyzes a real case from a production
system aligned with circular economy principles. The production system consists of the

manufacturing of baseboards made of recycled Expanded Polystyrene (EPS), obtained from an



59

extensive reverse logistics system composed of different recycling processes. The system’s
potential environmental impacts were assessed by two widely used methodologies, Life Cycle
Assessment (LCA) and Emergy Analysis (EMA). For comparison purposes, the analysis was
carried out for a fictional linear production system, in which the baseboard would be made of
virgin EPS. EMA attributed a lower emergy load to the circular scenario compared to the linear
scenario (8.62E+15 sel to recycled EPS versus 1.26E+16 seJ to virgin EPS). LCA results
indicate both scenarios as environmental preferable depending on the impact category under
analysis (e.g. circular system has better performance regarding global warming, while the linear
scenario demonstrated better results under water consumption). For the circular scenario, EMA
identified the main impact drivers, such as transportation and electricity consumption. From
LCA perspective impacts are also driven by electricity consumption. However, differently from
EMA, logistics were only significant for Land Use impact category whereas Liquefied
Petroleum Gas consumption and, landfill air emissions were identified as impact hotspots.
These convergences and differences between the findings of LCA and EMA have demonstrated
potentially complementation to broaden available information related to systems, enabling
decision makers to act effectively in improving the environmental performance of their

production processes, especially when implementing circular practices.

Keywords: Circular economy; Expanded polystyrene; Recycling; Life cycle assessment;

Emergy analysis.

ITII.1 INTRODUCTION

The industrial revolution established the economic model based on the linearity of
materials and energy (Andrews, 2015; Nguyen et al., 2014; Lieder and Rashid, 2016). This
model relies on large quantities of inexpensive, easily accessible resources (EC, 2014; EMF,
2015). As new technologies and products emerged, the linear ‘take, make, and dispose’ model
became the heart of industrial development (Stahel, 2007, EMF, 2015). However, as the world's
population grows, its life expectancy and purchasing power increases (Fellner et al., 2017).

Moreover, this production and consumption patterns of Linear Economy (LE) are demanding
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more than the natural environment supports (Kitzes et al., 2008; Korhonen et al., 2018; Nguyen
et al., 2014).

In that context, the main problems are found in the two "edges" of the linear model.
Regarding the “beginning”, resources are becoming scarce and more expensive to be extracted
as natural reserves are explored (Andrews, 2015). With respect to the “end”, waste generation
will outnumber population growth by more than double by 2050 (The World Bank, 2018),
whereas the major part of discarded materials ends up in the natural environment or treated in
an inefficient way. For example, approximately 70% of all Latin America’s solid waste is
disposed of in some type of landfill (Kaza et al., 2018). In Brazil, landfilling accounts for
approximately 54% of all waste destinations (ABRELPE, 2018; SNIS, 2019). The
environmental pressure resulted from LE pushes forward to waste reduction and recycling
programs (Lieder and Rashid, 2016), propelling circularity of energy and materials.

In order to bend this line into a circle, the economic model must change into a
regenerative system in which resource consumption, waste generation, and emissions are
minimized by slowing and narrowing material cycles. This economic model is defined as
Circular Economy (CE) (Geissdoerfer et al., 2017; EMF, 2013; Yuan et al., 2006; Geng and
Doberstein 2008; Webster 2015; Bocken et al., 2016). CE is the new development paradigm
that implies rethinking economic processes and human activities within the ecological
constraints of the planet (Ghisellini et al., 2018), aiming the maximum reuse/recycling of
materials to reduce resource consumption and waste generation to the greatest extent possible
(Paletta et al., 2019). Still evolving, CE has been developing based on some fundamental
principles (EMF, 2015):

e Principle 1. Preserve and enhance natural capital by controlling finite stocks and
balancing renewable resource flows;

e Principle 2: Optimize resource yields by circulating products, components, and
materials at the highest utility at all times in both technical and biological cycles;

e Principle 3: Foster system effectiveness by revealing and designing out negative
externalities.

In addition to these three principles, Ghisellini et al. (2016) stated that CE mainly
emerges in the literature through three main “actions”, i.e. the so-called 3R's Principles:

Reduction, Reuse and Recycle. Kirchherr et al. (2017) complemented 3R's principles with
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‘Recover’ as the fourth R, and also, classified 'systems perspective' as a fundamental principle
of CE. Finally, Kristensen and Mosgaard (2020) identified in an extensive literature review that,
in addition to the 'Re-principles' and the 'systems perspective', there is a wide range of categories
associated with the principles of CE (Waste, Efficiency, Value retention , Sustainability,
Resources, Design, Energy and Cycles).

These aspects consequently demand for innovation on the entire chain of production
according to the cradle-to-cradle vision (Ghisellini et al., 2018). However, according to
Bianchini et al (2018), the implementation of such a sustainable industrial model is not
straightforward and there is a significant gap between the concept and practical actions. When
significant change is necessary for a well-established model, as described by Ritzén and
Sandstrom (2017), there will be constraints through the path, as identified by Homrich et al.
(2018), Fellner et al. (2017), Ritzen and Sandstrom (2017) and Korhonen et al., (2018).
Therefore, one of the main barriers lies in the necessity of measuring circularity (Elia et al.,
2017), as well as supply information to the stakeholders (Bianchini et al., 2018).

Find the best way to circularize, however, is not an easy task as value chain
modifications are often subject to trade-off between environmental impacts. In this case, we
can cite the establishment of reverse logistics systems', which inevitably entails environmental
impacts (i.e. fuel consumption and transport emissions) (Liu et al., 2017). Thus, when compared
to a product from virgin raw material, a recycled product may be more environmentally
impactful in some specific aspect analyzed (Choudhary et al., 2019; Inghels et al., 2019).
Geissdoerfer et al. (2017) corroborate with this view by highlighting the negative relationships
between circularity and sustainability in certain cases. As argued by these authors, this
especially is true when the energy consumption related environmental impacts of recycling
processes are greater than the impacts of conventional material acquisition, such as mining. To
guarantee the “best circle of circularity” the environmental trade-offs must be carefully

analyzed. Accordingly, Homrich et al. (2018) state that product lifecycle thinking is

! Reverse logistics system refers, in this case, to all services and processes necessary for the returning and
recovering of materials that turn into the input to the baseboard production system, including collection,
transportation, storage, sorting, and intermediate processes prior to pelletization.
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fundamental to ensure favorable conditions for better end-of-life strategies into the tighter
circles of CE.

Assessing this kind of environmental performance requires an approach that calculates
impacts based on system modeling and resource flows throughout the product/system life cycle.
Life Cycle Assessment (LCA) has been widely applied in this context, especially regarding
waste management (De Souza et al., 2016; Deschamps et al., 2018; Guven et al., 2019). LCA
is robust and dynamic enough to deliver results that support decision-making processes by
anticipating environmental behaviors of design alternatives at any life cycle stage prior to the
product creation (important to develop circularity alternatives). However, the decisions pointed
out by the LCA may be also misleading. This is the case when the results of a LCA are affected
by different sources of uncertainty (Cellura et al., 2011), or when controversial methodological
choices must be made regarding multifunctional process (recurrent in circularity), such as open-
loop allocation (Cherubini et al., 2018; Reap et al., 2008; Zamagni et al., 2009).

Therefore, there has been a growing tendency in recent years to combine, integrate or
simultaneously use LCA methodology with other environmental assessment frameworks
(Angelakoglou and Gaidajis, 2015; Patterson et al., 2017) what allows, according to Wang et
al. (2018), a broader view of a system’s sustainability. In this context, several authors have
suggested Emergy Analysis (EMA) as a potential methodology to complement LCA results
(Almeida et al., 2007; Chen et al., 2017; Liu et al., 2017; Reza et al., 2014; Wilfart et al., 2013).
Such integration has in fact attracted scientific attention of researchers dealing with
environmental accounting methods, such as Wilfart et al. (2013), Pizzigallo et al. (2008),
Buonocore et al. (2012), and Song et al. (2013). The LCA/EMA interface has then been
considered a promising direction for further research (Chen et al., 2017; Gala et al., 2015, Yu
et al., 2016), condition clearly pointed by Wang et al. (2015), when the authors concluded that
reviewing and developing the join application of such methodologies is necessary to improve
the assessment of the sustainability of production processes from different aspects. Given the
presented context, the aim of this paper is to assess the environmental performance of a circular
product system. A real case study of recycled Expanded Polystyrene (EPS) is analyzed though
a LCA and EMA approach, and later is compared with a fictional linear system for

benchmarking purposes.
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I1I.2 MATERIAL AND METHODS

I11.2.1 THE PRODUCTION SYSTEM

The case study is based on the operations of an industry located in southern Brazil
(Figure 1), whose core business lies in the production of elements for construction, architecture,
and decoration. The company created a multisectoral collaboration network for CE
development where waste from other sectors (i.e. food packaging and industrial use) is collected
and processed into new products. This paper addresses the manufacturing of one of these

products, the baseboard composed of recycled EPS.

Figure III. 1 — Industry location (yellow), reverse logistics routes (brown) and dummy route (red).

For the matter of comparison between its environmental burdens, two scenarios were
created for the evaluation of the baseboard product system. Scenario I (circular scenario) relates
to business as usual and describes the logistic and production system based on recycling of EPS.
Scenario II (linear scenario) characterizes baseboard production by virgin EPS. Figure 1 shows
the reverse logistics system, the brown lines represent the recycled EPS flow by ship or truck,
and the collection radius (brown circle), and the red line represents the virgin EPS flow if the
recycling system did not exist (Scenario I1). The details of each flow, modal and distances are

presented in Table 1.
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Table III. 1 — Mass and transport flows of the reverse logistics processes.

Process Mass Distance Description

60t 300 km  Waste EPS is collected in a radius of 300km, sorted and processed.

A - 900 km  Waste EPS is processed and transported (900km) for further treatment
150t 300 km  Waste EPS is collected in a radius of 300km, sorted and processed

5 - 500 km  Waste EPS is processed and transported (500km) for further treatment
30t - Product system's waste is processed

¢ - 900 km  Waste EPS is processed and transported (900km) for further treatment

Dl 75t 6500+250 Waste EPS is transported by ship (6500km) and lorry (250km)

D2 190 t 870 km  Waste EPS is transported by lorry (870km)

D3 135t 240 km  Waste EPS is transported by lorry (240km)

b - - Waste coming from D1, D2 and D3 are sorted and processed

- 3 km Waste is processed and transported (3km) for further treatment

The EPS recycling process begins with the transportation of the material to a site where
the waste EPS goes through a screening process. The raw material that has the characteristics
needed to be introduced into the recycling process (i.e. free of dirt) is sorted and moves on to
the next stage, degasification. In this process, all air of the EPS is extracted through the use of
specific machinery. The output of the degasification, a high density and compacted form of
EPS, is transported to the milling stage, where the material is desegregated and cut in smaller
pieces. The next recycling stage consists in the pelletization process, which transforms the
milled EPS into a small granulated material. The pellets go through an extrusion process, which
finally gives the product its baseboard form. The output of that process is the polished, dried
and painted. Lastly, the EPS baseboard is packed and moved to storage. The recycling system
takes place on different sites. Only the final stages of the production process are located in the
same area (D and Baseboard Production). The sites are connected through a logistic system, as
shown in Figure 1.

The upper part of Figure 2 describes the Scenario I, which shows the pathways that link
the sites involved in the recycling system. A, B and C are upstream sites that collect, sort, and
process the EPS before sending it to the enterprise. The output of these stages is not uniform,
as they don’t present the same processes (milling happens only in B and C; pelletization
happens only in C). D gathers the material that was processed by A, plus a large amount of used

EPS coming from the market and processes the EPS through sorting, degasification, and
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milling. The outputs of B and C go directly to the last part of the product system, the Baseboard
Production, where all inputs converge to the production of the recycled EPS baseboard. The
differences between the sites occur due to the composition of the waste EPS treated in each

stage.

Figure III. 2 — Processes and system boundaries defined for scenarios I and II.
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Scenario II, shown in the lower part of Figure 2, is a hypothetical scenario in which the
same baseboard is produced from virgin raw material. This scenario follows the same rationale
as Scenario [, excluding the upstream sites that characterize the reverse logistics and recycling
stages. The production process starts with the transportation of the virgin EPS to the Baseboard
Production site, where the material goes through pelletization, extrusion, polishing, drying,
painting and packing. For this second scenario, the nearest virgin EPS supplier is located 400
km from the manufacturing site. Except for the origin of the raw material, all other

characteristics of Scenario II are similar to Scenario 1.
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The information shown in Table 2 refers to one month of operation, and denotes the
average obtained in six months of observation. In order to facilitate the reproducibility, the
presented quantities were adjusted to the defined Functional Unit (FU) — production of 1,000
kg of EPS baseboard. Thus, data presented in Table 2 was used to quantify environmental

impacts according to the methodologies chosen and presented below.

Table I1I. 2 — Aggregated system data (average monthly values observed in 6 months).

Item Reverse Logistics and Recycling Baseboard production Unit
Inputs
Chemical additives - 6.87E+04 kg
Eletricity 1.91E+09 3.02E+10 kWh
Liquefied pretroleum gas 6.17E-01 3.85E-01 m?
Lubricant 7.18E+05 8.75E+05 kg
Packaging plastic - 1.82E+01 kg
Paper (cardboard) - 7.58E+01 kg
Polypropylene 1.41E-01 - kg
Steel 1.42E+02 4.44E+00 g
Synthetic rubber 4.18E-01 1.29E-01 kg
Transport (road) 1.27E+03 4.43E+01 tkm
Transport (boat) 1.04E+03 - tkm
Water 2.44E+00 6.93E+01 1
Output
EPS baseboard - 1.00E+3 kg

I11.2.2 LIFE CYCLE ASSESSMENT

LCA was conducted according to the International Organization for Standardization (ISO)
standards (ISO, 2006a, 2006b) to quantify the potential environmental impacts of a recycled
EPS baseboard in comparison to the virgin EPS-based product. The FU was defined as “produce
1,000 kg of EPS baseboard”. The system boundaries were presented in Figure 2 and consider a
cut-off approach, which separates the impacts of the primary and secondary chains between
disposal and collection (waste comes to the reverse logistics system with zero impact)
(Nicholson et al., 2009; Rives et al., 2012), including all processes immediately after the
disposal of polystyrene materials, 1.e. collection, sorting, transportation, processing, baseboard

production, to the company gate (cradle-to-gate). The LCI (aggregated in table 2) was based on
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primary data collected in 2015 directly from the company, representing the monthly average
related to production observed over 6 months. Background data was based on ecoinvent 3.5
databases (Datasets are presented in Appendix A).

Life Cycle Impact Assessment (LCIA) was carried out with the use of the ReCiPe
midpoint (H) 2016 method (Huijbregts et al., 2017). The impact categories were chosen
considering the relationship between the final products (i.e. the baseboard), plastics (EPS) and
transport (logistics), namely: Fine particulate matter formation (PM), Fossil resource scarcity
(RS), Global warming (GW), Land use (LU), Marine ecotoxicity (MEC), Marine eutrophication
(MEU), Terrestrial acidification (TA), and Water consumption (WC). In addition to the ReCiPe
method, the Cumulative Energy Demand (CED) single issue (Di Noi and Ciroth, 2017) was

also applied. Finally, modeling was performed in openLCA version 1.9.0.

I11.2.3 EMERGY ANALYSIS

EMA was performed based on LCA scope defined in item 2.2 and LCI data present in
Table 2, following the steps suggested by Odum (1996): (i) construction of an emergy diagram
and (i1) emergy accounting table. In addition to the emergy diagram and the emergy tables
(emergy content), EMA has been developed in order to provide different indicators (emergy
index). Environmental Loading Ratio (ELR), responsible for representing the imbalance
between non-renewable and renewable resources; Emergy Yield Ratio (EYR) that shows the
importance of local resources in relation to external resources; and Emergy Sustainability Index
(ESI) which applies the EYR/ELR ratio to indicate a degree of sustainability, are some of the
main ones. However, considering that the ESI may not be representative in different realities
(Bastianoni et al. 2007), and that, in the two scenarios analyzed here, the vast majority of
processes belong to the technosphere (external and non-renewable), we chose not to analyze
any emergy index, since, as stated by Pan et al. (2019), the results would not provide enough
information for comparison between the different scenarios.

The diagram was built by graphically representing the emergy flows of the production
system, following the procedure and symbology developed by Odum (1996). The inputs were
listed in the emergy table. Each input had its emergy flow calculated by multiplying its
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respective aggregated amount and Unit Emergy Value (UEV). The sum of all emergy flows (in
seJ) represents the total emergy of the product system?. The Geobisphere Emergy Baseline
(GEB) used for the calculation of UEVs was based on the work of Brown and Ulgiati (2016),
which accounts for 12.00E+24 sel/y.

Two emergy tables were elaborated. Table 3 shows the main emergy flows of the
Scenario I (circular scenario) and Table 4 shows the emergy flows designated to the Scenario
IT (linear scenario). Table 3 is divided between “Reverse logistics and recycling” (A, B, C and
D) and “Baseboard production”, as it encompasses all the upstream activities related to the
logistic and recycling system of the analyzed enterprise. Table 4 only shows the results for the
production process phase, as the Scenario II does not count with a logistic system and recycling
processes. All items were classified into two categories, Purchased Renewable Inputs and the
Purchased Nonrenewable Inputs. The total emergy represents the sum of each material’s UEV
multiplied for the raw amount corresponding to each flow. It is worth mentioning that the Table
3 does not have EPS as an emergy flow. This procedure follows the methodological approach
of Gala et al. (2015) and Corcelli et al. (2017), who argue that, if treated, waste enters a product
system as a secondary material or resource, only the amount invested in the treatment and
recycling process should be attributed to the recycled material. This paper follows this approach
in order to avoid double counting of emergy flows and to guarantee consistent methodological

decisions with the LCA approach (i.e. cut off method).

I11.3 RESULTS

EMA results are presented in two phases. First, the Emergy Diagram, responsible for
the aggregation of all emergy flows and graphic representation of the analyzed system (Figure
3). Secondly, the calculation of the total emergy of the baseboard production for both scenarios

using Emergy Tables are shown in Table 3 (Scenario I) and Table 4 (Scenario II).

2 Emergy value of labour and services involved in the production process were not accessed in this paper.



Figure III. 3 — Emergy diagram.
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Table I11. 3 — Emergy table for scenario I.
Items Raw amount Unit UEV UEV Ref Emergy %
unit flow (sed)
Reverse Logistics & Recycling
Renewables from outside of the system
Water 2.44E+03 g 2.59E+05 seJ/g  Buenfil, 2001 6.33E+08 0
Non-renewables from outside of the system
Steel 1.42E+02 g 2.11E+09 selJ/g  Ulgiati & Brown, 2002 2.99E+11 0
Synthetic rubber 4.18E-01 kg 549E+12  selJ/kg  Agostinho & Ortega, 2013 2.29E+12 0
Electricity 1.91E+09 J 2.20E+05 seJ/J  NEAD, 2014 4.20E+14 5
Liquefied petroleum gas 2.34E+07 J 5.32E+04 seJ/J  Buranakarn, 1998 1.25E+12 0
Lubricant 7.18E+05 J 1.41E+05 sel/] Odum, 1996 1.01E+11 0
Plastic 1.41E-01 kg 438E+12  selJ/kg Meillaud et al., 2005 6.18E+11 0
Transport (water) 1.04E+03 tkm  7.99E+10 seJ/tkm Buranakarn, 1998 8.34E+13 1
Transport (road) 1.27E+03 tkm  6.61E+11 seJ/tkm Buranakarn, 1998 8.42E+14 10
> 1.35E+15 16
Baseboard production
Renewables from outside of the system
Water 6.93E+04 g 2.59E+05 sel/g Buenfil, 2001 1.80E+10 0
Non-renewables from outside of the system
Steel 4.44E+00 g 2.11E+09 selJ/g  Ulgiati & Brown, 2002 9.35E+09 0
Synthetic rubber 1.29E-01 kg 5.49E+12  sel/kg  Agostinho & Ortega, 2013 7.08E+11 0
Electricity 3.02E+10 J 2.20E+05 seJ/T  NEAD, 2014 6.65E+15 77
Liquefied petroleum gas 1.46E+07 J 5.32E+04 sel/] Buranakarn, 1998 7.76E+11 0
Lubricant 8.75E+05 J 1.41E+05 sel/J Odum, 1996 1.23E+11 0
Paper 7.58E+01 kg 4.94E+12  selJ/kg  Agostinho et al., 2013 3.74E+14 4
Plastic 1.82E+01 kg 438E+12  sel/kg Meillaud et al., 2005 7.98E+13 1
Chemicals 6.87E+04 g 2.01E+09 seJ/g  Geber and Bjorklund, 2001  1.38E+14 2
Transport (road) 4.43E+01 tkm  6.61E+11 sel/tkm Buranakarn, 1998 2.93E+13 0
> 7.27E+15 84
Total
> 8.62E+15 100
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Table I11. 4 — Emergy table for scenario II.

Items Raw amount  Unit UEV UEV Ref Emergy %
unit flow (seJ)
Renewables from outside of the system
Water 6.93E+04 g 2.59E+05 seJ/g  Buenfil 2001 1.80E+10 0
Non-renewables from outside of the system
Expanded polystyrene 1.03E+03 kg 5.23E+12 selJ/kg Meillaud et al., 2005 5.37E+15 42
Steel 4.44E+00 g 2.11E+09 selJ/g  Ulgiati & Brown 2002 9.35E+09 0
Sythetic rubber 1.29E-01 kg 549E+12  sel/kg  Agostinho & Ortega 2013 7.08E+11 0
Eletricity 3.02E+10 J 2.20E+05 seJ/JJ  NEAD, 2014 6.65E+15 53
Liquefied petroleum gas 1.46E+07 J 5.32E+04 sel/] Buranakarn, 1998 7.76E+11 0
Lubricant 8.75E+05 J 1.41E+05 sel/] Odum, 1996 1.23E+11 0
Paper 7.58E+01 kg 4.94E+12 selJ/kg  Agostinho et al., 2013 3.74E+14 3
Plastic 1.82E+01 kg 4.38E+12  sel/kg Meillaud et al., 2005 7.98E+13 1
Chemicals 6.87E+04 g 2.01E+09 sel/g Geber and Bjorklund, 2001  1.38E+14 1
Transport (road) 4.43E+01 tkm 6.61E+11 selJ/tkm Buranakarn 1998 2.93E+13 0
> 1.26E+16 100

Figure 3 shows the life cycle of the baseboard production from a “cradle-to-gate”
approach, including the landfilling of discarded materials and the linkage between the product
system and the market (‘Market’ is not included in system boundaries). The highlighted process
shows the three main stages of EPS recycling, i.e. sorting of used material (in which unwanted
EPS is sent to landfill); Recycling process, which includes all industrial processes regarding the
transformation of discarded EPS into the baseboard; and lastly, the packaging process, that
represents the final stage of the product system. In this figure, Ei is raw material emergy that
enters the process; Et refers to the emergy required in the transformation and productions of
raw materials into ‘first use’ plastic; Er relates to the additional emergy required in recycling
process; and Ep refers to the emergy of the final product.

The total emergy of recycled EPS baseboard production amounts to 8.62E+15 selJ, while
the production based on the use of virgin material presents a higher total emergy value,
accounting to 1.26E+16 se] (a value 46% higher). The emergy tables highlight the high
dependence of the system on nonrenewable materials purchased from the outside, as more than
99% of all emergy in both scenarios come from nonrenewable. Electricity consumption is the
major aspect for both situations, with 82% and 53% of the emergy load, for circular and linear
scenarios, respectively. Differently, the second most emergetic aspect differs for the two
scenarios. In Scenario 1, transport is responsible by 10% of the total emergy, whereas the virgin
EPS input represents 42% of the total emergy in the case of Scenario II. Paper consumption
complements the major drivers with 4% and 3% of emergetic loads in Scenario I and II,

respectively.
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In parallel, LCA results are presented in Table 5. In order to facilitate the understanding
of the environmental burden composition of the two scenarios, they were divided according to
the processes identified in Figure 2. The first column (V) presents the impacts of virgin EPS
production, the second (R), shows the impacts of the logistics and recycling processes of
discarded EPS. The third column (P) presents the impacts of baseboard production step that is
considered equal in terms of impacts for both scenarios (since production involves the same
technology, machinery and resources) regardless of the source of the raw material. Lastly, the
total impacts of the Scenario I are grouped in the fourth column (R+P), and Scenario II in the

fifth columns (V+P).

Table III. 5 — LCIA results.

Virgin Raw  Reverse Logistics ~ Baseboard I~ Basehoard I - Baseboard

clal:lel; i:)ity Rei:;;:tnce Ma(t\t;;’ial & Re(:;y)cling Protzil);tion with};‘;csycled witl}lziz)isrgin

(R+P) (V+P)

PM ke PGIZIZ.S 3.07 3.23 2.19 542 5.26
RS kg oil eq 1,949 961 387 1,348 2,336
GW kg CO2 eq 3,918 1,890 1,280 3,171 5,199
LU m?a crop eq 3.07 8.70 3.29 11.99 6.36
MEC kg 1,4-DCB 25.46 68.46 47.04 115.50 72.49
MEU kg N eq 0.017 0.054 0.043 0.097 0.060
TA kg SOz eq 9.44 7.61 4.49 12.10 13.93
wC m’ 67.41 125.51 179.89 305.39 247.29
CED MJ 93,333 62,159 36,708 98,867 130,041

Figure 4 displays the environmental impacts and emergetic loads per main baseboard
drivers in order to assess the obtained information through a dual methodological analysis of
differences and complementarities between the results of LCA and EMA. In addition to emergy
loads (Figure 4-A), LCA indicates a better performance to Scenario I for CED (Figure 4-B), RS
(Figure 4-C), GW (Figure 4-D) and TA (Figure 4-E) impact categories. On the other hand, WC
(Figure 4-G), MEC (Figure 4-H), MEU (Figure 4-I) and LU (Figure 4-J) have shown better
environmental performance for the linear scenario. PM (Figure 4-F) can be considered as
similar in absolute values. Besides the difference in environmental performances depending on

the aspect under analysis, variation between both scenarios has significant differences in terms
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of absolute values. For example, Scenario I demand 88% more m?a than Scenario II with

relation to LU, and Scenario II that requires 73% more resources than Scenario I. These

interactions are further addressed in the next section.

Figure III. 4 — Key processes contributing to environmental burdens.
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Contributions to the emergy and to the different LCA impact categories analyzed can
be attributed to similar environmental aspects. These aspects mainly reflect electricity
consumption (representative in both scenarios) and virgin EPS production (in the case of
Scenario II). With less participation, but still significant, aspects such as transport, sanitary
landfill and the use of LPG (all for the Scenario I) can be cited.

In Figure 5, the predominance of each color indicates in which process the aspect is
most present, i.e. transport, polypropylene and steel are predominantly related to reverse
logistics and recycling processes. While the use of additives, paper, plastic packaging and the
consumption of water and electricity are predominant in the production process of the
baseboard. As for the predominant aspects in the first process, transport is self-explanatory and
can be confirmed by looking at Figure 1. Polypropylene is related to the consumption of big
bags used for the packaging and transport of recovered EPS, while steel is due to spatulas and
machinery maintenance parts used in sorting processes. As for the predominant aspects of
baseboard production, additives are used in the masterbatch of the product composition, while
paper and plastic are consumed in the final packaging. Water and electricity are mostly
consumed in the extrusion and pelletizing processes. Finally, the use of lubricants and Liquefied
Petroleum Gas (LPG) is similar in both processes and is linked to the supply and maintenance
of forklifts that carry materials in both recycling and production processes. These compositions
are important, both quantitatively (for intensity) and qualitatively (for dimension), for the

estimation of environmental impacts.



Figure III. 5 — LCI composition.
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111.4 DISCUSSION

This section was structured in order to explore the main aspects identified in the results
(Table 6), namely electricity (4.1), virgin EPS (4.2), transport (4.3) and LPG and landfill (4.4).
A general discussion relating to LCA, EMA and CE (4.5) is presented in the end of this section,

in which the main findings and limitations of this study are addressed.

Table II1. 6 — Detailed LCIA results.

Electricity Virgin EPS Transport
Impact category Reference unit : i
Scenario I Scenario 11 Scenario 11 Scel}ano Scelllla rie
3.57 1.56 3.07
PM kg PM2.5 eq (66%) (30%) (58%) ) )
. 1,950
RS kg oil eq - - (83%) - -
2,123 925 3,923
GW kg CO2¢q (67%) (18%) (75%) - -
7.39 3.66
LU m?a crop eq - - - (62%) (58%)
70 30 25
MEC kg 1,4-DCB (60%) (42%) (35%) - -
0.06 0.02 0.02
MEU ke Neq (62%) (40%) (29%) - )
7.52 3.28 9.45
TA kgS02¢q (62%) (24%) (68%) - -
210 91
3 - - -
we m (69%) (37%)

* Value that represents the driver contribution to each impact category (e.g.

due Electricity production chain).

66% of all PM equivalent emission is
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I11.4.1 ELECTRICITY

EMA results demonstrated that, even though the Scenario I depend on a large logistic
system, electricity is still the main contributor to the total emergy affeered. The high values
found for the electricity emergy flow occur due to the use of heavy machinery in specific parts
of the production process, such as degasification, pelletization and extrusion. Since the vast
majority of these processes are found in the last stages of the product system (i.e. Baseboard
production), the emergy related to electricity is similar in both scenarios (6.65E+15 and
7.07E+15, variation of 6%), and therefore, the difference in the total emergy charges is due to
the emergy of virgin resin used in Scenario II.

Some specific LCIA results for electricity consumption are showed in Table 6. For the
categories mentioned, energy consumption in Scenario I accounts for more than half of the
potential impacts. For Scenario 11, the electricity consumed represents between 18% and 42%
of the impact categories. As shown by Table 2, the baseboard production process (common to
both scenarios) is critical for those results, as it consumes approximately 15 times the energy
required in EPS recycling processes. Noteworthy that although Brazilian energy mix is mostly
renewable (approximately 80% (EPE, 2018)), the fossil fuels dependent production share (e.g.
thermal plants) is the major driver for the categories MEU (75% of impacts), PM (75%), TA
(54%) and GW (85%). The Brazilian electric mix composition also reflects in the WC category,
as 65% of the mix is powered by hydroelectric plants (EPE, 2018), representing 91% of WC in
electricity generation.

Benavides et al. (2018), comparing virgin, recycled and bio-derived PET bottles, and
Muioz et al. (2004), analyzing waste treatment in Spain, pointed to the processing (washing)
of plastic waste as the main responsible for the WC of the analyzed systems. However, although
WC was higher for the Scenario I, the main reason for this impact was not the processing of
EPS waste, but the energy consumption of recycling processes. Benavides et al. (2017),
studying fuels obtained from used plastics, found similar results and stated that WC in
electricity generation raises WC in plastic to fuel pathways. Therefore, even though the main
source of energy in the Brazilian mix is hydroelectric (associated with the category of renewable

energy in the principles of EC (Kristensen and Mosgaard, 2020)), the implementation of the
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circular system under study reflects an increase in the consumption of water, related to CE’s
Principle 1 (EMF, 2015). Such a situation is still mitigated since the production of virgin EPS
was even less impacting than the production of baseboards, with 67 m*/FU consumed in the
production of virgin EPS against 83 m?*/ FU consumed in the production of ink.

In addition to the WC category, the energy used in the recycling processes analyzed in
this paper also contributed to the impacts of the TA in Scenario I, accounting for 62% of the
composition, of which 4.07 kg SO eq (54%) are emitted by the electricity production in oil-
fueled thermoelectric power plants. As a counterpoint, Choudhary et al. (2019), when
comparing virgin plastic with plastic produced with PET waste at India, identified at 200 times
greater impact for recycled plastic in TA. In our case, recycled EPS was characterized with 15%
less impact than virgin EPS in TA. In the case studied by Choudhary et al. (2019), the situation
is a result of the high energy consumption in recycling-related crushing processes and furnaces
and is further enhanced by the composition of India’s energy mix (basically hard coal).
Discussing a similar result when analyzing the environmental impacts of GW on water
treatment in Mexico, Garcia-Sanchez and Giiereca (2019) pointed out that given the high
electricity consumption of the studied system, it is important to consider the relationship of the
environmental impacts generated due to the composition of the national electricity production
mix. In that case, the authors point out that 80% of the electricity consumed in the Mexico grid
in 2015 was based on fossil fuels.

Thus, observing our results in comparison with the aforementioned publishing, it is
evident that a system that preserves resources (CE’s Principle 1) through recycling, does not
necessarily represents the best environmental performance. This divergence becomes more
accentuated when the energy sources are not renewable, therefore, improving this characteristic
allows better environmental performance for Principle 1, consequently aligning circularity with
sustainability. Finally, the results of the EMA and LCA are in line with what was pointed out
in EMF (2013), which states that the combination of materials recycling and the establishment
of a cleaner energy mix is critical for CE.

The contribution of electricity is highlighted by both methodologies, pointing to a
convergence of methods, confirming the significance of its consumption and identifying as the
main hotspot (especially in Scenario I). Therefore, energy efficiency in recycling and

production processes, would contribute directly to sustainability of the circular scenario. On top
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of that, considering that the major impact is driven of aspects are fossil fuels used in generation
processes, another recommendation is to reduce the proportion of non-renewable fuel plants

and to increase the proportion of cleaner fuel plants.

I11.4.2 VIRGIN EPS

In addition to energy consumption, another relevant aspect in Scenario II is the
production of virgin EPS. For TA, for example, of the total SO, eq emission, 68% (Table 6) is
related to the production of virgin resin. Pargana et al. (2014) found a similar proportion (66%)
for the same impact category when analyzing virgin EPS as a thermal insulator for buildings.
Chen et al. (2019) corroborate with this result, attesting that extrusion process contributions to
TA are caused mainly by indirect emissions from energy consumption (similarly to Scenario I
behavior). Besides to the impacts for TA, virgin EPS in Scenario II represents between 29%
and 83% of the impact categories (Table 6). Specifically, 75% of all GW emissions (5,198 kg
of COz eq.) were due virgin EPS production chain. These values are aligned with Pargana et al.
(2014), who attributed 69% of overall GHG eq. emissions of 5,508 kg CO- eq to the production
of 1,000 kg of virgin EPS. Comparing with Scenario I (Figure 4 — D), the implementation of
the entire reverse logistics system compensates for emissions avoided by the production of
virgin raw material by approximately 40%. Condition also indicated by Benavides et al. (2018)
when comparing virgin PET with recycled PET (20% of GHG emissions reduction). These
results consolidate the improvement in the environmental performance (in the impact categories
mentioned) of the baseboard chain through the implementation of CE elements.

Regarding RS, virgin EPS answers for 83% of oil equivalent consumed by Scenario II.
Since virgin EPS is produced through fossil resources processing, it has large accumulated
primary energy (8.92E+04 MJ/FU) contributing heavily to results of Scenario II (Table 5 and
Figure 4). This relation is well documented by Pargana et al. (2014). Authors have quantified
approximately 125,000 MJ to produce 1,000 kg of EPS, of which 78% is related to the
production of virgin raw material. In the present work, the proportion of CED impacts related
to virgin EPS production is 68% (approximately 93,000 MJ/FU), which is near to Pargana et al
(2014) and Tan and Khoo (2005). The latter compared EPS production and cardboard
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production and found that 83MJ were required to produced 1kg of EPS. Corroborating with the
mentioned findings, Marten and Hicks (2018) cite a study conducted by Franklin Associates in
which EPS packaging product systems were compared. The main conclusion was that the
shaping and molding steps account for approximately 30% of the total energy needed for each
system whereas raw materials production stage was identified as the most energy-intensive
stage. Thus, our results are in line with the authors, who stated that: as the recycling rates
increase, the total energy is reduced, despite the potential of requiring additional transportation
(Marten and Hicks, 2018).

In addition to the impact categories already discussed, virgin EPS consumed in Scenario
II have also shown relevant contribution in EMA. However, that is not the case for the whole
analysis. For EMA, CED, RS, GW and TA, replacing virgin EPS with recycled EPS was
advantageous, but the results for WC, MEC, MEU and LU demonstrated the opposite. These
trades-offs can be of great value when analyzing the transition from a linear to a circular chain
to aid the correct decision-making process and avoid possible rebound effects. The fact is that,
even though Scenario I is related to several of the principles of CE (Recycling, Waste,
Resources, System perspective, etc.), some LCA categories have indicated that the recycled
EPS baseboard system have higher potential impact than the virgin EPS baseboard system. In
this way, LCA can assist improvements in Scenario I by identifying hotspots that are not
perceivable from EMA analysis, such as optimizing resource yields and reducing negative
externalities (Principles 2 and 3 (EMF, 2015)), that is, improving energy efficiencies and waste
management from recycling processes..

Lastly, since the LCA presents more detail and depth in results, one can question the
utility of a parallel application of EMA. As each study has its particularities, it cannot be said
that the breadth and coverage of the methodologies will always be convergent or divergent for
specific aspects. In the case of the productive chain analyzed in this paper, if the complex
structured reverse logistics system (transport) had been analyzed only by the LCA, the impacts
would be restricted to the LU category (being a hotspot in 1/8 of the analyzed categories), what
could undermine its impacts by the decision maker. However, when looking at the result
provided by EMA, transport is the second most significant aspect, characterizing itself as a

hotspot to be improved.
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I11.4.3 TRANSPORT

EMA results indicates the transport as the second most relevant aspect in Scenario I, as
shown in Figure 1. LCA results, however, positions transport as main driver only for LU impact
category with 60% of land occupation due constructed environment (Table 6). As shown in
Table 1, the summed distance road-traveled by all fractions of EPS waste to be reinserted into
the baseboard production chain is approximately 3,500 km. This value is almost 10 times the
400 km traveled by virgin EPS of Scenario II and has direct reflex on LU impact category
results (Figure 4-J). Noteworthy is the fact that the Scenario I materials logistic is
complemented by 6,500 km covered by transoceanic ship. However, even though it represents
almost twice the road distance, the aquatic modal accounts for less than 1% of LU impacts (as
expected since it has minor influence of onshore constructed environment). This condition
indicates that Brazilian offshore transportation can decrease pressures over LU in relation to
Scenario I, mainly in substitution to long distance routes (e.g. from north).

As the main drivers of LU impacts are transport-related, recommendations can be made
regarding its environmental efficiency (Principle 2 (EMF, 2015)). By placing the baseboard
production site closer to the EPS waste source (Scenario 1), or closer to the virgin EPS supplier
(for Scenario II), the system would gain in terms of environmental performance mainly related
to the categories "energy efficiency" and "design" (Kristensen and Mosgaard, 2020). A deeper
analysis of the transportation modal choice is also recommended, since lowering road
transportation would have beneficial effects over LU as well as EMA but could increase other

categories.

I11.4.4 LPG AND LANDFILL

Figure 4 illustrates the specificity that can be observed between the carried LCA and
EMA mainly by looking at LPG and landfill. In the first case, even if the EMA takes LPG into
account, its low consumption in line with the low UEV results in an inexpressive final impact.
However, when analyzed by LCA, LPG is characterized as a hotspot for Scenario I, more

specifically in the RS, GW, TA and PM impact categories. These divergences occur due to the
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cause-effect chain of each methodology, i.e., the information considered in the evaluation of
each aspect. According to Gronlund (2019) no method is comprehensive enough to cover all
aspects with the same significance. EMA tends to be broader, because it considers all ecological
work employed in the product/system under analysis, however, this is not verified in all aspects
of sustainability. Differently, LCA has a shorter coverage, but brings deeper (and multicriteria)
insights on the system’s environmental impacts.

These divergences refer to one of the main limitations of the application of EMA in this
paper. This situation was discussed by Amaral et al. (2016), who identified the use of empirical
input data and their respective UEV (conversion factors) as two potential sources of uncertainty
in EMA. Thus, the main obstacle to the consolidation of EMA results presented here, as well
as its diffusion, may be its attempt to approach any system holistically using theoretical
thermodynamic, economic and ecological concepts. However, while EMA offers an approach
based on average values and has this considerable uncertainty associated with their calculations,
this weakness has always been assumed by EMA researchers, who understand that its
usefulness and interest go beyond this limitation (Amaral et al., 2016), a fact that is also
observed in this study, since the results point to directions for improvements consistent with the
context in which it fits.

Furthermore, regarding the provided landfill results, our findings are aligned with
Rugani and Benetto (2012), who pointed out that EMA shows how to maximize resource use
(subsidizing information to direct the system to Principles 1 and 2 (EMF, 2015)), while LCA
allows identifying where to reduce pollutant emissions and improve waste reuse and quantify
related benefits (directing the system to Principle 3 (EMF, 2015)). Figure 4-H and Figure 4-1
demonstrates this lack of coverage in EMA when it comes to landfill emissions, that have
contributions to eutrophication and ecotoxicity in both scenarios. Regarding to Scenario I, the
emissions to eutrophication and ecotoxicity have even more significance to these impact
categories, turning circular scenario into a worst performance than the linear scenario.
Therefore, even in the circular scenario, it is necessary to improve the management of waste
associated with the production processes of recycled EPS baseboards due to the sorted material

that cannot be reused.
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I11.4.5 LCA AND EMA TO CE

CE has been presented as a way to support sustainable development. With the rise of
this new model, the development of monitoring structures and assessment tools are important
for identifying progress towards circularity. However, as pointed out in the literature review
conducted by Kristensen and Mosgaard (2020), since economic indicators tend to be a priority,
the identified CE indicators rarely cover the three dimensions of sustainability. Thus, the
authors state that the link between CE and sustainability is underdeveloped, since the revised
indicators generally consider few principles of CE.

Although CE research presents a large array of general frameworks and literature
reviews, few studies have focused on how to measure the “circularity” of products, services, or
the supply chain as a whole in an effective way (Elia et al., 2017). Saidani et al. (2019) argue
that worldwide, scholars, policymakers and industrialists agree on the need for trustworthy CE-
related measuring instruments to manage the transition between linear business models to
circular ones. The case study presented in this paper tried to address this transition by measuring
aspects related to the environment in which it is inserted and tried to align the results of the
analyzes with the principles and categories of the CE.

Circular systems tend to be complex arrangements (Figures 1 and 2) formed by the
interlinkage of several sectors, structured under the common goal of generating maximum
economic benefit while reducing its emissions rate, environmental burdens, and optimizing
resource efficiency. Literature shows that CE was built on top of discussions regarding waste
management, energy efficacy and emission reduction (Blomsma and Brennan, 2017; Kirchherr
et al., 2018). However, the often-discussed goal of “closing loops” must be supported by robust
analytical studies in order to access the real feasibility and environmental benefit of CE-related
practices (i.e. recycling). In this sense, following the approached used by Deschamps et al.
(2018) and Chen et al. (2016), the results of this case study made possible to understand the
synergy between the LCA and EMA, once that this relation is widely evidenced in the literature
(L1 and Wang, 2009; Rugani and Benetto, 2012; Saidani et al., 2019).

As can be seen in this work, the alignment between LCA and EMA delivers a

comprehensive analysis of the system’s environmental profile, providing decision-makers, such
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as representatives of governments, the industry, and the general market, with robust information
that can support the transition to a more energy and resource efficient model. By adopting this
dual approach when evaluating the EPS baseboard product system, an overall environmental
profile was built by EMA and deepened by the LCA, which was convergent regarding decision-
making in some aspects (electricity), but also divergent in others (transport or GLP). As from
our point of view, even though some LCA impact categories are aligned with emergy results,
EMA and LCA covers different but equally important aspects from circular or linear systems.
EMA has a strong link to pre-chain aspects as it captures the embodied energy of materials and
processes (ecological work). Meanwhile LCA also comprises upstream chains but focusses on
emissions and end-of-life assessment. Due this complimentary condition, both have important
role on decision-making, but still, trade-offs must be weighted by stakeholders.

Corroborating with this observation, Pang et al. (2017) highlighted that decision makers
must be well informed on trade-offs between emissions and ecological cost to understand that
there is no perfect solution for reducing environmental impacts, and balance between possible
benefits and recommendation obtained from the improvements identified by the different
methodologies have to always be weighted. In this sense, Patterson et al. (2017) stated that the
union and/or standardization of the two methods in order to make their results comparable are
inflexible, difficult and possibly impossible. The authors conclude that the different methods
must retain their unique characteristics, catering to specific professional audiences.

Lonca et al. (2018) also found agreements and discrepancies in the results when they
applied a circularity indicator in parallel with the LCA in a case study of the tire industry. While
the indicator was identified as relevant to support the preservation of materials, LCA provided
a complementary perspective by measuring the pressure in the pollution reservoirs. As with the
baseboard with recycled EPS, the application of the two methodologies made it possible to
identify compensations related to the preservation of natural resources and to minimize the risk
of cargo transfer. In this context, whether combining LCA with EMA, with a circularity
indicator (Lonca et al., 2018), or with any other environmental quantification methodologies, it
is important to emphasize that there is no exclusive way to measure the CE. Such a situation is
identified by Kristensen and Mosgaard (2020) as a strong barrier to the adoption and

implementation of CE, as it is difficult to measure progress towards EC goals in organizations.
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In order to collaborate with the advance under this barrier, the main contribution of this
work was to apply two methodologies of environmental quantification to compare the
environmental aspects of a linear system with a circular system. EMA indicated the circular
system as the one that requires the least ecological work to exist, this is due to the fact that in
recycling, the inputs are already in the technological sphere and do not carry the necessary work
for the production of the raw material. In this way, it can be inferred that EMA is directly
aligned with Principle 1 (Preserve and enhance natural capital by controlling finite stocks and
balancing renewable resource flows) and with Principle 2 (Optimize resource yields by
circulating products, components, and materials at the highest utility at all times in both
technical and biological cycles) of the CE appointed by EMF (2015). Following this logic, the
LCA, in turn, presented trade-offs between some of the impact categories analyzed under the
two scenarios. This specificity that went "unnoticed" by the EMA, makes the LCA better
aligned with Principle 3 of CE (Foster system effectiveness by revealing and designing out
negative externalities).

Finally, some limitations of this case study can be pointed out:

e Product system: The Scenario I was assumed as a circular scenario because it
presents principles and characteristics of circularity (EMF, 2015; Kristensen and
Mosgaard, 2020). However, other aspects (e.g., elimination of toxic substances)
are still necessary to make the system more circular. In this way, with the
advancement of the product system towards ‘more’ circular characteristics,
possibly, the impact analysis will expand the environmental improvement
provided by the circularity of the system;

e Life cycle assessment: the open-loop allocation method definition is an
important source of uncertainty, even though its influence is attributed to both
systems since the same methodological choices were applied to both;

e Emergy Analysis: the main limitation in relation to EMA was the fact that no
emergy index was analyzed. As mentioned, the main indices use the relationship
between the natural sphere and the technological sphere, and since the system is

practically all in the technological sphere, the values of the indices could be
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misleading. In future research, the development or application of more specific
indications could increase the findings of EMA;

e Sustainability: This study sought to explore the relationship between circularity
and sustainability. However, economic and social aspects were not considered.
As already mentioned, Kristensen and Mosgaard (2020) identified that the main
focus of the circularity indicators has been the economic variable. This study
aims to contribute to the exploration of the environmental variable. Therefore,
for future research, it is essential to include socioeconomical indicators, whether

in LCA, EMA or in any other way of analyzing circular systems.

I1II.5S CONCLUSIONS

The paradigm shift from linear to circular systems is one of the main challenges to be
faced in the coming years. This change has been linked to principles such as ‘preserve natural
capital’, ‘optimize resource yields’ and ‘include negative externalities’. It also covers categories
related to ‘waste’, ‘efficiency’, ‘value retention’, ‘sustainability’, ‘resources’, ‘design’, ‘energy’
and ‘cycles’. However, the changes that take place in the production chains to achieve these
principles do not always lead to improvements in all aspects of sustainability. Focusing on
environmental aspects, this article addressed a circular initiative located in Brazil in comparison
to a linear production system through LCA and EMA.

For EMA, the circular system had less emergy load in comparison to the linear system.
In this case, the emergy added by the necessity of more complex transportations was
compensated by the avoided virgin EPS (from reinserted sources in the circular scenario). LCA
results were well balanced between both scenarios, with 4 impact categories indicating better
performance for each system and 1 impact category with equal result. Both methodologies are
convergent in terms of main driver identification, electricity consumption, virgin EPS
(exclusive in the linear scenario) and transport. Other drivers identified exclusively by LCA
were the LPG consumption and landfilling emissions. Improvements in energy efficiency and
resource consumption as well as t cleaner energy sources were identified as possibilities with

higher positive potential to circularity and sustainability performance.
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Results have demonstrated that a production system established based on circular
economy principles will not always have a better environmental performance for all
environmental impact categories. Condition that reinforces the necessity of multidimensional
analysis, to provide the best set of information to aid decision-making process without rebound
effects. Ultimately, EMA and LCA demonstrates good synergy to indicate sustainable scenarios

with adherence circular principles.
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CAPITULO IV. COMBINACAO DAS METODOLOGIAS DE ACV E AE

Com base nas informagdes referentes as metodologias de ACV e AE apresentadas no
Capitulo II, bem como nos resultados da aplicacao individual das metodologias no capitulo
anterior (Capitulo III), este capitulo (artigo) foi desenvolvido para associar aspectos da ACV
(no caso, os fatores de caracterizagdo das categorias de impacto do método de AICV) com
aspectos da AE (no caso, os conteudos emergéticos e a teoria da diluigdo virtual), e entdo

estabelecer o indicador Unico, o qual, € o objetivo principal desta tese.

RESUMO EXPANDIDO DO ARTIGO (EM PORTUGUES)

Introducio. Os servigos ecossistémicos (SE) estdo sendo degradados devido a intensificagdo
das atividades humanas, representando um risco ao bem-estar humano. Para prevenir maiores
danos e exploracdo dos SE, € necessario avaliar os possiveis impactos sobre eles (Alejandre et
al., 2019). Para Bakshi (2002), apesar dos beneficios e popularidade, a ACV possui algumas
deficiéncias, sendo uma delas, ignorar alguns servicos e produtos ecossistémicos. Tal situagao
pode representar equivocos significativos, uma vez que as avaliacdes ambientais podem
estimular a otimizagdo de um recurso individual em detrimento de outros, confundindo os
tomadores de decisdo (Pan et al., 2016). Para que a ACV cubra melhor os SE, novas categorias
de impacto ainda precisam ser incorporadas, bem como novos fatores de caracterizagdo (FC)
desenvolvidos (Alejandre et al., 2019; Rugani et al., 2019). Outras metodologias foram
desenvolvidas para avaliar os SE, a analise emergética (AE) desenvolvida por Odum (1996) ¢
uma delas. Na relacdo entre AE e ACV, o uso das transformidades poderia contribuir como
fatores de caracterizagdo para uma AICV baseada em emergia (Ingwersen, 2011; Rugani et al.,
2011). Portanto, o objetivo deste artigo ¢ subsidiar uma abordagem metodologica que auxilie
na quantificacdo de SE.

Metodologia. A proposta ¢ uma combinacdo entre ACV e AE. Para compor o modelo, os
principais aspectos associados a ACV estdo vinculados a etapa de AICV. Os métodos de AICV
utilizados foram o RECIPE 2016 e o método CML. Considerando que as concentragdes de

emissOes sao em sua maioria mais altas do que os padrdes de qualidade ambiental



96

correspondentes, SE sdo necessarios para diluir sua concentracdo em um nivel aceitavel. De
acordo com Pan et al. (2016), a emergia desses servigos ecologicos pode ser determinada a
partir do conhecimento da concentracdo e da natureza das emissoes e das transformidades dos
servicos relevantes. Sendo assim, as transformidades necessarias para a abordagem proposta
foram todas obtidas de Odum (1996) e corrigidas para a linha de base mais recente (Brown et
al., 2016). Além dos valores de emergia de dilui¢ao baseados nas consideragdes de Rugani et
al. (2013) e Pan et al. (2016), transformidades de recursos também foram utilizadas. Apds o
calculo das massas de ar ou agua necessarias para a redugdo tedrica da concentragdo das
emissoes, a emergia total necessaria para dilui-las “virtualmente” nas categorias de impacto ¢
obtida somando o maior valor encontrado nos diferentes compartimentos. A abordagem
metodoldgica ¢ aplicada na producdo de eletricidade no Brasil, considerando diferentes tipos
de gera¢do, com dados obtidos no banco de dados ecoinvent versdo 3.6, recentemente
atualizado (ECOINVENT, 2019).

Resultados e discussdo. Quando da andlise do grupo de “recursos”, a categoria de impacto
“escassez de recursos minerais” € a que apresenta maior emergia, como reflexo da elevada
transformidade estimada para o cobre. No caso do grupo “eutrofizagcdo”, embora tenha sido
enquadrado em ordem semelhante ao grupo de recursos, a emergia total ndo ¢ o servigo natural
para a ‘produgdo de recursos’, mas a energia adicional necessaria para diluir “virtualmente” as
substancias de modo a manter um ambiente sustentavel. O grupo com as categorias de impacto
de toxicidade apresentaram as diferencas mais consideraveis das outras categorias para ambos
os métodos de AICV, especialmente no caso da categoria de impacto “ecotoxicidade terrestre”.
Entre as principais substancias responsaveis pela alta emergia necessaria para sua dilui¢do estao
o chumbo (2,33E+31 sel) e o mercurio (1,44E+31 selJ) para o método RECIPE, e o chumbo
(1,26E+36 se]) e o cadmio (1,06E+35 seJ) para o método CML. Esses valores sao
principalmente consequéncia dos elevados FC dessas substancias para a categoria de impacto,
fato que se justifica por serem metais pesados altamente reativos e bioacumulativos. Quando a
categoria de impacto “ecotoxicidade terrestre” ¢ desconsiderada, o dominio das categorias de
impacto permanece no grupo “toxicidade” para ambos os métodos, mais uma vez devido aos
altos FC das substancias que contribuem para as categorias de toxicidade, sendo as principais
o Benzeno, o Estireno e o Tolueno, que sdo substancias altamente cancerigenas. Além de

estimar os SE necessarios para suportar cada categoria de impacto, a abordagem metodologica
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aqui proposta também serve como uma forma de agregar as categorias em uma unica métrica
sem utilizar julgamentos de valor, mas apenas aspectos termodinamicos. Uma vez que a
abordagem metodologica aqui apresentada ¢ uma combinagdo de diferentes metodologias, as
incertezas associadas aos seus resultados sdo aquelas inerentes aos resultados das metodologias
quando aplicadas individualmente.

Conclusao. Neste artigo, uma abordagem metodologica foi proposta com a combinacao da
ACV com a AE. Foi demonstrado que a ACV pode ser combinada com a AE, tornando-se uma
avaliagdo mais voltada para a natureza, contribuindo assim para o desenvolvimento dos
métodos de contabilidade de SE. Além de avaliar os SE, a combinacdo de metodologias também
permitiu agregar as diferentes categorias de impacto decorrentes da ACV em um indicador
unico baseado em termodindmica, o sel, disponibilizado pela AE. Portanto, a abordagem
metodologica proposta também pode contribuir para o desenvolvimento de métodos de

agregacao.
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Abstract: The sustainability of a system depends on the availability of ecosystem services (ES)
to maintain it. Accounting for these services is generally associated with the impacts of
technological services, sometimes neglecting those of ecological services. Life cycle
assessment (LCA) is one of the methodologies that does not embrace all such services, while

emergy analysis (EMA) attempts to quantify them but initially leaves pollutant emissions aside.
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The purpose of this article is to combine LCA with EMA to support a methodological approach
that helps in the development of ES quantification. For this purpose, the characterization factors
(CF) of the ReCiPe (H) and CML methods were used, as well as the unit emergy values (UEV)
provided by Odum (1996). In addition, the “virtual” emissions dilution principle needs were
estimated mainly based on Brazilian legal standards. A sensitivity analysis was performed with
the omission of some impact categories, and, finally, by way of illustration, the indexes obtained
were applied in a generic case study of the production of 1 kWh from different energy sources.
The “terrestrial ecotoxicity” impact category demanded the most considerable natural service
in both methods (2.33E+31 seJ for the ReCiPe (H) method and 1.26E+36 seJ for the CML
method). These values reflect the high CF of lead, a recalcitrant and bioaccumulative substance.
With the omission of this category, the most significant natural service demands are still
associated with the toxicity categories, reflecting substances such as benzene, styrene, and
toluene, all of which are carcinogenic. For the case study, because of the natural service demand
for the toxicity categories, the energy sources that most require ES are oil and hard coal. The
proposed approach has some points of uncertainty resulting from the applied methodologies
and which were discussed. Regardless, in addition to the uncertainty, the estimated values
provide information that may be aggregated in order to assist the decision-maker, since the
search for decreasing the estimated ES values will always be beneficial, as it is a consequence

of lower demands for natural service.

Keywords: Ecosystems services; Environmental accountability; Life cycle assessment;

Emergy analysis; Electricity production.

IV.1 INTRODUCTION

Ecosystems are dynamic complexes of plant, animal, and microorganism communities,
as well as the nonliving environment, interacting with each other. The benefits that people
obtain from ecosystems may be defined as ecosystem services (ES) (Hidyhad and Franzese,
2014). These include provisioning services (e.g., food), regulating services (e.g., climate),
cultural services (e.g., recreational benefits), and supporting services (e.g., nutrient cycling)

(MEA, 2005). Most of such services are being degraded due to the intensification of human
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activities, and this degradation represents a risk to human well-being. Thus, to help prevent
further damage and exploitation of ES, it is necessary to assess the possible impacts on them
by applying environmental assessment methods (Alejandre et al., 2019).

According to Rugani et al. (2013), even though ES are of crucial importance for
production systems, as well as for economic and social development, their value is generally
neglected by conventional economic and social indicators, as well as by the most employed
environmental impact assessment methodologies such as the life cycle assessment (LCA).
Zhang et al. (2010b) corroborate this statement when they mention that the existing life cycle-
oriented methods are not able to capture many ES. The authors argue that the LCA method does
not account for the majority of ES necessary to dissipate emissions and absorb their impact;
however, they clarify that the LCA structure is certainly attractive, with the accounting of ES
being identified as one of the next barriers that this approach needs to face (Zhang et al., 2010b).
To Bakshi (2002), despite the many benefits and popularity, LCA suffers from several
deficiencies since it focuses mainly on the environmental impact of emissions and non-
renewable and energy inputs, ignoring ecosystem services and products. Ignoring these entries
may cause significant errors in the analysis, given that such incomplete evaluations may
encourage the optimization of one individual resource at the expense of others, confusing
policymakers (Pan et al., 2016).

Nevertheless, Pavan and Ometto (2018) identified that the LCA methodology has
gained attention in the face of ES evaluation. Such a method consists of collecting and
evaluating input and output information, as well as the potential environmental impacts of a
product or service system throughout its entire life cycle (ISO, 2006). The LCA consists of four
steps: goal and scope definition, life cycle inventory (LCI), life cycle impact assessment
(LCIA), and interpretation. The LCIA is one of the most critical steps, given that it is where the
most significant uncertainty degrees lie (Raugei et al., 2014). It is at this step that the
environmental interventions identified in the LCI (e.g., resources and/or emissions) are
converted into potential environmental impacts according to specific characterization factors
(CF). Also, it is at this point that LCA is facing a series of challenging improvements to define
new CF for LCIA at the midpoint (potential impact) and/or endpoint (damage) levels of the

cause and effect chain (Rugani et al., 2013). Thus, for LCA to better cover ES, new impact
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categories still need to be incorporated, as well as new CF developed (Alejandre et al., 2019;
Rugani et al., 2019).

In addition to LCA, other methodologies have been developed to assess ES. For Rugani
et al. (2013), the emergy analysis (EMA) method developed by Odum (1996) is considered one
of the most comprehensive common denominators for ES assessments. Emergy is the energy
incorporated into a product or service, i.e., the total amount of energy directly or indirectly
needed to produce any product or service (Odum, 1988). The emergy content of a product or
process is the investment made by the ecosystem in that product or service, so that emergy may
be used as a measure of the ecological cost, or, in other words, of ES (Bakshi, 2002). The author
justifies his claim by pointing out that ecological systems use mass and energy flows to remain
in a self-organized state, far from equilibrium. Since the driving force for the development of
ecosystems is solar energy, materials such as nutrients in the soil, water, and oxygen are
generated directly or indirectly by the capture and transformation of this energy. Thus,
ecosystems may be considered energy flow networks, and all ecological products and services
are transformed and stored in forms of solar energy (Odum, 1988).

For these reasons, EMA is identified as being qualified to bring together the ecological
service needed to replace the used resources, presenting a single measure of their consumption
(solar energy) (Rugani et al., 2013). Such a single measure is associated with unit emergy values
(UEV), which represent the conversion factors for calculating the emergy content for any type
of product or service. However, the relevance of using emergy as an ES indicator is still under
debate in the scientific community (Raugei et al., 2014). Furthermore, within the same emergy
community, there is no complete agreement on how to apply/adapt EMA to account for ES
(Rugani et al., 2019).

Considering the relationship between EMA and LCA, the use of UEV could contribute
as a CF to an emergy-based LCIA (Ingwersen, 2011; Rugani et al., 2011). Thus, employing
emergy principles could benefit and expand the calculation of ES in the LCA (Marvuglia et al.,
2013a; Rugani and Benetto, 2012). Zhong et al. (2016), when analyzing environmental
accounting methods, identified the most used one as being EMA, which may be easily
combined with other methods and is particularly associated with LCA models to study the value
of natural resources. In principle, the methods analyzed by Zhong et al. (2016) differ mainly in

purpose, scope, and data requirements, but they all share the system's approach in nature. The
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authors point out that none of them is perfect, as well as that no single method can solve all
problems, which leads to the need to combine methods so that more holistic and accurate results
on natural resources may be obtained for scientific decision-making. Therefore, the
combination of different environmental accounting methodologies should be seen as
complementary to improve the understanding of the systems analyzed (Franzese et al., 2014;
Patterson et al., 2017).

The combination of methods is not new. Finnveden and Ostlund (1997) used exergy to
characterize resources in a LCA, Bakshi (2002) used EMA principles to overcome some LCA
deficiencies, while Hermann et al. (2007) developed a tool that combines LCA and
environmental performance indicators, in addition to multicriteria decision analysis (MCDA).
Zhang et al. (2010a, 2010b) combined a hybrid LCA and EMA to analyze more data from
different ES and improve environmental accounting as well as the sustainability of human
activities. Moreover, Duan et al. (2011), Kursun et al. (2015), Gala et al. (2015), and de Souza
Junior et al. (2020) applied LCA and EMA to analyze wetlands, energy systems, waste
management, and the impacts of a circular system, respectively. Finally, Briones-Hidrovo et al.
(2020) recently proposed a methodological approach that combines ES and LCA, allowing to
cover local and global environmental and ecological impacts and, consequently, expand
environmental accounting.

Therefore, the objective of this article is to subsidize a methodological approach that
helps in advancing towards improving the quantification of ES. To this end, the standardized
and consolidated structure of LCA was used as the basis, inserting some principles of EMA in
the LCIA step as a way of accounting for ES to produce resources, as well as for the “virtual”
dilution of emissions. This situation also made it possible to aggregate the different LCA impact
categories into the single indicator of EMA: the solar emjoule (seJ). As an illustration, the
proposed approach was applied in a generic case study that considered different types of
electricity generation. Before presenting the case study as well as the methodological aspects
considered for the proposed model, some relevant information is provided in the next section

to understand the methodological approach.
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IV.2 BACKGROUND

IV.2.1 ECOSYSTEM SERVICES

When talking about processes and/or services that are delivered to the society,
depending on the inputs used, the contribution of certain matter or energy types may sometimes
be neglected. Purchased inputs are generally recognized and accounted for, and those that are
directly necessary for the process (e.g., fuels and electricity) may be considered technological
services. On the other hand, free environmental inputs (i.e., ecological services), despite being
fundamental (e.g., soil for agriculture or water to generate electricity), sometimes end up being
‘forgotten’ by accounting (Ulgiati and Brown, 2002). The fact is that technological and
ecological services are co-dependent, if not of the ES themselves, so any service or process
depends on their availability (Hayhd and Franzese, 2014). This situation is evinced by the
Millennium Ecosystem Assessment (MEA, 2005), a milestone that consolidated the concept of
ES in the political and business agendas (Pavan and Ometto, 2018). It is within this milestone,
which is a world reference and the most comprehensive research on Earth’s ecosystems (Rugani

et al., 2013), that ES are defined and classified into four domains (Table 1).

Table IV. 1 — Accounting for ES in LCA and EMA (adapted from Zhang et al., 2010b).
LCA EMA

Ecosystems services

Provisioning services:

Products obtained directly from ecosystems,
such as fossil fuels and minerals; renewable
energy; land; crops, livestock, and fiber; wild
fish and aquaculture; wild plant and animal
food; timber; nonwood forest products;
biomass fuel; genetic resources; natural
medicines; and freshwater.

Primarily fossil fuels
and minerals; recent
focus on land, water,
and other services;
ignores fish, plant,
genetic resources.

May account for renewable and
nonrenewable material and energy
resources. Quality differences should
be considered. Also accounts
indirectly for land use and food.
Considers quality differences by
conversion to solar equivalents.

Regulating services:

Benefits gained from regulating ecosystem
processes, including air quality regulation;
climate regulation; water regulation; erosion
regulation; water purification; disease & pest
regulation; waste processing; pollination;
and natural hazard regulation.

Services are
considered indirectly
via quantity of

emissions and impact.

Considers some services such as
dissipating pollutants.

Supporting services:

Those necessary to produce all other
ecosystem services, such as soil formation;
photosynthesis; primary production; nutrient
cycling; and water cycling.

Ignored.

Many services considered via exergy
flow.
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Cultural services: May be considered via Ignored.
Benefits that people derive from ecosystems, Social LCA.

such as spiritual; recreational; aesthetic;

inspirational; educational; and symbolic.

For products and services to continue to be delivered to the society, the availability of
ES is essential. That is to say that, if ES are consumed at a rate greater than their regeneration
capacity, the system will become unsustainable and tend to collapse. Therefore, ES accounting
is preponderant for their management, and, consequently, for the search for sustainability
(Hayhd and Franzese, 2014). A common deficiency of existing methods for making
environmentally conscious decisions is that they ignore the contribution of ecological services
that support industrial activities (Bakshi, 2002; Hayha and Franzese, 2014). According to
Bakshi (2002), considering free and unlimited ecological services resulted in their deterioration,
implying a global decline in the capacity of ecosystems to supply products and services, as well
as absorb industrial emissions. Pan et al. (2016), when assessing the sustainability of industrial
systems, suggested some challenges for the theme, including the ignorance of the ecosystem's
contributions to industrial activities, the neglect of quality differences among different
resources, energies, and services, as well as the inadequate consideration of the impact of
emissions, among others. The authors identified that there is research that partially involves
such subjects, yet it is incomplete and lacks systematization (Pan et al., 2016). In this way, a
gap is identified in accounting for ES.

Zhang et al. (2010b) identified some ES accounting methods and stated that, in order
for them to contribute to improving the sustainability of human activities, the limits of the
analyses must be broad enough to include the ecosystem goods and services that support all
technological activities involved in the life cycle of the analyzed product or service. Among the
identified methods, LCA and EMA were presented, classified according to the four domains of
ES, and summarized in Table 1.

For Bakshi (2002), although thermodynamic methods are common in fields such as
system ecology and life cycle assessment, there was practically no interaction between these
fields, and the interaction that existed was not sufficiently comprehensive. Affirming that the
methods of analyzing exergy and emergy ignore the impact of emissions and the contribution

of ecological inputs, Bakshi (2002) suggested an approach to explore the synergy between
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LCIA, exergy, and emergy to include ecological and economic inputs, as well as the impact of
emissions on the analysis. Studying the importance of thermodynamic analysis for man-
environment systems, Liao et al. (2012) also analyzed the combination of energy, exergy, and
LCA, but, in this case, the authors discussed the challenge of communicating thermodynamic
information to decision-makers.

On the LCA side, Alejandre et al. (2019) and Rugani et al. (2019) agree that, although
ES are increasingly considered key components in the relationship between human society and
the environment, LCA studies hardly include direct impacts on ES, so these are not sufficiently
covered by traditional environmental decision-making tools. For Alejandre et al. (2019), the
impact categories assessed in LCA mainly consider impacts on the availability of resources and
the ecosystem quality, without explicitly considering ES. Therefore, it is necessary to include
ES more comprehensively and explicitly in LCA to obtain better coverage of the possible
impacts on the ES associated with a product system. Some proposals consider available
ecological models to expand LCA to include ES (e.g., InVEST (Bare, 2011), SCALE
(Marvuglia et al., 2013b), and GUMBO (Arbault et al., 2014)); however, Rugani et al. (2019)
claim that a consistent conceptual framework that can support the integration of these ecological
models in the LCA methodology is still needed.

To face these challenges, Zhang et al. (2010a, 2010b) argue that life cycle-oriented
methods need to be converged into structures that combine the best resources of existing
methods, mentioning, among others, the ease of understanding the structure and emission
orientation of LCA, as well as the physical basis of mass and energy that allows EMA to be
responsible for support services. Although EMA and LCA are different, this should not be a
challenge in integrating the methodologies. On the contrary, this is a good argument for
complementing what LCIA has to offer; thus, EMA 1is an addition to LCA (Raugei et al., 2014).
According to Raugei et al. (2014), EMA has been applied to many types of systems and was
not exclusively designed as LCA was; therefore, conventional emergy applications must be

adapted and standardized for use in an LCA structure.
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IV.2.2 LIFE CYCLE IMPACT ASSESSMENT

LCIA is the third phase of LCA, in which information obtained and processed in the
second phase (LCI) is associated with different impact categories previously selected. Such an
association consists of transforming each inflow or outflow, according to CF, into potential
environmental impacts. These factors are derived from characterization models, which
represent emissions in equivalent amounts of another substance so to capture their relative
impact, and which are applied to convert LCI results into the common unit of the category
indicator, with this common unit being what allows the calculation of the category indicator
result (ISO, 2006). These indicators may be classified as midpoint or endpoint. Midpoint
methods reflect impact categories such as global warming potential, human toxicity, and
acidification potential, whereas endpoint methods further combine these categories into fewer
categories and even into a single aggregated indicator (Zhang et al., 2010b).

According to Pennington et al. (2004), when LCI data dominate within an impact
category, the results are readily interpretable. However, a comparison between impact
categories may be necessary to prioritize or solve trade-offs between product alternatives. For
this reason, in addition to the selection of impact categories and the characterization of the LCI,
the LCIA step may involve: the normalization process, in which the characterization results are
related to reference values so to facilitate result interpretation; grouping, when the results are
classified and/or ranked in relation to the group importance; and weighting the impact
categories, when the results are associated with numerical factors based on value judgments so
to facilitate the comparison between the impact category indicators (Pennington et al., 2004).

For Zhang et al. (2010b), the aggregation is useful to interpret highly multivariate data;
however, all aggregation methods result in information loss and assume the substitutability
between the variables being aggregated. Thus, equivalence factors are necessary to convert the
variables into a common number; however, finding this common number and equivalence
factors for ES has many challenges (Zhang et al., 2010b). For example, the weighting is
controversial because it involves choices based on political, social, and ethical values, which
leads to subjectivity for certain results (Pennington et al., 2004; Wang et al., 2018). This

subjectivity of human preferences involved in the different processes of the LCIA step may be
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reduced when natural resources and emissions or even ES are represented in physical terms
(Zhang et al., 2010b).

To Rugani et al. (2019), the cause-and-effect chain structures based on the cascade
model may encompass ES indicators that so far have not been fully covered by LCIA methods,
and one of these possible indicators is provided by EMA. According to Zhang et al. (2010b),
even before the LCA, it was common to compile flows of matter and energy so to interpret
them as pressures on natural systems. Accounting for these flows is consistent with the laws of

thermodynamics, the basis for EMA, which is presented below.

IV.2.3 EMERGY

In order to understand the development of ecological systems better, in the last decades,
several ecologists have formulated thermodynamic methods to analyze the contributions of
natural services (Bakshi, 2002). These methods, such as the incorporated solar energy and the
exergy content, may provide information on the sustainability of ecosystems (Jorgensen, 2002).
Emergy is defined as the availability of energy of a kind that is used directly and indirectly in
the manufacture of a product or service (Odum, 1996), and it presents an energy basis for
quantifying or evaluating ecological goods and services from a biogeophysical perspective
(Zhang et al., 2010b). The objective of EMA is to quantify all the resources that are
characterized by a UEV, and that represents the total amount of exergy previously used since
its formation by natural processes, expressed in Joules equivalent to solar energy per unit of
exergy (seJ/J) or mass (selJ/g) (Raugei et al., 2014). UEV is also known for transformity, a key
concept defined as the emergy input per unit of exergy production (Brown and Ulgiati, 2004)
and determined by the energy flows in the hierarchical structure of the ecosystem, being
considered as an indicator of the quality of ecological goods and services (Bastianoni and
Marchettini, 1997). In this way, the emergy of a type of product or service is obtained through
the available quantity of it, multiplied by the respective UEV (Pan et al., 2016).

For Raugei et al. (2014), emergy indicates that “with the use of resources comes
responsibility”, and that resources with high emergy content are “more valuable” since they
required more “effort”, that is, a more considerable amount of physical and thermodynamic

service was needed and should not be wasted. The authors exemplify their statement by
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mentioning logs from old forests that require more environmental service for their formation
than similar quantities of wood from short rotation plantations; thus, old logs should be used
more sparingly. The same idea is valid to analyze the production of fossil fuels (which take
thousands of years to produce) and biomass-based fuels (made in a shorter time scale). These
situations, taken into account by EMA, may be applied for sustainability assessments (Raugei
et al., 2014; Rugani et al., 2013).

Ecological systems converge, diverge, cycle, and recycle materials and energies,
changing their forms and concentrations in processes. When these systems are linked to
technological systems, process releases generally occur, which may be defined as “useful” or
“polluting”, with pollutants being that which exists in concentrations higher than typically
found in the biosphere cycles, but which still participates in the continuous cycles characteristic
of all materials (Ulgiati and Brown, 2002). Since, in ecology, the concept of waste is different
from that of the technological sphere, the theory of EMA initially did not cover the analysis of
the pollutant emissions. With that in mind, Ulgiati et al. (1995) stated that the impact of
emissions could not be ignored in the EMA of ecological-economic systems because the impact
of emissions from human-dominated systems requires environmental services to mitigate or
eliminate damage so to maintain systems sustainability. In other words, compared to traditional
ecological systems, industrial processes will produce pollutant emissions that may lead to a
corresponding adverse impact on humans and the ecosystem. These emissions need extra
ecological services to dilute them and meet the related standards, which may be represented by
the emergy consumed for this purpose (Pan et al.,, 2016). In this context, although the
importance of considering ES has already been identified and evinced, the impacts of emissions

are often ignored or underestimated in related works (Wang et al., 2018).

IV.3 MATERIAL AND METHODS

The methodological approach proposed herein is a combination of LCA and EMA. In
addition to presenting the main aspects “taken” from each methodology, as well as the
information that was applied, this section has a topic to explain the aggregation of information,

the sensitivity analysis carried out, and a generic application to illustrate the proposal.



108

IV.3.1 LIFE CYCLE ASSESSMENT ASPECTS

The main aspects taken from LCA to compose this model are linked to the third stage
(LCIA), more specifically to the CF that make up the LCIA models. Despite the diversity of
LCIA methods (Pennington et al., 2004), only two are used in this study: the ReCiPe (H) 2016
method (“LCIA: the ReCiPe | RIVM model,” nd), because it is one of the most up-to-date
methods, has one of the broadest indicator sets (Alejandre et al., 2019), and is one of the most
used methods (Briones-Hidrovo et al., 2020); and the CML method (“CML-IA Characterization
Factors,” nd), the precursor to ReCiPe, selected primarily to allow a comparison between the
CF of the two methods. Initially, all impact categories of the methods were used, i.e., 17
categories from ReCiPe (H) 2016 and 8 categories from CML. According to Pennington et al.
(2004), the grouping is a process that involves the classification and/or ranking of results in the
impact categories concerning their importance. This ranking may provide a framework to help
draw conclusions about the relative importance of different impact categories. For example,
categories may be grouped into terms of high importance, moderate importance, and low

priority issues. For the proposed model, the categories were grouped according to similarity.

IV.3.2 EMERGY ANALYSIS ASPECTS

Ulgiati and Brown (2002), when mentioning an ancient saying (“The solution to
pollution is dilution”), argue that, although this statement is sometimes true, it has been used in
excess, as increasing rates of by-products have been released into the biosphere, with
concentrations increasing and beginning to threaten human well-being. Even so, this is the basis
proposed by the authors to include emissions accounting in EMA. The emission concentrations
are mostly higher than the corresponding environmental quality standards; therefore, ES are
necessary to dilute their concentration into an acceptable level. These services involve
environmental self-purification, which includes physical, chemical, and biological processes
(Pan et al., 2016).

A similar approach has been proposed in LCA (Jensen et al., 1997). At that time, it
received the name of the critical volume method (Kohlert and Thalmann, 1992) and was a

mathematical device to quantify the virtual need for dilution, being used exclusively as a
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weighing factor for toxicity impact categories (only necessary air volume, without considering
emergy demand). In the case of the proposal for EMA, these emissions need extra ES to
eliminate their adverse effects, resulting in an additional environmental burden. On the other
hand, such emissions may cause potential losses due to the decrease in biodiversity,
compromising the quality of the ecosystem, harming public health, and occupying the land,
among others, and these losses require additional emergy to compensate them (Wang et al.,
2018). Therefore, this approach was selected following the examples of Liu et al. (2013), Pan
et al. (2016), Wang et al. (2018), and Zhang et al. (2014a, 2014b, 2010a, 2010b).

The term “dilution” in “emergy necessary for the dilution of emissions”, should not be
interpreted as the solution to pollution, but only as a mathematical device to estimate a “virtual”
need to balance the environment in which it occurs. According to Pan et al. (2016), the emergy
of these ecological services may be determined from knowledge of the concentration and nature
of the emissions and the UEV of the relevant services. Ecological services for “virtual” diluting
pollutants in air and water may be calculated as follows (Table 2): firstly, the mass of air or
water needed to dilute each emission is estimated (Equation 1); after that, the required “virtual”
dilution emergy may be determined by calculating the kinetic energy of the air or the chemical
energy of the water; then, the emergy of environmental services necessary to dilute the
pollutants is determined, when the kinetic or chemical energy is multiplied by the wind or water
transformity (Equations 2 and 3); finally, since air or water may be used to dilute different
pollutants simultaneously, only the highest Ew,air and Ew,water values are considered for the
final ecological services provided by the atmospheric or aquatic environment and, therefore,

the total emergy is obtained from max (Rw,air) and max (Rw,water) (Equation 4).



Table IV. 2 — Equations and variables to estimate the emergy needed for dilution of emissions.
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Equations n.
m

M=dx— ()
c

1 2

Rw,air = Ew,air X Trair = E X Mair X vZ X Trair ( )

Rw,water = Ew,water X Trwater = Mwuter X P X Trwuter (3)

R, = maX(Rw,air) + max (Rw,water) 4

M: mass of dilution air/water needed

d: air/water density (air = 1.23 kg/m3; water = 1,000 kg/m?)

m: amount of an emitted pollutant

c¢: acceptable concentration from agreed regulations

R, qir: emergy of environmental services needed to dilute air pollutants
E, .i: kinetic energy of air

Trair: transformity of wind (1,90E+03 sel/J)

M,;r: mass of dilution air needed

v: annual average wind speed (1.50 m/s)

Ry, warer: emergy of environmental services needed to dilute water pollutants
E\ywaer: chemical energy of water

Trywaier: transformity of water (6,10E+04 sel/J)

Myaier: mass of dilution water needed

p: water calorific value (Gibbs free energy in water: 4940 J)

The energy sources in the biosphere are the result of solar radiation, tidal momentum,

and geothermal energy, and they make up the total annual global emergy and define the emergy
baseline (Pan et al., 2016; Wang et al., 2018; Zhang et al., 2014a, 2014b), which was initially
estimated at 9.44E+24 sel/year (Odum, 1996). This value has been updated over the past few

years (Brown and Ulgiati, 2010; Campbell, 1998) and is currently recognized as 12.0E+24

seJ/year (Brown et al., 2016). Thus, the necessary transformities for the proposed approach

were all taken from Odum (1996) and corrected to the most recent baseline (Brown et al., 2016).

In addition to the “virtual” dilution emergy values based on the considerations made by Rugani

etal. (2013) and Pan et al. (2016), resource transformities were also used. In this case, the UEV,

also obtained from Odum (1996), were applied in a similar way to CF, albeit based on emergy

content (Table 3).
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Table IV. 3 — Emergy transformities.

Item UEV (seJ/J) Corrected UEYV (seJ/J)
Odum (1996) (Brown et al., 2016)
Global Emergy Baseline (GEB) 9.44E+24 1.20E+25
Freshwater 4.80E+04 6.10E+04
Surface wind 1.50E+03 1.90E+03
Crude oil 5.37E+04 6.83E+04
Land 6.29E+14 8.00E+14
Bauxite 1.50E+07 1.91E+07
Copper 4.49E+13 5.71E+13
Iron 8.55E+08 1.09E+09

IV.3.3 METHODOLOGICAL APPROACH ESTABLISHMENT

A conceptual diagram of the methodological approach is presented in Figure 1. To
calculate the emergy consumption of emissions, the equations shown in Table 2 are used. The
first step, which is to input equation 1 (Table 2), involves densities (air/water), concentrations
of substances emitted, and concentrations allowed. The densities used were 1.23 kg/m? for air
and 1,000 kg/m? for water.

It is important to highlight that this approach is generic, i.e., was not structured based
on a specific process. Therefore, to enable the development of a multiplier factor for each
impact category, based on substances covered by legal standards, the emissions values of
different substances were associated with the CF related to 1 kg of the reference substance for
each category analyzed. For example, for the “Terrestrial ecotoxicity” impact category, the
reference unit is “kg 1,4-DCB eq”, and one of the substances that contribute to this category is
Arsenic, whose CF is 3.49E+04 kg 1,4-DCB/kg Arsenic in air and 1.38E-15 kg 1,4-DCB/kg
Arsenic in water. Therefore, the amount of Arsenic corresponding to 1 kg 1,4-DCB is obtained
by the inverse of the CF of the impact category, that is, 2.86E-05 kg of Arsenic in air and
7.25E+14 kg in water (the other substances that were considered are in the supplementary
material along with their CF).

Finally, the concentrations allowed by law were obtained from Brazilian laws and
regulations (Table 4), except for the CO> emission limit, which, since it is not included in
Brazilian legislation, was obtained from Wang et al. (2018). From Table 4, as well as the CF

contained in the supplementary material, one may observe that in none of the cases were all
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substances considered. This is because there are no emission limits for all substances that make

up an impact category, and the opposite is also true, i.e., not all substances with emission limits

are present in the CF.

Table IV. 4 — Emissions limits.

Max. allowed

Compartment Substance . 3 Reference
concentration (kg/m-)

Particulates <2.5 1.00E-08 (BRASIL, 2018)
Sulfur dioxide 2.00E-08 (BRASIL, 2018)
Nitrogen dioxide 4.00E-08 (BRASIL, 2018)
Lead 5.00E-10 (BRASIL, 2018)

Air Benzene 5.00E-09 (IEMA, 2012)
Arsenic 6.00E-09 (IEMA, 2012)
Cadmium 5.00E-09 (IEMA, 2012)
Nickel 6.00E-09 (IEMA, 2012)
Dioxide carbon 2.00E-03 (Wang et al., 2018)
Arsenic 5.00E-04 (BRASIL, 2011a)
Barium 5.00E-03 (BRASIL, 2011a)
Cadmium 2.00E-04 (BRASIL, 2011a)
Lead 5.00E-04 (BRASIL, 2011a)
Copper 1.00E-03 (BRASIL, 2011a)
Chromium VI 1.00E-04 (BRASIL, 2011a)
Tin 4.00E-03 (BRASIL, 2011a)
Mercury 1.00E-05 (BRASIL, 2011a)
Nickel 2.00E-03 (BRASIL, 2011a)
Nitrogen total 2.00E-02 (BRASIL, 2011a)

Water Silver 1.00E-04 (BRASIL, 2011a)
Selenium 3.00E-04 (BRASIL, 2011a)
Zinc 5.00E-03 (BRASIL, 2011a)
Benzene 1.20E-03 (BRASIL, 2011a)
Chloroform 1.00E-03 (BRASIL, 2011a)
Styrene 7.00E-05 (BRASIL, 2011a)
Phenol 5.00E-04 (BRASIL, 2011a)
Toluene 1.20E-03 (BRASIL, 2011a)
Xilene 1.60E-03 (BRASIL, 2011a)
Radium-226 (Bq/L) 1.00E-03 (BRASIL, 2011b)

After calculating the masses of air or water needed for “virtual” dilution, Equations 2 or

3 are applied (Table 2), where v = 1.50 m/s and Tr.; = 1.90E+03 sel/J for air, and p = 4.940 ]

and Trwaer = 6.10E+04sel/J for water (Tables 2 and 3). Finally, the total emergy required to

dilute the emissions in the impact categories is obtained by adding the highest value found in

the different compartments. In addition to the emergy values required for the “virtual” dilutions,
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the emergy values of the impact categories that involve resources are estimated directly with

the respective UEV, adjusted accordingly with the CF of the LCIA methods.

Figure IV. 1 — Conceptual diagram.

REGULATIONS LCIA
(Acceptable concentration) Results

LCIA
(CF)

EMA ES
(UEV) Results

Necessary
dilution

IV.3.4 SENSIBILITY ANALYSIS

According to ISO (2006), sensitivity analysis consists of systematic procedures to
estimate the effects of choices made in terms of methods and data on the results of a study. As
the result of the approach proposed herein estimates ES based on ACV’s CF, EMA’s UEV, and
legal Brazilian emission standards, this information may be sensitive in the composition of the
results. Therefore, the influence of each impact category, as well as of the category groups, are

analyzed to the exclusion of divergent categories or groups.

IV.3.5 ILLUSTRATIVE APPLICATION

After the methodological approach has been structured, it is applied to a product system
so to illustrate the type of result obtained at the end of the combination of LCA and EMA to
analyze the ES. The product system chosen was electricity production in Brazil, considering
different types of generation, namely Hard coal, Oil, Natural gas, Nuclear, Hydro, Wind, and
Mix (which represents the composition of the Brazilian energy mix). The generation data was
obtained from the ecoinvent database version 3.6, recently updated (ECOINVENT, 2019).

The application consists of normally performing a LCA to obtain the results in

categories of impact and, then, in their multiplication by the estimated emergy contents to dilute
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or compose each category. Only the application with the ReCiPe (H) method is presented;
however, the application with the CML method has also been carried out and is available in the
supplementary material. Like Bakshi (2002), Zhang et al. (2010a, 2010b), and Briones-Hidrovo
et al. (2020), this application is based on preliminary and approximate data, is executed for
illustrative purposes only, and should not be considered as official results for decision-making.
Following the recommendation by Briones-Hidrovo et al. (2020), 1 kWh of electricity produced

(product) is applied as a functional unit.

IV.4 RESULTS AND DISCUSSION

All equations, variables, parameters, and results are available in the supplementary
material. A compilation of the main results is presented in Table 5, which shows the emergy
required for composing the resource categories and diluting the impacts of emissions in air and

water, as well as the total emergy for both methods considered.

Table IV. 5 — Results: emergy to produce/degrade the impact categories.

Air emer Water Total emer
Method Group Impact category gy emergy gy
(sed) (sed)
(sed)
Mineral resource scarcity
(ke Cu eq) - - 1.26E+14
Fossq resource scarcity ) ) 2 94E+12
(kg oil eq)
Resources Land use
- - 8.00E+10
(m2a crop eq)
Water consumption } ) 3 01E+08
(m?)
(Fkresl})”e"a;er eutrophication 1.55E+12 1.10E+14 1.11E+14
Eutrophication Mirineqeutrophication
. - . + . +
ReCiPe (ke N eq) 1.83E+13 1.83E+13
Terrestrial ecotoxicity
+ + +
(ke 1,4-DCB eq) 6.04E+12 2.33E+31 2.33E+31
Human non-carcinogenic
toxicity 431E+11 2.04E+17 2.04E+17
(kg 1,4-DCB eq)
Toxicity Human carcinogenic toxicity
(ke 1.4-DCB eq) 3.65E+11 1.11E+17 1.11E+17
Freshwater ecotoxicity
(ke 1.4-DCB eq) 1.49E+16 1.09E+16 2.58E+16
Marine ecotoxicity 2.24E+14 1.81E+16 1.83E+16

(kg 1,4-DCB eq)
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Ozone formation, Human
health 1.45E+13 - 1.45E+13
(kg NOx eq)

Ozone formation, Terrestrial
ecosystems 9.00E+12 - 9.00E+12
(kg NOx eq)

Fine particulate matter
Others formation 5.98E+11 - 5.98E+11
(kg PM2.5 eq)

Terrestrial acidification

1.83E+11 - 1.83E+11
(kg SO, eq) 83 83
Global warming
1.32E+ - 1.32E+
(ke CO; eq) 32E+06 32E+06
Ionizing radiation
(ke Bq Co-60 eq) - 0.00E+00 0.00E+00
TOTAL 1.52E+16 2.33E+31 2.33E+31
v Eutrophication
Eutrophication (ke PO4—— cq) 5.06E+11 3.59E+13 3.64E+13
Terrestrial ecotoxicity
(ke 1,4-DB cq) 3.35E+11 1.26E+36 1.26E+36
Human toxicity
(ke 1.4-DB eq) 1.37E+12 5.06E+16 5.06E+16
Toxicity Marine aquatic ecotoxicity 7 ATE+08 3 A4E+16 3 A4E+16

(kg 1,4-DB eq)

Fresh water aquatic
ecotoxicity - 7.13E+15 7.13E+15
(kg 1,4-DB eq)

CML

Photochemical oxidation

2.74E+12 - 2.74E+12
(kg C2Hi eq)
Acidification
Others (kg SO; eq) 1.32E+11 - 1.32E+11
Global warming
1.32E+06 - 1.32E+06
(kg COzeq)
TOTAL 5.09E+12 1.26E+36 1.26E+36

Table 5 was structured to group the 17 categories of the ReCiPe (H) method into 4
groups, as well as the 8 categories of the CML method into 3 groups, with the grouping of
resource impact categories being responsible for this difference. Initially, when analyzing
“resource group”, we have that the “mineral resource scarcity” impact category has the most
emergy, i.e., it is the category that requires the most significant effort from the natural system,
as a reflection of the high estimated UEV for copper. The “land use” category, although it has
a higher UEV than copper, requires less natural effort due to the conversions carried out, since
the UEV considered was estimated for 1 ha, and the impact category has the unit as m?. Finally,
although “freshwater” and “crude oil” have UEV in the same order (E+04), oil has emergy per

kg higher than water, thus justifying the difference in total emergy. According to Raugei et al.
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(2014), in the LCIA, methods that evaluate resources are limited to quantifying the types or
utilities of the resources, being restricted to their flows. Now, considering that all environmental
resources may be tracked using emergy, it may be used to characterize any natural resource
included in a LCA (Bakshi, 2002). Thus, the results presented may be considered a form of
physical evaluation of ES used by product systems in a LCA (Zhang et al., 2010a, 2010b).

The eutrophication group was established in a similar order of magnitude as the resource
group (E+14); however, in this case, the total emergy is not the natural service for ‘resources
production’, but the additional energy needed to dilute virtually the substances so to maintain a
sustainable environment. The difference between the results obtained with the ReCiPe and
CML methods reflects those between their CF. In this sense, Finnveden et al. (2009)
commented that, although several LCIA methods are available, there is not always an obvious
choice among them, and, despite the similarities, there may be significant differences in their
results, mainly due to the toxicity impacts.

In fact, the groups with the toxicity impact categories presented the most considerable
differences from the other categories for both LCIA methods, especially in the case of the
“terrestrial ecotoxicity” impact category. Among the main substances responsible for the high
energy required for their dilution are lead (2.33E+31 sel), mercury (1.44E+31 sel), cadmium
(1.73E+30 selJ), and selenium (1.14E+30 seJ) for the ReCiPe (H) method, and lead (1.26E+36
seJ), cadmium (1.06E+35 sel), tin (9.59E+34 selJ), and copper (7.42E+34 seJ) for the CML
method. These values are primarily a consequence of the high CF of such substances for the
impact category, a fact that is justified by their being highly reactive and bioaccumulative heavy
metals. When observing the sum of total emergy values among all impact categories, for both
LCIA methods considered, it is noted that this sum is equal to the emergy required to dilute
lead emissions alone, which means that the natural service to absorb lead impacts is more
considerable than that of the other substances, leaving the other impact categories in the
background in the “toxicity” group as well as in all others. This situation is explored in the
sensitivity analysis presented in the next topic.

Unlike the grouping of toxicity categories, the “others” group presented values in a
similar order of magnitude as the other groups, with emphasis on the “acidification” and “global
warming” categories, common to both methods. For the first, the estimated values were very

close, and the small variation is again attributed to the differences in the CF. In the second, the
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values are equal since all the variables for the calculation are the same, including the CF, which
in this case is 1 since the substance considered is the same that makes up the unit of the impact
category (COy). For “global warming”, it is important to note that Brazilian legislation has no
emission limits, so the applied limit was obtained from Wang et al. (2018).

Another category affected by the availability of CF and legal standards was ‘ionizing
radiation’, which, although it resulted in zero, was maintained since it is part of the RECIPE
method. This null value happened because only one substance relative to the 'ionizing radiation'
category is available in Brazilian legislation, the Radium 226 (emission limit = 1.00E-03 Bq/L
- Table 4), whose CF from ReCiPe (H) is equal to zero. Therefore, while other radioactive
substances do not have emission legal limits, the category 'ionizing radiation' must be analyzed
in parallel with the results of the single indicator provided by this approach. However, the
supplementary material spreadsheet is ready to be updated following the updating of these
values as well as all other information (CF, UEV, and legal standards, among others).

Some of the results obtained may sound controversial. For example, one of the impact
categories that has received more attention nowadays due to the climate change theme is “global
warming”. It is noteworthy that the approach presented herein does not intend to attribute
degrees of importance to impact categories but merely estimate the natural service needed to
dilute “virtually” the impacts of emissions to contribute to the accounting of ES. In this sense,
Alejandre et al. (2019) associated some impact categories of the ReCiPe (H) method related to
ES with “global warming” and “ozone formation™ attributed to the regulation services, and
“water consumption”, “mineral resource scarcity”, and “fossil resource scarcity” attributed to
the provisioning services. Such relationships are interesting to corroborate with the results
presented herein when attempting to relate impact categories, emergy, and ES in a structured
manner.

Finally, considering: Finnveden and Ostlund (1997), who raised the possibility of using
exergy as a characterization parameter in resource flows, identified the need for further
research, including studies with other resources, sensitivity analyses, and tests in LCA; Zhang
et al. (2010b) who stated that accounting for ES may require the treatment of data represented
in several units, quantitative and qualitative information, as well as uncertainties, and,

Finnveden et al. (2009) who mentioned that impacts related to chemical products are often
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excluded from the LCIA. In the following topics, a sensitivity analysis, an application of the

proposed approach, and a discussion on some points of uncertainty are presented.

IV.4.1 SENSIBILITY ANALYSIS

Three scenarios were defined to analyze the relative influence of the results of the
proposed methodological approach concerning the impact categories considered (Table 6).
Scenario (I) disregards the “terrestrial ecotoxicity” impact category, scenario (II) disregards the

“toxicity” group, and scenario (III) disregards both the “toxicity” and “resources” groups.

Table IV. 6 — Sensibility analysis.

Method Impact category Total () (Im (II1)
Mineral resource scarcity 0% 0% 44% -
Fossil resource scarcity 0% 0% 1% -
Water consumption 0% 0% 0% -
Land use 0% 0% 0% -
Freshwater eutrophication 0% 0% 39% 72%
Marine eutrophication 0% 0% 6% 12%
Terrestrial ecotoxicity 100% - - -
Human non-carcinogenic toxicity 0% 57% - -
ReCiPe Human carcinogenic toxicity 0% 31% - -
Freshwater ecotoxicity 0% 7% - -
Marine ecotoxicity 0% 5% - -
Ozone formation, Human health 0% 0% 5% 9%
Ozone formation, Terrestrial ecosystems 0% 0% 3% 6%
Fine particulate matter formation 0% 0% 0% 0%
Terrestrial acidification 0% 0% 0% 0%
Global warming 0% 0% 0% 0%
Ionizing radiation 0% 0% 0% 0%
Eutrophication 0% 0% 93% 93%
Terrestrial ecotoxicity 100% - - -
Human toxicity 0% 55% - -
Marine aquatic ecotoxicity 0% 37% - -
CML Fresh water aquatic ecotoxicity 0% 8% - -
Photochemical oxidation 0% 0% 7% 7%
Terrestrial acidification 0% 0% 0% 0%
Global warming 0% 0% 0% 0%

The “total” column of Table 6 presents the results of Table 5 relatively across all

categories. As already mentioned, the domain of the “terrestrial ecotoxicity” impact category



119

may be observed in both LCIA methods. When this impact category (column (I)) is disregarded,
the domain of the impact categories remains in the “toxicity” group for both methods. This is
due, once again, to the high CF of the substances that contribute to the toxicity categories, the
main ones being Benzene, Styrene, and Toluene, which are highly carcinogenic substances.
Thus, even though a toxicity impact category has been disregarded, the influence of the impact
categories of this group on the ES is evident, given the emergy demand required to ‘normalize’
the concentrations of such substances in the natural environment, which makes sense when
considering heavy metals and carcinogenic substances.

In addition to the toxicity impact categories, with the exclusion of this group (column
(IT)), the greater demand for emergy was associated with the resources group and eutrophication
in the case of the ReCiPe (H) method, and eutrophication in the case of the CML method (since
it has no resource categories). Since the resource group has already been discussed, it was also
disregarded in column (III) of Table 6 to allow an analysis of the other groups. In the case of
eutrophication, one may observe in Table 5 that the category has elements that influence the air
compartment, as well as water, and that this compartment is the one that requires the most
emergy for the dilution of substances. This observation, together with the “toxicity” group,
allows inferring that the ecological service for diluting emissions is more considerable in the
water compartment than in the air, which indicates the more substantial natural service required
to disperse substances in the aquatic environment. Understanding this relationship, it is possible
to justify the lower consumption of emergy for the dilution of substances whose categories are
only associated with the air compartment (“others” group), such as “global warming”, for

example.

IV.4.2 APPLICATION (CASE STUDY)

To contextualize the results obtained with the methodological approach proposed
herein, it was applied in a generic case study related to electricity production in Brazil. The
initial results that would be obtained with a LCA alone are internally normalized and shown in
Figure 2. Although the LCA results are only exploratory, it is possible to observe the diversity

of information available to the decision-maker: seven product systems deliver the same



120

functional unit (1 kWh), differently affecting 17 impact categories. Even so, Alejandre et al.
(2019) state that LCIA is considerably limited, with the addition of impact categories being
essential to improving its robustness. However, this increase complicates interpretation and
decision-making based on the LCA results, thus evincing the need to study how to deal with a
greater number of indicators, facilitating their selection and interpretation for the decision-

making processes.

Figure IV. 2 — Case study (LCA results): impacts to produce 1 kWh of electricity.
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Hermann et al. (2007) point to MCDA to weigh and aggregate the different LCA results
but highlight the increase in uncertainties due to value judgments and the insertion of new
variables. In turn, Zhang et al. (2010a), when hybridizing the LCA, mention the challenge of
how to interpret the multiple attributes of the different services, suggesting aggregation to

consolidate the multivariate data; however, they also point out the loss of information and the
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possibility of misleading decision-making as a result of assumptions and errors in result
interpretation. Both studies agree that the challenge is particularly difficult for ecological
resources due to the significant differences in their qualities, given that, although mass, energy,
and exergy have been popular for representing resources, they cannot cover all information; for
example, mass cannot capture solar energy, and minerals have no energy content (Zhang et al.,
2010a). In this context, in addition to estimating the ES required to support each impact
category, the methodological approach proposed herein also serves as a way of aggregating the
categories into a single metric without using value judgments, only thermodynamic aspects.
This situation may best be seen in Figure 3, where the factors calculated in Table 5 are applied

to the impact categories of the case study shown in Figure 2.

Figure IV. 3 — Case study (methodological approach proposed): ES to produce 1 kWh of electricity.
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The information in Figure 3 represents one of the main possibilities with the
methodological approach proposed herein. If, in the results presented in Figure 2, the decision-
maker was faced with an infinity of trade-offs, rendering the decision difficult, this does not
happen anymore in Figure 3. After the impact categories are ‘translated’ into ES through the
EMA, they all have the same unit (seJ) and may be added together (Rugani et al., 2013). This
situation pointed out that the most considerable ES needed to generate 1 kWh are associated
with oil, reflecting the high contribution of electricity production using oil to the “terrestrial
ecotoxicity” impact category.

When sensitivity analysis is also explored in the case study, scenario (I) changes the
result, and ES are now more substantial to support electricity production using hard coal. In
addition to the ES, these results also evince the environmental problems of using oil due to its
association with heavy metals, as well as hard coal due to its association with carcinogens.
Thus, the importance of the toxicity impact categories is consolidated as a reflection of the high
emergy necessary to maintain the sustainability of the environment, given that the sustainability
of a process decreases when its demand for environmental support to deal with emissions
increases (Ulgiati and Brown, 2002).

When the “toxicity” group is disregarded (scenario (II)), the energy sources that
consume the most ES are natural gas and hydroeletric. The demand for ES from these sources
is mainly associated with the “mineral resource scarcity” impact category, which, due to its
high associated emergy (Table 5), ends up resulting in more considerable ES. When, in addition
to the toxicity impact categories, the resource impact categories are also disregarded (scenario
(III)), the generation sources that require more natural services are nuclear and wind, and, in
this case, the composition of the final value is diluted among the remaining impact categories.
Of these two sources, one of the categories most affected by the nuclear source is ionizing
radiation (97% of the total). It is important to remember that this category was affected by the
absence of substances that have both FC availability and legal emission limit. Therefore, the
ES to produce 1 kWh per nuclear source is overestimated, and this must be taken into account
when making a decision.

Although ES are associated with the quantities of seJ needed for services, it is important
to mention that products or processes with lower emergy values are not necessarily better when

compared to those of greater emergy (Bakshi, 2002). In this sense, Rugani et al. (2013) state
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that, generally, when comparing systems, “the higher the UEV, the lower the efficiency of the
process but the higher the quality of the product, because higher environmental costs may be
associated with it”’; however, this is not always true, and the emergy result values should not be
generalized as such. A low value means that a smaller amount of ecological services is used to
provide ES; however, it cannot be said whether this amount also corresponds to fewer
environmental impacts, given that the amount of ecological services may not be related to
resource scarcity or the dilution of the emissions of certain substances (as in the case of the
‘global warming’ impact category, in which the reference substance is impacting but the emergy
required to dilute it is low).

On the other hand, in conventional interpretations, higher UEV are commonly
associated with a more considerable environmental impact, following a type of precautionary
principle (Rugani et al., 2013). In this way, regardless of treating the UEV as environmental
impacts or ES, the search for their reduction in the analyzed product systems will always be
beneficial. Therefore, for the case study, choosing sources free from oil and hard coal is more

sustainable, due to the fact that they require fewer ES.

IV.4.3 UNCERTAINTIES

The methodological approach proposed herein is a combination of different
methodologies. Therefore, the uncertainties associated with its results are those inherent to the
results of the methodologies when applied individually. Hence, four uncertainty sources are
presented and discussed in this section: uncertainties about the baseline and the transformities
in the case of the EMA, uncertainties about the CF in the case of the LCA, and uncertainties
about the legal parameters that are applied in the dilution equations.

The transformities are estimated in relation to the defined baseline, so this value has
fundamental participation in the results obtained in an EMA. In this sense, Raugei et al. (2014)
argue that, since the introduction of emergy, its concept and the calculation of a ‘baseline’ have
undergone continuous review processes, a fact that ends up causing controversy. Even with the
successive updates of the value, the questions remain, as there are still several unresolved issues

for which final agreements have not been reached. As for the transformities, their values depend
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on the path taken to obtain the material/product/service (Rugani et al., 2013), and this
dependence makes it more challenging to determine these variables since their values may
change with the efficiency of the processes (Bakshi, 2002). Although these are not simple
computational issues since they involve methodological choices of boundary conditions and
assumptions about biosphere dynamics (Brandt-Williams and Brown, 2010) so that the
uncertainties arising from EMA are mitigated, the UEV estimates must be revised in order to
reach a consistent consensus (Raugei et al., 2014).

In turn, although LCA is more consolidated, corroborating the difficulties encountered
in developing the methodological approach proposed herein, Finnveden et al. (2009) argue that
many substances in the inventory do not have available CF, or different models may have
published CF but they generally vary substantially, thus pointing to the need to fill these gaps
for the establishment/selection of more appropriate CF. In this sense, Huijbregts et al. (2017),
stating that LCIA is a rapidly evolving field of research, recognize that, although great effort
has been employed in updating ReCiPe, there is still significant potential for improving the way
impact paths are modeled.

Finally, as demonstrated by Ulgiati and Brown (2002), the legal limits that make a
system “legally” sustainable may not be a reliable framework, as can be seen by the variability
of the limits over time according to accepted policies, public opinion concerns, and new
scientific discoveries. However, even if the methodology depends on the accepted legal limits
for the concentration of emissions, knowing the emergy costs of environmental services needed
to deal with an acceptable amount of emissions may help decision making.

Uncertainty may be treated in different ways, which Finnveden et al. (2009) classified
into “scientific”, “social”, and “statistical”. The “scientific” way is to do more research to find
better data and/or create better models. The “social” way is discussing uncertain issues with
stakeholders and finding consensus on data and choices, a variant of this being the “legal” way,
in which an authority body establishes data, models, and choices. However, while consensus,
recommendations, and policies are recognized as important ingredients, they have sometimes
come into conflict with science and rational research, suggesting the need for caution. Finally,
the “statistical” way, unlike the others, does not attempt to remove or reduce uncertainty but
incorporates it, including methods such as the variation of parameters and the analysis of

scenarios to verify result stability (Finnveden et al., 2009). Thus, recognizing that the
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improvement of data, models, and definitions is a common and continuous process for all the
variables that make up the proposed methodological approach (UEV, CF, legal parameters), it
is evident that, as the uncertainties are mitigated in their methodologies, those of the results

obtained with this work will also be mitigated.

IV.5S CONCLUSIONS

The evaluation of ES is fundamental to the search for sustainability. In this article, a
methodological approach was proposed considering the combination of LCA, more associated
with the analysis of technological services (socioeconomic work), and EMA, more related to
the analysis of ecological services (natural service). It was shown that EMA may be combined
with LCA, rendering it a more nature-oriented assessment, thus contributing to the development
of ES accounting methods. The combination proposed herein is not the first, nor should it be
the last, but is a contribution to the progress towards developing models for ES evaluation.

In addition to assessing ES, the combination of methodologies also allowed the
aggregation of the different impact categories resulting from LCA into a single indicator based
on thermodynamics, the seJ, made available by EMA. Therefore, the proposed methodological
approach may also contribute to the development of aggregation methods. Both the ES
evaluation and aggregation into a single indicator presented herein may support the
development of public policies, as well as decision-making processes assisted by ecological
services. Given the complexity of analyzing these types of services, it is important to continue
the development of accounting methods so that they increasingly cover the different types of
ES, as well as the development of CF in the case of LCA, and UEV in the case of EMA, thus

allowing greater robustness and standardization in ES assessments.
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CAPITULO V. CONCLUSAO GERAL.

Perante o que foi apresentado no capitulo de fundamentacdo bibliografica e também
nos topicos introdutdrios dos capitulos III e IV, se pode afirmar que a aplicagdo de métodos de
quantificagdo de impactos ambientais (nesse caso, a ACV e a AE) ¢ fundamental para contribuir
com a busca pela sustentabilidade, tanto em sistemas naturais quanto tecnologicos. E ainda, que
a combinagdo entre diferentes métodos pode auxiliar na comunicagdo dos resultados dos
estudos de forma mais clara e atrativa para as diferentes partes interessadas, contribuindo com
mais informagdes para os processos de tomada de decisdo associados as varidveis ambientais.

Uma situagdo associada com a comunicagao dos resultados refere-se complexidade da
caracterizacdo dos dados de uma ACV, a qual, possibilita a ocorréncia de trade-offs entre as
diferentes categorias de impacto da mesma e/ou entre as diferentes etapas do ciclo de vida do
sistema em analise. Esta situacdo pode ser amenizada com a agregacao dos resultados do estudo
segundo diferentes metodologias. Nesta tese, foi utilizada a combina¢do da ACV com AE.
Primeiramente os métodos foram aplicados de forma individual (Capitulo III), e na sequéncia,
elementos especificos dos dois métodos foram hibridizados para serem aplicados de forma
conjunta (Capitulo IV). Assim sendo, neste topico sdo apresentadas as conclusdes associadas

as perguntas de pesquisa, as hipdteses e aos objetivos especificos desta tese.

V.1 RESPOSTAS AS PERGUNTAS DE PESQUISA

(1) A aplicaciao das metodologias de avaliacio do ciclo de vida e de analise
emergética convergem ao identificar os processos mais impactantes, do ponto de vista
ambiental, de um sistema?

Diferentemente da hipdtese definida para esta pergunta, a resposta ¢ nao. Embora
sejam métodos que possuem o mesmo objetivo, e ainda, que apresentem certa convergéncia,
algumas consideracdes e definicdes diferentes na estruturacdo dos métodos, acabam
possibilitando a ocorréncia de divergéncias entre os resultados dos estudos. A refutacdo da
hipoétese pode ser mais bem observada na Figura II1.4, no Capitulo III. Ao se aplicar as duas

metodologias de forma independente a0 mesmo sistema de produto (rodapé de EPS), se pode
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observar certa convergéncia quando da caracterizacao dos processos de eletricidade e produgao
de EPS, porém, também foram identificadas divergéncias quanto aos processos de GLP ou
transporte, por exemplo.

De qualquer forma, a existéncia das divergéncias deve ser entendida como uma forma
complementar de fornecimento de informagdes aos tomadores de decisdao. Logo, fica
comprovado que a interagdo entre a AE e a ACV pode fornecer uma perspectiva de avaliagao

maior que a comum, evidenciando-se assim a complementariedade entre as metodologias.

(2) E possivel estabelecer um indicador tinico para a ACV utilizando a AE?

Conforme a hipotese determinada para esta pergunta de pesquisa, a resposta ¢ sim. No
caso das categorias de impacto de recursos, os contetidos emergéticos da AE foram diretamente
associados aos seus respectivos fatores de caracterizacdo. Ja para as emissdes de substancias no
ar e/ou na agua, os fatores de caracterizagdo, juntamente com seus niveis legais aceitaveis,
foram utilizados para identificar a necessidade de emergia para realizar sua dilui¢cdo “virtual”.

A confirmacdo da hipdtese pode ser visualizada na Tabela IV.5, no Capitulo IV. Na
referida tabela, sdo lancadas todas as categorias de impacto dos métodos RECIPE e CML
juntamente com as demandas emergéticas necessarias, seja para sua composicao ou para sua
diluigao “virtual”. De forma a exemplificar a aplica¢do do indicador inico estabelecido, um
estudo de caso foi desenvolvido e a agregagdo das categorias de impacto da ACV em termos

do contetido emergético da AE pode ser visualizada na Figura IV.3.

V.2 ATENDIMENTO AOS OBJETIVOS PROPOSTOS

O objetivo central desta tese, definido como “combinar a ACV com a AE para
desenvolver um indicador tnico para os resultados da primeira”, foi alcangado com o apoio
dos contetdos emergéticos fornecidos por Odum (1996) e também com o auxilio da teoria de
diluicdo “virtual” e de valores legais de emissdes, os quais permitiram a agregacdo das
categorias de impacto em um unico indicador, o sel. Por sua vez, em relagdao ao atendimento

aos objetivos especificos, tem-se:
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(1) Avaliar as possiveis convergéncias e divergéncias entre as metodologias
aplicando a avaliacdo do ciclo de vida e a analise emergética a0 mesmo sistema de
produto; Objetivo inicial desta pesquisa, a aplicagdo da ACV e da AE foi realizada em um
sistema de produto com dados primarios da produgdo de rodapés de EPS, e permitiu
compreender melhor as especificidades das duas metodologias de quantificagdo de impactos
ambientais, bem como identificar os pontos fortes e as limitagdes de cada uma. Seu resultado ¢

apresentado no Capitulo III, especificamente no item I11.4.5.

(2) Estabelecer fatores de caracterizacio para as diferentes categorias de impacto
da ACV em termos da emergia solar necessaria para produzi-las ou trata-las; Apos o
atendimento ao objetivo especifico (1), se pode compreender melhor a limitacdo da ACV em
relacdo a quantifica¢do do trabalho natural para a produgdo de recursos ¢ também da AE em
relacdo a quantificacdo das emissdes de substancias poluentes. Esta compreensdao permitiu a
identificacdo dos elementos necessarios para o estabelecimento dos novos fatores de
caracterizacdo da ACV associados aos conteudos emergéticos da AE, tanto para producdo de
recursos, quanto para a diluicdo “virtual” de emissdes. O resultado da combinagdo dos

elementos € apresentado no Capitulo IV, especificamente no item IV.4.

(3) Analisar a aplicabilidade dos fatores estabelecidos nas diferentes categorias
de impacto resultantes de um estudo de ACV. Apds o estabelecimento dos fatores de
caracterizacdo (objetivo especifico (2)), estes foram aplicados em um estudo de caso para
quantificagdo dos impactos ambientais potenciais para a geracdo de 1 kWh pelas diferentes
fontes de eletricidade da matriz energética brasileira (dados do ecoinvent 3.6). Este objetivo
especifico permite visualizar de forma pratica a principal aplica¢dao dos resultados obtidos nesta

tese, podendo ser mais bem observado no item 1V.4.2, do Capitulo IV.
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V.3 ANALISE CRITICA

Ainda que os objetivos propostos tenham sido contemplados, algumas limitagdes
puderam ser identificadas no desenvolver da presente tese. Estas limitagdes devem ser
entendidas como possibilidades para o aperfeigoamento da abordagem metodoldgica proposta,
bem como para pesquisas futuras. Levando em consideragdo que a obtencao do indicador tinico
se da pela combinagdo de diferentes metodologias, se deve compreender que as incertezas
associadas sao reflexo das metodologias em si. Algumas dessas incertezas sao referentes a linha
de base ¢ as transformidades no caso da AE, aos fatores de caracterizagdo no caso da ACV e
aos parametros legais aplicados nas equacdes de dilui¢do.

As transformidades e a linha de base tem participacdo fundamental nos resultados
obtidos em uma AE, sendo a primeira diretamente dependente da segunda. O fato de o calculo
da linha de base passar frequentemente por processos de revisdo acaba causando controvérsia,
pois mesmo com as atualizagdes, algumas dividas permanecem uma vez que ainda existem
questdes sem um acordo final.

Embora a ACV seja mais consolidada, muitas substancias ainda nao possuem FC
disponiveis, ou até possuem, porém, diferentes modelos podem ter FC variando
consideravelmente. Sendo assim, mesmo que o desenvolvimento de métodos de AICV estejam
em constante evolugdo, ainda existe um potencial significativo para melhorar a forma como os
impactos sao modelados. Essa situa¢do pode ser destacada para a categoria de impacto ‘radiagado
ionizante’, na qual o fator de caracterizacdo da Unica substancia que possui limite legal de
emissdo (Radio 226) ¢ igual a zero. Logo, enquanto ndo houver novos FC, ou ainda, novos
padrdes legais de emissdo para outras substancias radioativas, quando da anélise de sistemas
produtivos nos quais estas substancias estejam presentes, a categoria de impacto ‘radiagdo
ionizante’ devera ser analisada em paralelo com os resultados agregados pela abordagem
proposta.

Ainda quanto aos limites legais que tornam um sistema “legalmente” sustentavel. Estes
podem ndo ter uma estrutura confiavel, como pode ser visto pela variabilidade dos limites ao
longo do tempo de acordo com as politicas aceitas, abrangéncia e cobertura das substancias

poluentes, preocupagdes da opinido publica, e novas descobertas cientificas.
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Desta forma, reconhecendo que o aprimoramento de dados, modelos e defini¢des € um
processo comum € continuo para todas as variaveis que compdem a abordagem metodologica
proposta (UEV, FC e parametros legais), fica evidente que, a medida que as incertezas forem
mitigadas em suas metodologias, as dos resultados obtidos com esta tese também poderao ser
mitigadas.

Quanto aos calculos da emergia necessaria para a diluigdo das emissdes, destaca-se
que a diluicao nao deve ser encarada como a solucdo para a polui¢do, mas somente como um
artificio matematico para estimar uma necessidade “virtual” para equilibrar o ambiente em que
acontece. Quanto a caracterizagdo na ACV, se deve entender que, a aplicagao de fatores de
caracterizacdo que expressam o impacto potencial relativo decorrente de 1 kg de uma dada
emissdo quando comparado a 1 kg de outra emissao de referéncia escolhida, ¢ utilizada somente
para possibilitar a associacdo dos resultados das diferentes categorias de impacto com as
concentragoes reais das substancias emitidas.

Embora as quantidades emitidas sejam relatadas no ICV (e agregadas para toda a
cadeia de abastecimento), a metodologia de ACV ainda ndo estd equipada para fornecer
informacdes sobre a distribuigdo geografica real e, portanto, sobre as concentragdes reais. Ou
seja, a mesma quantidade de uma determinada substancia poluente conforme descrito em um
ICV poderia ser igualmente emitida em uma area especifica muito pequena (refletindo em
elevadas concentracdes), ou ainda, em diferentes etapas do ciclo de vida e distribuidas em areas
maiores e espalhadas (levando a concentragdes mais baixas). Portanto, mais uma vez ¢ indicada
a necessidade de entendimento de que os resultados da abordagem devem ser analisados como
uma necessidade “virtual” baseada na diluicdo das emissdes para atingir alguns padrdes legais
locais, uma vez que assume que todas as emissdes do ICV ocorrem no mesmo local, o que
raramente ocorre.

Finalmente, ainda que com a agregagao das diferentes categorias de impacto da ACV
no indicador tnico da AE a complexidade na tomada de decisdo possa ser reduzida, destaca-se
que uma dos principais atributos da ACV ¢ a sua capacidade de transformar aspectos ambientais
em diferentes tipos de impactos (que impactam em diferentes areas de prote¢do), caracteristica
que acaba sendo perdida pela abordagem metodologica aqui proposta. Sendo assim, essa

simplifica¢cdo poderia ser entendida mais como uma perda do que um ganho. Logo, ¢ importante
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destacar que, embora a abordagem proposta permita a agregacao das diferentes categorias de
impacto em um indicador Unico, recomenda-se que este resultado seja utilizado em conjunto
com os resultados de uma ACV, ou seja, que os resultados das categorias de impacto sejam

apresentados juntamente com o indicador tnico.

V.4 CONCLUSAO

A ocorréncia de trade-offs entre as diferentes categorias de impacto, os quais podem
dificultar os processos de tomada de decisdo, foi identificada como um dos pontos que carecem
de avangos cientificos no campo de desenvolvimento da ACV. Concomitantemente, a falta de
procedimentos padronizados foi identificada como um ponto a ser melhorado na AE. Ao se
combinarem os FC das substancias relacionadas as diferentes categorias de impacto da ACV, e
ainda, com seus respectivos limites legais de emissdo, foi possivel quantificar a dilui¢ao
“virtual” necessaria para que as referidas substancias ndo impactem o meio em que sdo
langadas, e ainda, associa-las a um contetido emergético para tal (indicador unico). Desta
forma, esta tese cumpre seu papel ao contribuir com o avan¢o na consolidacio do método
de AE ao associa-lo com o método padronizado da ACV, mas principalmente ao
estabelecer um método que, diferente de todos os demais, possibilita a agregacio das
diferentes categorias de impacto da ACV sem utilizar julgamentos com base em valores
e/ou opinides, mas sim, utilizando informacodes de contetiido energético com bases em
termodinidmica. Sendo assim, espera-se que de agora em diante, o indicador unico aqui

estabelecido seja aplicado em estudos de ACV.

V.S PERSPECTIVAS PARA TRABALHOS FUTUROS

Durante o desenvolvimento deste trabalho, foi possivel identificar algumas lacunas
que possivelmente podem contribuir com a evolucdo dos temas de pesquisa associados a esta
tese. Além das sugestoes brevemente apresentadas nas conclusdes dos Capitulos III e IV, outras
possibilidades para estudos e trabalhos futuros sao indicadas a seguir:

e Uma vez que uma das principais limitagdes da abordagem proposta estd

associada com as incertezas relacionadas a cada metodologia utilizada, a
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principal recomendacdo para continuidade desta pesquisa, ¢ a aplicacdo de
métodos estatisticos para estimar a influéncia de cada uma das fontes de
incerteza nos resultados obtidos ao final de sua aplicacao;

e Logicamente, conforme novos valores de UEV, novos métodos de AICV, e
ainda, novos padrdes legais sejam determinados, entende-se que atualizar essas
informagdes para a abordagem proposta deve contribuir com a diminui¢do das
incertezas associadas, consequentemente, com a melhoria dos resultados;

e Quanto as relagdes entre os FC das categorias de impacto e os limites legais de
emissdo, especialmente no grupo de categorias de toxicidade, sugere-se
analisar a correlacao destes em relacdo as diferentes substancias, de forma a
verificar o alinhamento (ou ndo), entre os métodos definidos para o
estabelecimento dos FC, bem como dos padroes legais;

e Incentiva-se a aplicacdo da abordagem aqui proposta em diferentes estudos de
caso, no intuito de possibilitar um melhor entendimento do comportamento e
da influéncia das informagdes que podem ser tanto fornecidas quanto obtidas
pela mesma;

e Por fim, e como um grande desafio, recomenda-se a regionalizagdo geografica
dos UEV, dos FC, dos padrdes legais de emissdo, e ainda dos dados de
inventario, de forma que, as necessidades de diluigdo ““virtual” possam ser

estimadas com maior fidedignidade.
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APENDICE A - Datasets utilizados no Capitulo IIL.

Datasets — ecoinvent® 3.5

market for butyl acetate | butyl acetate | Cutoff, U - RoW

market for chemical, organic | chemical, organic | Cutoff, U - GLO

market for chemicals, inorganic | chemical, inorganic | Cutoff, U - GLO

market for electricity, medium voltage | electricity, medium voltage | Cutoff, U - BR

market for ethanol, without water, in 99.7% solution state, from ethylene | ethanol, without water, in 99.7%
solution state, from ethylene | Cutoff, U - RoW

market for ethyl acetate | ethyl acetate | Cutoff, U - GLO

market for kraft paper, bleached | kraft paper, bleached | Cutoff, U - GLO

market for liquefied petroleum gas | liquefied petroleum gas | Cutoff, U - RoW

market for lubricating oil | lubricating oil | Cutoff, U - RoW

market for packaging film, low density polyethylene | packaging film, low density polyethylene | Cutoff, U -
GLO

market for polyethylene, low density, granulate | polyethylene, low density, granulate | Cutoff, U - GLO
market for polypropylene, granulate | polypropylene, granulate | Cutoff, U - GLO

market for polystyrene, expandable | polystyrene, expandable | Cutoff, U - GLO

market for polystyrene, general purpose | polystyrene, general purpose | Cutoff, U - GLO
market for polyvinylfluoride, film | polyvinylfluoride, film | Cutoff, U - GLO

market for steel, low-alloyed | steel, low-alloyed | Cutoff, U - GLO

market for synthetic rubber | synthetic rubber | Cutoff, U - GLO

market for toluene, liquid | toluene, liquid | Cutoff, U - RoW

market for transport, freight, light commercial vehicle | transport, freight, light commercial vehicle | Cutoff, U
- RoW

market for transport, freight, lorry 16-32 metric ton, EURO3 | transport, freight, lorry 16-32 metric ton,
EURO3 | Cutoff, U - RoW

market for transport, freight, lorry 3.5-7.5 metric ton, EURO3 | transport, freight, lorry 3.5-7.5 metric ton,
EURO3 | Cutoff, U - RoW

market for transport, freight, sea, transoceanic tanker | transport, freight, sea, transoceanic tanker | Cutoff, U -
GLO

market for xylene | xylene | Cutoff, U - RoW

treatment of municipal solid waste, sanitary landfill | municipal solid waste | Cutoff, U - RoW
Fonte: elaborado pelo autor (2020).
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APENDICE B — Dados associados a abordagem metodolégica proposta no Capitulo IV.

B.1 — Equacdes e parametros:

EQUATIONS PARAMETERS
Densities (kg/m?)
|M —dx m Air 1.23E+00 (i)
C Water 1.00E+03 (i)

1
— — 2
|Rw,air - Ew,air X Trair =5X Mair XveX Trair

Air substances

Legal concentration (kg/m®)

2 Particulates <2.5 1.00E-08 (iv)

Sulfur dioxide 2.00E-08 (iv)

Nitrogen dioxide 4.00E-08 (iv)

I&M water = Ewwater X Thyater = Mygrer X P X Thyqter Lead 5.00E-10 (iv)
Benzene 5.00E-09 (v)

Arsenic 6.00E-09 (v)

|R2 = maX(Rw air) + max(Ry warer) (&1 0, 3.00E-09 (v)
Nickel 6.00E-09 (v)

Carbon dioxide 2.00E-03 (vi)

M: mass of dilution air/water needed

d: air/water density (air = 1.23 kg/m?; water = 1,000 kg/m*)

Water substances

Legal concentration (kg/m?®)

m: amount of a emitted pollutant Arsenic 5.00E-04 (vii)
c: acceptable concentration from agreed regulations Barium 5.00E-03 (vii)
Rw,air: emergy of environmental services needed to dilute air pollutants Cadmium 2.00E-04 (vii)
Ew,air: kinetic energy of air Lead 5.00E-04 (vii)
Tr,air: trans formity of wind Copper 1.00E-03 (vii)
Mair: mass of dilution air needed Chromium VI 1.00E-04 (vii)
v: annual average wind speed (1.50 n/s) Tin 4.00E-03 (vii)
Rw,water: emergy of environmental services needed to dilute water pollutants Mercury 1.00E-05 (vii)
Ew,water: chemical energy of water Nickel 2.00E-03 (vii)
Tr,water: trans formity of water Nitrogen total 2.00E-02 (vii)
Mwater: mass of dilution water needed Silver 1.00E-04 (vii)
p: thermal value coefficient of water (Gibbs free energy) Selenium 3.00E-04 (vii)
Max (Rw,air) ou Max(Rw,water): greatest value of Ew,air or Ew,water Zinc 5.00E-03 (vii)
R2: emergy of ecological services needed to dissipate the emissions Benzene 1.20E-03 (vii)

Chloroform 1.00E-03 (vii)
REFERENCES Styrene 7.00E-05 (vii)
(i) Pan et al. (2016) Phenol 5.00E-04 (vii)
(ii) ReCiPe 2016 Toluene 1.20E-03 (vii)
(iii) CML Xilene 1.60E-03 (vii)
(iv) RES CONAMA 491/2018 Radium-226 (Bq/L) 1.00E-03 (viii)
(v) IEMA (2012)

(vi) Wang et al. (2018)

Others parameters

(vii) RES CONAMA 430/2011 p: thermal value coefficient of water (J/kg) 4.94E+03 (ix)
(viii) PORTARIA 2.914/2011 MSaude v: annual average wind speed (nvs) 1.50E+00 (i)
(ix) Odum, 1996 (pag. 295)
(x) Oil calorific value = 43,000 kJ/kg UEVs (Odum, 1996) UEV (sej/J)
(xi) 1 ha = 10,000 m?a EMERGY BASELINE 9.44E+24
(xii) | kg =1,000g Freshwater (pg 42) 4.80E+04
(xiii) 1 Ib =0.453 kg Surface wind (pg 120) 1.50E+03
Crude oil 5.37E+04
Ulgiati and Brown (2002) Land 6.29E+14
https://www.sciencedirect.conyscience/article/pii/S0959652601000440 Bauxite 1.50E+07
Pan et al. (2016) Copper 4.49E+13
https://www.sciencedirect.conVscience/article/pii/S095965261630779X Iron 8.55E+08
Wang et al. (2018) UEVs (Brown and Ulgiati, 2016) Corrected UEV (sej/J)
https://www.sciencedirect.com/science/article/pii/ S0956053X1830196X EMERGY BASELINE 1.20E+25
Freshwater 6.10E+04
Surface wind 1.90E+03
Crude oil 6.83E+04
Land 8.00E+14
Bauxite 1.91E+07
Copper 5.71E+13
Iron 1.09E+09
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Impact category Resource CE (ii) Conversion UEV (sej/J) Reference emergy (sej max. emergy (sej) Total emergy (sej)
Fossil resource scarcity (kg oil eq) Oil, crude 1.00E+00 4.30E+07 (x) 6.83E+04 Odum, 1996 (pag. 308) 2.94E+12 2.94E+12 2.94E+12
Land use (kg n?a crop eq) Occupation, unknown 1.00E+00 1.00E-04 (xi) 8.00E+14 Odum, 1996 (pag. 110) 8.00E+10 8.00E+10 8.00E+10
RESOURCES Iron ore 5.71E+01 1.00E+03 (xii) 1.09E+09 Odum, 1996 (pag. 186) 6.21E+13
Mineral resource scarcity (kg Cu eq) Bauxite 2.18E+02 1.00E+03 (xii) 1.91E+07 Odum, 1996 (pég. 46 ¢ 310) 4.16E+12 1.26E+14 1.26E+14
Copper 1.00E+00 2.20E+00 (xiii) 5.71E+13 Odum, 1996 (pag. 157) 1.26E+14
Water consumption (') Water 1.00E+00 4.94E+03 (ix) 6.10E+04 Odum, 1996 (pag. 120) 3.01E+08 3.01E+08 3.01E+08
Impact category Compartment Substance Density (kg/nr’) (i) CF (ii) Legal [ ] (kg/m’) Mass (kg) Dilution UEV (sej/d) emergy (sej) Total emergy (sej)
B Air Nitrogen dioxide 1.23E+00 2.35E+01 4.00E-08 (iv) 7.24E+08 1.50E+00 (i) 1.90E+03 1.55E+12
EDIEICRIEN | in R Water Nitrogen total L.00E+03 7.29E+00 2.00E-02 (vii) 3.64E+05 4.94E+03 (ix) 6.10E+04 L10E+14 LHEH4
Marine eutrophication (kg N eq) Water Ammonia 1.00E+03 1.21E+00 2.00E-02 (vii) 6.07E+04 4.94E+03 (ix) 6.10E+04 1.83E+13 1.83E+13
Impact category Compartment Substance Density (kg/m’) (i) CF (i) Legal [ ] (kg/m’) Mass (kg) Dilution UEV (sej/J) emergy (sej) max. emergy (sej) Total emergy (sej)
Arsenic 1.23E+00 1.25E+00 6.00E-09 (v) 2.56E+08 1.50E+00 (i) 1.90E+03 SA8E+11
Benzene 1.23E+00 2.83E+04 5.00E-09 (v) 6.97E+12 1.50E+00 (i) 1.90E+03 1.49E+16
Air Cadmium 1.23E+00 8.55E-01 5.00E-09 (v) 2.10E+08 1.50E+00 (i) 1.90E+03 4.50E+11 1.49E+16
Lead 1.23E+00 7.25E+01 5.00E-10 (iv) 1.78E+11 1.50E+00 (i) 1.90E+03 3.81E+14
Nickel 1.23E+00 4.63E-01 6.00E-09 (v) 9.49E+07 1.50E+00 (i) 1.90E+03 2.03E+11
Arsenic 1.00E+03 4.22E-02 5.00E-04 (vii) 8.44E+04 4.94E+03 (ix) 6.10E+04 2.54E+13
Barium 1.00E+03 3.58E-01 5.00E-03 (vii) T.17E+04 4.94E+03 (ix) 6.10E+04 2.16E+13
Benzene 1.00E+03 1.15E+01 1.20E-03 (vii) 9.60E+06 4.94E+03 (ix) 6.10E+04 2.89E+15
Cadmium 1.00E+03 5.95E-02 2.00E-04 (vii) 2.98E+05 4.94E+03 (ix) 6.10E+04 8.97E+13
Chloroform 1.00E+03 6.17E+00 1.00E-03 (vii) 6.17E+06 4.94E+03 (ix) 6.10E+04 1.86E+15
Chromium VI 1.00E+03 1.15E-02 1.00E-04 (vii) 1.15E+05 4.94E+03 (ix) 6.10E+04 3.48E+13
Freshwater ecotoxicity (kg 1,4-DCB eq) Copper 1.00E+03 6.17E-03 1.00E-03 (vii) 6.17E+03 4.94E+03 (ix) 6.10E+04 1.86E+12 2.58E+16
Lead 1.00E+03 1.65E+00 5.00E-04 (vii) 3.30E+06 4.94E+03 (ix) 6.10E+04 9.95E+14
Water Mercury 1.00E+03 2.01E-02 1.00E-05 (vii) 2.01E+06 4.94E+03 (ix) 6.10E+04 6.05E+14 LO9E+16
Nickel 1.00E+03 2.17E-02 2.00E-03 (vii) 1.09E+04 4.94E+03 (ix) 6.10E+04 3.28E+12
Phenol 1.00E+03 1.03E+00 5.00E-04 (vii) 2.06E+06 4.94E+03 (ix) 6.10E+04 6.22E+14
Selenium 1.00E+03 6.54E-02 3.00E-04 (vii) 2.18E+05 4.94E+03 (ix) 6.10E+04 6.57E+13
Silver 1.00E+03 2.06E-03 1.00E-04 (vii) 2.06E+04 4.94E+03 (ix) 6.10E+04 6.21E+12
TOXICITY Sl.xrene 1.00E+03 2.53E+00 7.00E-05 (vﬁ) 3.61E+07 4.94E+03 (?x) 6.10E+04 1.09E+16
Tin 1.00E+03 2.10E-01 4.00E-03 (vii) 5.24E+04 4.94E+03 (ix) 6.10E+04 1.58E+13
Toluene 1.00E+03 7.19E+00 1.20E-03 (vii) 6.00E+06 4.94E+03 (ix) 6.10E+04 1.81E+15
Xylene 1.00E+03 6.45E+00 1.60E-03 (vii) 4.03E+06 4.94E+03 (ix) 6.10E+04 1.22E+15
Zinc 1.00E+03 4.74E-03 5.00E-03 (vii) 9.48E+02 4.94E+03 (ix) 6.10E+04 2.86E+11
Arsenic 1.23E+00 1.17E-03 6.00E-09 (v) 2.41E+05 1.50E+00 (i) 1.90E+03 S5.15E+08
Benzene 1.23E+00 6.94E-01 5.00E-09 (v) 1.71E+08 1.50E+00 (i) 1.90E+03 3.65E+11
Air Cadmium 1.23E+00 4.31E-03 5.00E-09 (v) 1.06E+06 1.50E+00 (i) 1.90E+03 2.27E+09 3.65E+11
Lead 1.23E+00 5.38E-02 5.00E-10 (iv) 1.32E+08 1.50E+00 (i) 1.90E+03 2.83E+11
Nickel 1.23E+00 2.68E-03 6.00E-09 (v) 5.50E+05 1.50E+00 (i) 1.90E+03 1.18E+09
Arsenic 1.00E+03 2.90E-03 5.00E-04 (vii) 5.80E+03 4.94E+03 (ix) 6.10E+04 1.75E+12
Benzene 1.00E+03 2.82E+00 1.20E-03 (vii) 2.35E+06 4.94E+03 (ix) 6.10E+04 7.10E+14
q q 9.5 Cadmium 1.00E+03 7.25E-01 2.00E-04 (vii) 3.62E+06 4.94E+03 (ix) 6.10E+04 1.09E+15
e iy (3 D) Chloroform L.00E+03 LL16E+00 1.00E-03 (vii) L16E+06 494503 () 6.105+04 3.50E+14 LHE7
Chromium VI 1.00E+03 1.34E-04 1.00E-04 (vii) 1.34E+03 4.94E+03 (iX) 6.10E+04 4.05E+11
Water Lead 1.00E+03 3.14E+00 5.00E-04 (vii) 6.29E+06 4.94E+03 (ix) 6.10E+04 1.90E+15 1L11E+17
Mercury 1.00E+03 7.19E-03 1.00E-05 (vii) 7.19E+05 4.94E+03 (ix) 6.10E+04 2.17E+14
Nickel 1.00E+03 4.39E-02 2.00E-03 (vii) 2.19E+04 4.94E+03 (iX) 6.10E+04 6.61E+12
Styrene 1.00E+03 3.56E+00 7.00E-05 (vii) 5.08E+07 4.94E+03 (ix) 6.10E+04 1.53E+16
Toluene 1.00E+03 4.42E+02 1.20E-03 (vii) 3.69E+08 4.94E+03 (ix) 6.10E+04 LI11E+17
Xylene 1.00E+03 4.37E+02 1.60E-03 (vii) 2.73E+08 4.94E+03 (ix) 6.10E+04 8.23E+16
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B.2 — Variaveis e resultados (ReCiPe) (continuacio):

Arsenic 1.23E+00 9.43E-06 6.00E-09 (v) 1.93E+03 1.50E+00 (i) 1L90E+03 4.14E+06
Benzene 1.23E+00 8.20E-01 5.00E-09 (v) 2.02E+08 1.50E+00 (i) 1.90E+03 431E+11

Air Cadmium 1.23E+00 2.79E-05 5.00E-09 (v) 6.87E+03 1.50E+00 (i) 1.90E+03 147E+07 431E+11
Lead 1.23E+00 2.62E-03 5.00E-10 (iv) 6.44E+06 1.50E+00 (i) 190E+03 1.38E+10
Nickel 1.23E+00 1.40E-02 6.00E-09 (v) 2.87E+06 1.50E+00 (i) 1.90E+03 6.13E+09
Arsenic 1.00E+03 1.14E-05 5.00E-04 (vii) 2.29E+01 4.94E+03 (ix) 6.10E+04 6.90E+09
Barium 1.00E+03 5.43E-03 5.00E-03 (vii) 1.09E+03 4.94E+03 (ix) 6.10E+04 3.28E+11
Benzene 1.00E+03 3.32E+00 1.20E-03 (vii) 2.77E+06 4.94E+03 (ix) 6.10E+04 8.35E+14
Cadmium 1.00E+03 7.87E-04 2.00E-04 (vii) 3.94E+03 4.94E+03 (ix) 6.10E+04 L19E+12.
Chloroform 1.00E+03 7.81E-02 1.00E-03 (vii) 7.81E+04 4.94E+03 (ix) 6.10E+04 235E+13

Human non-carcinogenic toxicity (kg 1.4-DCB eq) Chromium 1.00E+03 1.74E-02 1.00E-04 (vii) 1.74E+05 4.94E+03 (ix) 6.10E+04 5.25E+13 2.04E+17

| Copper 1.00E+03 3.50E-01 1.00E-03 (vii) 3.50E+05 4.94E+03 (ix) 6.10E+04 1.OSE+14

it Lead 1.00E+03 2.62E-03 5.00E-04 (vii) 5.24E+03 4.94E+03 (ix) 6.10E+04 1.58E+12 AT
Mercury 1.00E+03 1.78E-05 1.00E-05 (vii) 1.78E+03 4.94E+03 (ix) 6.10E+04 536E+11
Nickel 1.00E+03 227E-01 2.00E-03 (vii) 1.14E+05 4.94E+03 (ix) 6.10E+04 343E+13
Phenol 1.00E+03 3.17E+00 5.00E-04 (vii) 6.35E+06 4.94E+03 (ix) 6.10E+04 1.91E+15
Silver 1.00E+03 1.45E-03 1.00E-04 (vii) 1.45E+04 4.94E+03 (ix) 6.10E+04 437E+12
Styrene 1.00E+03 4.74E+01 7.00E-05 (vii) 6.77E+08 4.94E+03 (ix) 6.10E+04 2.04E+17
Toluene 1.00E+03 1L40E+0L 1.20E-03 (vii) 1L17E+07, 4.94E+03 (ix) 6.10E+04 3.50E+15
Xylene 1.00E+03 145E+01 1.60E-03 (vii) 9.03E+06 4.94E+03 (ix) 6.10E+04 2.72E+15
Zinc 1.O0E+03 121E-04 5.00E-03 (vii) 2.43E+01 4.94E+03 (ix) 6.10E+04 7.30E+09
T E Arsenic 1.23E+00 3.76E-02 6.00E-09 (v) 7.71E+06 1.50E+00 (i) 1.90E+03 1.65E+10
Benzene 1.23E+00 4.26E+02 5.00E-09 (v) 1OSE+11 1.50E+00 (i) 1.90E+03 2.24E+14

Air Cadmium 1.23E+00 1.57E-02 5.00E-09 (v) 3.87E+06 1.50E+00 (i) 1.90E+03 8.20E+09 224E+14
Lead 1.23E+00 3.27E-01 5.00E-10 (iv) 8.04E+08 1.50E+00 (i) 190E+03 1.72E+12,
Nickel 1.23E+00 9.52E-03 6.00E-09 (v) 1.95E+06 1.50E+00 (i) 1.90E+03 4.18E+09
Arsenic 1.00E+03 1.24E-02 5.00E-04 (vii) 2.48E+04 4.94E+03 (ix) 6.10E+04 748E+12
Barium 1.00E+03 1.78E-01 5.00E-03 (vii) 3.57E+04 4.94E+03 (ix) 6.10E+04 1.07E+13
Benzene 1.00E+03 LI2E+01 1.20E-03 (vii) 9.36E+06 4.94E+03 (ix) 6.10E+04 2.80E+15
Cadmium 1.00E+03 5.10E-03 2.00E-04 (vii) 2.55E+04 4.94E+03 (ix) 6.10E+04 7.69E+12
Chloroform 1.00E+03 5.68E+00 1.OOE-03 (vii) 5.68E+06 4.94E+03 (ix) 6.10E+04 171E+15
Chromium 1.00E+03 3.11E-03 1.00E-04 (vii) 3.11E+04 4.94E+03 (ix) 6.10E+04 9.36E+12

Marine ecotoxicity (kg 1,4-DCB eq) Copper 1.00E+03 6.37E-04 1.00E-03 (vii) 6.37E+02 4.94E+03 (ix) 6.10E+04 1.92E+11 1.83E+16

Lead 1.00E+03 1.0SE-01 5.00E-04 (vii) 2.10E+05 4.94E+03 (ix) 6.10E+04 633E+13

T Mercury 1.00E+03 1.41E-03 1.00E-05 (vii) 1.41E+05 4.94E+03 (ix) 6.10E+04 425E+13 LBIG
Nickel 1.00E+03 3.12E-03 2.00E-03 (vii) 1.56E+03 4.94E+03 (ix) 6.10E+04 470E+11
Phenol 1.00E+03 9.09E+00 5.00E-04 (vii) 1.82E+07. 4.94E+03 (ix) 6.10E+04 5.48E+15
Selenium 1.00E+03 9.43E-03 3.00E-04 (vii) 3.14E+04 4.94E+03 (ix) 6.10E+04 9.48E+12
Silver 1.O0E+03 1.69E-04 1.00E-04 (vii) L69E+03 4.94E+03 (ix) 6.10E+04 5.08E+11
Styrene 1.00E+03 4.20E+00 7.00E-05 (vii) 6.00E+07 4.94E+03 (ix) 6.10E+04 1.81E+16
Tin 1.00E+03 1.81E-02 4.00E-03 (vii) 4.54E+03 4.94E+03 (ix) 6.10E+04 1.37E+12
Toluene 1.00E+03 LI7E+01 1.20E-03 (vii) 9.72E+06 4.94E+03 (ix) 6.10E+04 2.93E+15
Xylene 1.00E+03 LO7E+0L 1.60E-03 (vii) 6.71E+06 4.94E+03 (ix) 6.10E+04 2.02E+15
Zinc 1.00E+03 2.92E-03 5.00E-03 (vii) 5.85E+02 4.94E+03 (i) 6.10E+04 1L76E+11
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Arsenic 1.23E+00 2.87E-05 6.00E-09 (v) 5.87E+03 1.50E+00 (i) 1.90E+03 1.26E+07
Benzene 1.23E+00 1LISE+01 5.00E-09 (v) 2.82E+09 1.50E+00 (i) 1.90E+03 6.04E+12
Air Cadmium 1.23E+00 5.21E-06 S.00E-09 (v) 1.28E+03 1.50E+00 (i) 1.90E+03 2.74E+06 6.04E+12

Lead 1.23E+00 231E-05 5.00E-10 (iv) 5.69E+04 1.50E+00 (i) 1.90E+03 1.22E+08

Nickel 1.23E+00 5.35E-06 6.00E-09 (v) 1.10E+03 1.50E+00 (i) 1.90E+03 2.35E+06

Arsenic 1.00E+03 7.25E+14 5.00E-04 (vii) 1.45E+21 4.94E+03 (ix) 6.10E+04 4.37E+29

Barium 1.00E+03 7.52E+15 5.00E-03 (vii) 1.50E+21 4.94E+03 (ix) 6.10E+04 4.53E+29

Benzene 1.00E+03 1.16E+01 1.20E-03 (vii) 9.70E+06 4.94E+03 (ix) 6.10E+04 2.92E+15

Cadmium 1.00E+03 1.15E+15 2.00E-04 (vii) 5.73E+21 4.94E+03 (ix) 6.10E+04 1.73E430

Chloroform 1.00E+03 2.16E+00 1.00E-03 (vii) 2.16E+06 4.94E+03 (ix) 6.10E+04 6.52E+14

Chromium VI 1.00E+03 1.74E+14 1.00E-04 (vii) 1.74E+21 4.94E+03 (ix) 6.10E+04 5.24E+29
TOXICITY Terrestrial ecotoxicity (kg 1.4-DCB eq) | Copper. 1.00E+03 9.90E+13 1.00E-03 (vii) 9.90E+19 4.94E+03 (ix) 6.10E+04 2.98E+28 233E+31

Lead 1.00E+03 3.86E+16 5.00E-04 (vii) 7.12E+22 4.94E+03 (ix) 6.10E+04 2.33E+31

Water Mercury 1.00E+03 4.78E+14 1.00E-05 (vii) 4.78E+22 4.94E+03 (ix) 6.10E+04 1.44E+31 233E+31

Nickel 1.00E+03 3.44E+14 2.00E-03 (vii) 1.72E+20 4.94E+03 (ix) 6.10E+04 5.18E+28

Phenol 1.00E+03 1.02E+01 5.00E-04 (vii) 2.04E+07 4.94E+03 (ix) 6.10E+04 6.15E+15

Selenium 1.00E+03 1.14E+15 3.00E-04 (vii) 3.79E+21 4.94E+03 (ix) 6.10E+04 1.14E+30

Silver 1.00E+03 3.92E+13 1.00E-04 (vii) 3.92E+20 4.94E+03 (ix) 6.10E+04 1.I8E+29

Styrene 1.00E+03 7.19E+01 7.00E-05 (vii) 1.03E+09 4.94E+03 (ix) 6.10E+04 3.10E+17

Tin 1.00E+03 4.12E+15 4.00E-03 (vii) 1.03E+21 4.94E+03 (ix) 6.10E+04 3.10E+29

Toluene 1.00E+03 3.32E+01 1.20E-03 (vii) 2.77E+07 4.94E+03 (ix) 6.10E+04 8.35E+15

Xylene 1.00E+03 5.46E+01 1.60E-03 (vii) 342E+07 4.94E+03 (ix) 6.10E+04 1.03E+16

Zinc 1.00E+03 7.75E+13 5.00E-03 (vii) 1.55E+19 4.94E+03 (ix) 6.10E+04 4.67E+27

Impact category Compartment Substance Density (kg/m’) (i) CF (i) Legal [ ] (kg/nr’) Mass (kg) Dilution UEV (sej/J) emergy (sej) max. emergy (sej) Total emergy (sej)

Nitrogen dioxide 1.23E+00 9.09E+00 4.00E-08 (iv) 2.80E+08 1.50E+00 (i) 1.90E+03 5.98E+11
Fine particulate matter formation (kg PM2.5 eq) Air Particulates, <2.5 1.23E+00 1.00E+00 1.00E-08 (iv) 1.23E+08 1.50E+00 (i) 1.90E+03 2.63E+11 5.98E+11 5.98E+11

Sulfur dioxide 1.23E+00 3.45E+00 2.00E-08 (iv) 2.12E+08 1.50E+00 (i) 1.90E+03 4.54E+11
OTHERS Global warming (kg CO2 eq) Air Carbon dioxide 1.23E+00 1.00E+00 2.00E-03 (vi) 6.15E+02 1.50E+00 (i) 1.90E+03 1.32E+06 1.32E+06 1.32E+06
Tonizing radiation (kg Bq Co-60 eq) Water Radium 226 1.00E+03 0.00E+00 1.00E+03 (viii) 0.00E+00 4.94E+03 (ix) 6.10E+04 0.00E+00 0.00E+00 0.00E+00
Ozone formation, Human health (kg NOxeq) Air Benzene 1.23E+00 2.75E+01 5.00E-09 (xi) 6.78E+09 1.50E+00 (i) 1.90E+03 1.45E+13 1.45E+13 1.45E+13
Ozone formation, Terrestrial ecosystems (kg NOxeq) Air Benzene 1.23E+00 1.71E+01 5.00E-09 (xi) 4.21E+09 1.50E+00 (i) 1.90E+03 9.00E+12 9.00E+12 9.00E+12

q - 5 q Nitrogen dioxide 1.23E+00 2.78E+00 4.00E-08 (iv) 8.54E+07 1.50E+00 (i) 1.90E+03 1.83E+11
[Remeri Tleakihn (3 E0Ram) £33 Sulfur dioxide 1.23E+00 L0000 2.00E-08 (iv) 6.15E+07 150E+00 (i) 1.90E+03 132E+11 enih RS

REFERENCES

i) Pan et al. (2016)

(i) ReCiPe 2016

(iii) CML

(iv) RES CONAMA 491/2018

(v) [EMA (2012)

vi) Wang et al. (2018)

(vii) RES CONAMA 430/2011

(viii) PORTARIA 2.914/2011 MSatde

iX) Odum, 1996 (pag. 295)

X) Oil calorific value = 43,000 ki/kg

(x) 1 ha = 10,000 n¥a

xii) 1 kg = 1,000

[ i) 1 1b = 0453 kg
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Sensitivity analysis I

Sensitivity analysis II

Sensitivity analysis III

(without terrestrial ecotoxicity)

(without toxicity categories)

(without resource categories)

Impact category air emergy (sej) water emergy (sej) total emergy (sej) total emergy (sej) total emergy (sej) total emergy (sej)
Fossil resource scarcity (kg oil eq) - - 2.94E+12 2.94E+12 2.94E+12
Land use (kg m?a crop eq) - - 8.00E+10 8.00E+10 8.00E+10
Mineral resource scarcity (kg Cu eq) - - 1.26E+14 1.26E+14 1.26E+14
Water consumption (n?) - - 3.01E+08 3.01E+08 3.01E+08
Freshwater eutrophication (kg P eq) 1.55E+12 1.10E+14 1.11E+14 1.11E+14 L.11E+14 1.11E+14
Marine eutrophication (kg N eq) 0.00E+00 1.83E+13 1.83E+13 1.83E+13 1.83E+13 1.83E+13
Freshwater ecotoxicity (kg 1,4-DCB eq) 1.49E+16 1.09E+16 2.58E+16 2.58E+16
Human carcinogenic toxicity (kg 1,4-DCB eq) 3.65E+11 L.11E+17 L.11E+17 L.11E+17
Human non-carcinogenic toxicity (kg 1,4-DCB eq) 4.31E+11 2.04E+17 2.04E+17 2.04E+17
Marine ecotoxicity (kg 1,4-DCB eq) 2.24E+14 1.81E+16 1.83E+16 1.83E+16
Terrestrial ecotoxicity (kg 1,4-DCB eq) 6.04E+12 2.33E+31 2.33E+31
Fine particulate matter formation (kg PM2.5 eq) 5.98E+11 - 5.98E+11 5.98E+11 5.98E+11 5.98E+11
Global warming (kg CO2 eq) 1.32E+06 - 1.32E+06 1.32E+06 1.32E+06 1.32E+06
lonizing radiation (kg Bgq Co-60 eq) - 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Ozone formation, Human health (kg NOxeq) 1.45E+13 - 1.45E+13 1.45E+13 1.45E+13 1.45E+13
Ozone formation, Terrestrial ecosystems (kg NOxeq) 9.00E+12 - 9.00E+12 9.00E+12 9.00E+12 9.00E+12
Terrestrial acidification (kg SO2 eq) 1.83E+11 - 1.83E+11 1.83E+11 1.83E+11 1.83E+11
TOTAL 1.52E+16 2.33E+31 2.33E+31 3.60E+17 2.83E+14 1.54E+14

Impact category air water total (U] (I (I
Fossil resource scarcity (kg oil eq) - - 0% 0% 1% 0%
Land use (kg m?a crop eq) - - 0% 0% 0% 0%
Mineral resource scarcity (kg Cu eq) - - 0% 0% 45% 0%
Water consumption (n?) - - 0% 0% 0% 0%
Freshwater eutrophication (kg P eq) 0% 0% 0% 0% 3% 72%
Marine eutrophication (kg N eq) 0% 0% 0% 0% 6% 12%
Freshwater ecotoxicity (kg 1,4-DCB eq) 98% 0% 0% 7%
Human carcinogenic toxicity (kg 1,4-DCB eq) 0% 0% 0% 31%
Human non-carcinogenic toxicity (kg 1,4-DCB eq) 0% 0% 0% 57%
Marine ecotoxicity (kg 1,4-DCB eq) 1% 0% 0% 5%
Terrestrial ecotoxicity (kg 1,4-DCB eq) 0% 100% 100%
Fine particulate matter formation (kg PM2.5 eq) 0% - 0% 0% 0% 0%
Global warming (kg CO2 eq) 0% - 0% 0% 0% 0%
Ionizing radiation (kg Bq Co-60 eq) - 0% 0% 0% 0% 0%
Ozone formation, Human health (kg NOxeq) 0% - 0% 0% 5% 9%
Ozone formation, Terrestrial ecosystems (kg NOxeq) 0% - 0% 0% 3% 6%
Terrestrial acidification (kg SO2 eq) 0% - 0% 0% 0% 0%
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Ecoinvent 3.6 (resources/emissions to 1 kWh) Emergy
Impact category Total emergy (sej) Mix Hard coal Oil Natural gas Nuclear Hydro Wind Mix Hard coal 0il Natural gas | Nuclear Hydro ‘Wind

Fossil resource scarcity (kg oil eq) 2.94E+12 5.79E-02 [ 2.46E-01 3.34E-01 1.46E-01 3.00E-03 | 1.15E-03 | 4.05E-03 1.70E+11 | 7.22E+11 | 9.80E+11 4.29E+11 8.81E+09 | 3.38E+09 | L.19E+10
Land use (kg n*a crop eq) 8.00E+10 2.90E-04 [ 4.41E-03 5.30E-04 3.64E+00 9.60E+00 | 5.64E+00 | 5.90E-04 2.32E+07 | 3.53E+08 | 4.24E+07 2.91E+11 7.67E+11 | 451E+11 | 4.72E+07
Mineral resource scarcity (kg Cu eq) 1.26E+14 1.60E-04 | 1.60E-04 3.10E-04 8.86E+00 7.00E-04 | 9.54E+00 | 4.50E-04 2.01E+10 [ 2.01E+10 | 3.90E+10 L.11E+1S 8.81E+10 | 1.20E+15 | 5.66E+10
Water consumption () 3.01E+08 2.30E-02 | 1.80E-03 2.94E-03 6.60E-04 3.00E-03 | 2.93E-02 | 1.70E-04 6.92E+06 | 5.43E+05 | 8.86E+05 1.99E+05 9.04E+05 | 8.83E+06 | 5.12E+04
Freshwater eutrophication (kg P eq) 1.11E+14 6.22E-05 [ 5.80E-04 2.00E-05 3.43E-01 8.46E-01 | 1.77E-01 [ 1.12E+00 6.93E+09 [ 6.46E+10 | 2.23E+09 3.81E+13 9A2E+13 [ 1.97E+13 [ 1.25E+14
Marine eutrophication (kg N eq) 1.83E+13 5.85E-06 | 3.65E+00 | 2.95E-05 6.43E-02 1.25E+00 | 1.00E-02 | 9.09E-02 1.O7E+08 | 6.68E+13 | 5.40E+08 1.18E+12 2.28E+13 | 1.83E+11 [ 1.66E+12
Freshwater ecotoxicity (kg 1,4-DCB eq) 2.58E+16 2.18E-03 1.92E-02 2.05E-03 5.90E-04 8.80E-04 | 1.90E-04 | 6.06E-03 5.62E+13 | 4.95E+14 | 5.29E+13 1.52E+13 2.27E+13 | 490E+12 | 1.56E+14
Human carcinogenic toxicity (kg 1,4-DCB eq) 1.11E+17 4.44E-03 | 4.75E-02 5.51E-03 8.20E-04 1.69E-03 | 7.60E-04 | 5.31E-03 4.93E+14 | 5.28E+15 | 6.12E+14 9.11E+13 1.88E+14 | 8.45E+13 | 5.90E+14
Human non-carcinogenic toxicity (kg 1,4-DCB eq) 2.04E+17 5.84E-02 [ 5.31E-01 7.59E-02 1.74E-02 2.38E-02 | 5.10E-03 | 5.00E-02 1.19E+16 | 1.08E+17 | 1.55E+16 3.54E+15 4.85E+15 | 1.04E+15 | 1.02E+16
Marine ecotoxicity (kg 1,4-DCB eq) 1.83E+16 3.16E-03 [ 2.67E-02 5.62E-03 9.00E-04 1.29E-03 | 2.70E-04 | 7.58E-03 5.79E+13 | 4.90E+14 | 1.03E+14 1.65E+13 2.36E+13 | 4.95E+12 [ 1.39E+14
Terrestrial ecotoxicity (kg 1,4-DCB eq) 2.33E+31 2.68E-01 [ 4.23E-01 [ 3.72E+00 2.88E-02 2.10E-01 | 2.01E-02 | 1.57E-0L 6.23E+30 [ 9.85E+30 | 8.66E+31 6.71E+29 4.88E+30 | 4.67E+29 | 3.66E+30
Fine particulate matter formation (kg PM2.5 eq) 5.98E+11 3.90E-04 [ 1.82E-03 2.85E-03 7.93E+00 4.17E+00 | 1.10E+00 [ 3.45E+00 2.33E+08 [ 1.09E+09 | 1.70E+09 4.74E+12 2.50E+12 [ 6.57E+11 [ 2.06E+12
Global warming (kg CO2 eq) 9.67E+03 2.32E-01 | 9.63E-01 1.06E+H00 3.89E-01 1.21E-02 | 5.26E-02 | 143E-02 224E+03 [ 9.32E+03 | 1.03E+04 3.77E+03 1.17E+02 | 5.09E+02 | 1.38E+02
Ionizing radiation (kg Bq Co-60 eq) 0.00E+00 2.18E-02 [ 1.67E-03 1.05E-02 5.30E-04 6.99E-01 | 2.80E-04 | 6.90E-04 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00
Ozone formation, Human health (kg NOxeq) 1.45E+13 3.60E-04 [ 2.45E-03 3.38E-03 2.50E-04 3.98E+00 | 1.92E+00 [ 4.35E+00 5.22E+09 [ 3.55E+10 | 4.90E+10 3.62E+09 S.JTE+13 | 2.78E+13 [ 6.31E+13
Ozone formation, Terrestrial ecosystems (kg NOxeq) 9.00E+12 3.70E-04 | 2.46E-03 3.42E-03 2.70E-04 4.06E+00 | 1.95E+00 | 4.56E+00 3.33E+09 | 2.21E+10 | 3.08E+10 2.43E+09 3.65E+13 | 1.76E+13 | 4.11E+13
Terrestrial acidification (kg SO2 eq) 1.83E+11 8.10E-04 [ 5.52E-03 9.14E-03 2.30E-04 4.79E+00 | 1.79E+00 | 6.27E+00 148E+08 [ 1.01E+09 | 1.67E+09 4.20E+07 876E+11 | 327E+11 | 1.15E+12

TOTAL 2.33E+31 6.23E+30 | 9.85E+30 | 8.66E+31 | 6.71E+29 | 4.88E+30 [ 4.67E+29 [ 3.66E+30

Impact category Mix Hard coal Oil Natural gas Nuclear Hydro Wind

Fossil resource scarcity 7% 31% 2% 18% 0% 0% 1%
Land use 0% 0% 0% 19% 51% 30% 0%
Mineral resource scarcity 0% 0% 0% 48% 0% 52% 0%
Water consumption 38% 3% 5% 1% 5% 48% 0%
Freshwater eutrophication 0% 0% 0% 14% 34% 7% 45%
Marine eutrophication 0% 72% 0% 1% 25% 0% 2%
Freshwater ecotoxicity 7% 62% 7% 2% 3% 1% 19%
Human carcinogenic toxicity 7% 72% 8% 1% 3% 1% 8%
Human non-carcinogenic toxicity 8% 70% 10% 2% 3% 1% 7%
Marine ecotoxicity 7% 59% 12% 2% 3% 1% 17%
Terrestrial ecotoxicity 6% 9% T7% 1% 4% 0% 3%
Fine particulate matter formation 0% 0% 0% 48% 25% 7% 21%
Global warming 8% 35% 39% 14% 0% 2% 1%
Tonizing radiation 3% 0% 1% 0% 95% 0% 0%
Ozone formation, Human health 0% 0% 0% 0% 39% 19% 42%
Ozone formation, Terrestrial ecosystems 0% 0% 0% 0% 38% 18% 43%
Terrestrial acidification 0% 0% 0% 0% 3% 14% 49%
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Sensitivity analysis I (without terrestrial ecotoxicity)

Sensitivity analysis II (without toxicity categories)

Sensitivity analysis III (without toxicity and resource categories)

Mix Hard coal 0il Natural gas Nuclear Hydro ‘Wind Mix Hard coal 0il Natural gas Nuclear Hydro ‘Wind Mix Hard coal 0il Natural gas Nuclear Hydro ‘Wind

1.70E+11 | 7.22E+11 [ 9.80E+11 4.20E+11 8.81E+09 | 3.38E+09 | 1.19E+10 1.70E+11 | 7.22E+11 | 9.80E+11 4.29E+11 8.81E+09 | 3.38E+09 | 1.19E+10

232E+07 | 3.53E+08 [ 4.24E+07 291E+11 7.67E+11 | 451E+11 | 4.72E+07 232E+07 | 3.53E+08 [ 4.24E+07 291E+11 7.67E+11 | 451E+11 | 4.72E+07

2.01E+10 [ 2.01E+10 [ 3.90E+10 1.11E+15 8.81E+10 | 1.20E+15 | 5.66E+10 2.01E+10 [ 2.01E+10 [ 3.90E+10 1.11E+15 8.81E+10 | 1.20E+15 | 5.66E+10

6.92E+09 | 5.43E+08 | 8.86E+08 1.99E+08 9.04E+08 | 8.83E+09 | 5.12E+07 6.92E+09 | 5.43E+08 | 8.86E+08 1.99E+08 9.04E+08 | 8.83E+09 | 5.12E+07

6.93E+09 | 6.46E+10 | 2.23E+09 3.81E+13 942E+13 | 1.97E+13 | 1.25E+14 6.93E+09 | 6.46E+10 | 2.23E+09 3.81E+13 942E+13 | 1.97E+13 | 1.25E+14 6.93E+09 | 6.46E+10 | 2.23E+09 3.81E+13 942E+13 | 1.97E+13 | 1.25E+14
1.07E+08 | 6.68E+13 | 5.40E+08 1.18E+12 2.28E+13 | 1.83E+11 | 1.66E+12 1.07E+08 | 6.68E+13 | 5.40E+08 1.18E+12 2.28E+13 | 1.83E+11 | 1.66E+12 1.07E+08 | 6.68E+13 | 5.40E+08 1.18E+12 2.28E+13 | 1.83E+11 | 1.66E+12
5.62E+13 | 495E+14 | 5.29E+13 1.52E+13 2.27E+13 | 490E+12 | 1.56E+14

493E+14 [ 5.28E+15 [ 6.12E+14 9.11E+13 1.88E+14 | 845E+13 | 5.90E+14

1.19E+16 | 1.08E+17 | 1.55Et16 3.54E+15 4.85E+15 | 1.04E+15 | 1.02E+16

5.79E+13 | 490E+14 | 1.03E+14 1.65E+13 2.36E+13 | 495E+12 | 1.39E+14

233E+08 [ 1.09E+09 [ 1.70E+09 4.74E+12 2.50E+12 | 6.57E+11 | 2.06E+12 233E+08 [ 1.09E+09 [ 1.70E+09 4.74E+12 2.50E+12 | 6.57E+11 | 2.06E+12 2.33E+08 | 1.09E+09 | 1.70E+09 4.74E+12 2.50E+12 | 6.57E+11 | 2.06E+12
2.24E+03 | 9.32E+03 | 1.03E+04 3.77E+03 1.17E+02 | 5.09E+02 | 1.38E+02 2.24E+03 | 9.32E+03 | 1.03E+04 3.77E+03 1.17E+02 | 5.09E+02 | 1.38E+02 2.24E+03 | 9.32E+03 | 1.03E+04 3.77E+03 1.17E+02 | 5.09E+02 | 1.38E+02
0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00
5.22E+09 | 3.55E+10 | 4.90E+10 3.62E+09 5.77E+13 | 2.78E+13 | 6.31E+13 5.22E+09 | 3.55E+10 | 4.90E+10 3.62E+09 5.77E+13 | 2.78E+13 | 6.31E+13 5.22E+09 | 3.55E+10 | 4.90E+10 3.62E+09 5.77E+13 | 2.78E+13 | 6.31E+13
3.33E+09 | 2.21E+10 | 3.08E+10 2.43E+09 3.65E+13 | 1.76E+13 | 4.11E+13 3.33E+09 | 2.21E+10 | 3.08E+10 2.43E+09 3.65E+13 | 1.76E+13 | 4.11E+13 3.33E+09 | 221E+10 | 3.08E+10 2.43E+09 3.65E+13 | 1.76E+13 | 4.11E+13
1.48E+08 | 1.01E+09 | 1.67E+09 4.20E+07 8.76E+11 | 3.27E+11 | 1.15E+12 1.48E+08 | 1.01E+09 | 1.67E+09 4.20E+07 8.76E+11 | 3.27E+11 | 1.15E+12 1.48E+08 | 1.01E+09 | 1.67E+09 4.20E+07 8.76E+11 | 327E+1l | 1.15E+12
1.25E+16 | 1.15E+17 | 1.63E+16 | 4.83E+15 5.30E+15 | 2.40E+15 | 1.13E+16 2.13E+11 | 6.76E+13 | 1.11E+12 1.16E+15 2.15E+14 | 1.27E+15 | 2.34E+14 1.60E+10 | 6.69E+13 | 8.59E+10 4.41E+13 2.15E+14 | 6.62E+13 | 2.34E+14
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B.4 — Aplica¢ao no estudo de caso (ReCiPe) (continuacio):

Electricity production impacts (ReCiPe 2016) Ecosystem services to produce 1 kWh (seJ)
100% 1E+32
0% 8E+31
0
6E+31
60%
4E+31
40% 2E+31
. 0E+00 || - I - —
20% || | | Mix Hard coal 0il Natural gas  Nuclear Hydro Wind
ove 11 el I I|||| I | il 1.1 | L II|. ) @M (sed) (D) (seJ) (III) (seJ)
Mix Hard coal Qil Natural gas  Nuclear Hydro Wind 1E+17 1E+15 3E+14
® Fossil resource scarcity ® Land use IE+17 IE+15
¥ Mineral resowrce scarcity Water consumption 1E+17 IE+15 2E+14
u Freshwater eutrophication = Marine eutrophication SEF16 SEF14
u Freshwater ecotoxicity = Human carcinogenic toxicity 6E+16 G6E*14
4E+16 4E+14 IEH4
® Human non-carcinogenic toxicity m Marine ecotoxicity
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Impact category Compartment Substance Density (kg/nr’) (i) CF (iii) Legal [ ] (kg/m®) Mass (kg) Dilution UEV (sej/J) | emergy (sej) Total emergy (sej)
EUTROPHICATION L Air Nitrogen dioxide 1.23E+00 7.69E+00 4.00E-08 (iv) 2.37E+H08 1.50E+00 (i) 1.90E+03 S5.06E+11
e g RO —a) Water | Nitrogen total 1L.OOE+03 238E+00 | 2.00E-02 (vii) LI9E105 | 4.94E+03(ix) | 6.10E+04 3.59E+13 i
Impact category Compartment Substance Density (kg/mr’) (i) CF (iii) Legal [ ] (kg/m®) Mass (kg) Dilution UEV (sej/J) | emergy (sej) max. emergy (sej) Total emergy (sej)
Air Lead 1.23E+00 6.37E-02 5.00E-10 (iv) 1.57E+H08 1.50E+00 (i) 1.90E+03 3.35E+11 3.35E+11
Arsenic 1.00E+03 9.62E+16 5.00E-04 (vii) 1.92E+23 | 4.94E+03 (ix) 6.10E+04 5.80E+31
Barium 1.00E+03 1.97E+18 5.00E-03 (vii) 3.94E+23 [ 4.94E+03 (ix) 6.10E+04 1.19E+32
Benzene 1.00E+03 7.30E+04 1.20E-03 (vii) 6.08E+10 | 4.94E+03 (ix) 6.10E+04 1.83E+19
Cadmium 1.00E+03 7.04E+19 2.00E-04 (vii) 3.52E+26 | 4.94E+03 (ix) 6.10E+04 1.06E+35
Chloroform 1.00E+03 2.55E+04 1.00E-03 (vii) 2.55E+10 | 4.94E+03 (ix) 6.10E+04 7.69E+18
Chromium VI 1.00E+03 441E+18 1.00E-04 (vii) 441E+25 | 4.94E+03 (ix) 6.10E+04 1.33E+34
Copper 1.00E+03 2.46E+20 1.00E-03 (vii) 246E+26 | 4.94E+03 (ix) 6.10E+04 742E+34
Terrestrial ecotoxicity (kg 1,4-DB eq) - Lead 1.00E+03 2.10E+21 5.00E-04 (vii) 4.19E+27 | 4.94E+03 (ix) 6.10E+04 1.26E+36 AT 1.26E+36
Mercury 1.00E+03 1.08E-03 1.00E-05 (vii) 1.08E+05 | 4.94E+03 (ix) 6.10E+04 3.24E+13 ’
Nickel 1.00E+03 9.71E+17 2.00E-03 (vii) 4.85E+23 | 4.94E+03 (ix) 6.10E+04 1.46E+32
Phenol 1.00E+03 4.02E+05 5.00E-04 (vii) 8.03E+11 [ 4.94E+03 (ix) 6.10E+04 2.42E+20
Selenium 1.00E+03 6.45E+16 3.00E-04 (vii) 2.15E+23 | 4.94E+03 (ix) 6.10E+04 6.48E+31
Styrene 1.00E+03 7.8TE+06 7.00E-05 (vii) 1.12E+14 | 4.94E+03 (ix) 6.10E+04 3.39E+22
Tin 1.00E+03 1.27E+21 4.00E-03 (vii) 3.18E+26 | 4.94E+03 (ix) 6.10E+04 9.59E+34
Toluene 1.00E+03 7.04E+04 1.20E-03 (vii) 5.87E+10 [ 4.94E+03 (ix) 6.10E+04 1.77E+19
TOXICITY Zinc 1.00E+03 3.95E+20 5.00E-03 (vii) 791E+25 | 4.94E+03 (ix) 6.10E+04 2.38E+34
Air Lead 1.23E+00 1.42E-04 5.00E-10 (iv) 3.49E+05 1.50E+00 (i) 1.90E+03 TATEH08 7ATE+08
Arsenic 1.00E+03 2.92E-06 5.00E-04 (vii) 5.83E+00 [ 4.94E+03 (ix) 6.10E+04 1.76E+09
Barium 1.00E+03 9.17E-07 5.00E-03 (vii) 1.83E-01 4.94E+03 (ix) 6.10E+04 5.53E+07
Benzene 1.00E+03 6.58E+01 1.20E-03 (vii) 548E+07 [ 4.94E+03 (ix) 6.10E+04 1.65E+16
Cadmium 1.00E+03 541E-07 2.00E-04 (vii) 2.70E+00 | 4.94E+03 (ix) 6.10E+04 8.15E+08
Chloroform 1.00E+03 1.77E+01 1.00E-03 (vii) 1.77E+07 | 4.94E+03 (ix) 6.10E+04 5.33E+15
Chromium VI 1.00E+03 3.04E-05 1.00E-04 (vii) 3.04E+02 | 4.94E+03 (ix) 6.10E+04 9.16E+10
Copper 1.00E+03 6.76E-07 1.00E-03 (vii) 6.76E-01 4.94E+03 (ix) 6.10E+04 2.04E+08
Marine aquatic ecotoxicity (kg 1,4-DB eq) Water Lead 1.00E+03 8.85E-05 5.00E-04 (vii) 1.77E+02 4.94E+03 (ix) 6.10E+04 5.33E+10 3 A4EH6 3.44E+16
Mercury 1.00E+03 5.32E-07 1.00E-05 (vii) 532E+01 [ 4.94E+03 (ix) 6.10E+04 1.60E+10 ’
Nickel 1.00E+03 1.73E-07 2.00E-03 (vii) 8.67E-02 4.94E+03 (ix) 6.10E+04 2.61E+07
Phenol 1.00E+03 2.15E-01 5.00E-04 (vii) 4.29E+05 | 4.94E+03 (ix) 6.10E+04 1.29E+14
Selenium 1.00E+03 3.48E-08 3.00E-04 (vii) 1.16E-01 4.94E+03 (ix) 6.10E+04 3.50E+07
Styrene 1.00E+03 8.00E+00 7.00E-05 (vii) 1.14E+08 | 4.94E+03 (ix) 6.10E+04 3.44E+16
Tin 1.00E+03 8.33E-05 4.00E-03 (vii) 2.08E+01 | 4.94E+03 (ix) 6.10E+04 6.28E+09
Toluene 1.00E+03 1.96E+01 1.20E-03 (vii) 1.64E+07 [ 4.94E+03 (ix) 6.10E+04 4.93E+15
Zinc 1.00E+03 8.93E-06 5.00E-03 (vii) 1.79E+00 | 4.94E+03 (ix) 6.10E+04 5.38E+08




B.5 — Variaveis e resultados (CML) (continuacio):

Lead 1.23E+00 2.14E-03 5.00E-10 (iv) 5.27E+06 1.50E+00 (i) 1.90E+03 1.13E+10
Nitrogen dioxide 1.23E+00 8.33E-01 4.00E-08 (iv) 2.56E+07 1.50E+00 (i) 1.90E+03 S548E+10
Air Particulates 10 1.23E+00 1.22E+00 2.00E-08 (iv) 7.50E+07 1.50E+00 (i) 1.90E+03 1.60E+11 1.37E+12
Particulates 2.5 1.23E+00 1.22E+00 1.00E-08 (iv) 1.50E+08 1.50E+00 (i) 1.90E+03 3.21E+11
Sulfur dioxide 1.23E+00 1L.O4E+H01 2.00E-08 (iv) 6.41E+08 1.50E+00 (i) 1.90E+03 1.37E+12
Arsenic 1.00E+03 1.05E-03 5.00E-04 (vii) 2.10E+03 4.94E+03 (ix) 6.10E+04 6.34E+11
Barium 1.00E+03 1.59E-03 5.00E-03 (vii) 3.17E+02 4.94E+03 (ix) 6.10E+04 9.57E+10
Benzene 1.00E+03 S5.46E-04 1.20E-03 (vii) 4.55E+02 | 4.94E+03 (ix) 6.10E+04 1.37E+11
Cadmium 1.00E+03 4.37E-02 2.00E-04 (vii) 2.18E+05 [ 4.94E+03 (ix) 6.10E+04 6.58E+13
Chloroform 1.00E+03 8.00E-02 1.00E-03 (vii) 8.00E+04 [ 4.94E+03 (ix) 6.10E+04 241E+13
Human toxicity (kg 1.4-DB eq) Chromium VI 1.00E+03 2.92E-01 1.00E-04 (vii) 2.92E+06 4.94E+03 (ix) 6.10E+04 8.81E+14 5.06E+16
[Copper 1.00E+03 7.46E-01 1.00E-03 (vii) 7.46E+05 4.94E+03 (ix) 6.10E+04 2.25E+14
Water Lead 1.00E+03 8.13E-02 5.00E-04 (vii) 1.63E+05 4.94E+03 (ix) 6.10E+04 4.90E+13 5.06E+16
Mercury 1.00E+03 6.99E-04 1.00E-05 (vii) 6.99E+04 4.94E+03 (ix) 6.10E+04 2.11E+13
Nickel 1.00E+03 3.02E-03 2.00E-03 (vii) L.S1E+03 4.94E+03 (ix) 6.10E+04 4.55E+11
Phenol 1.00E+03 2.03E+01 5.00E-04 (vii) 4.07E+07 4.94E+03 (ix) 6.10E+04 1.23E+16
Selenium 1.00E+03 1.79E-05 3.00E-04 (vii) S.9SE+01 [ 4.94E+03 (ix) 6.10E+04 1.79E+10
TOXICITY Styrene 1.00E+03 L18E+01 7.00E-05 (vii) 1.68E+08 | 4.94E+03 (ix) 6.10E+04 5.06E+16
Tin 1.00E+03 S5.78E+01 4.00E-03 (vii) 1.45E+07 4.94E+03 (ix) 6.10E+04 4.36E+15
Toluene 1.00E+03 3.30E+00 1.20E-03 (vii) 2.75E+06 4.94E+03 (ix) 6.10E+04 8.29E+14
Zinc 1.00E+03 1.71E+00 5.00E-03 (vii) 3.42E+05 4.94E+03 (ix) 6.10E+04 1.03E+14
Arsenic 1.00E+03 4.83E-03 5.00E-04 (vii) 9.66E+03 4.94E+03 (ix) 6.10E+04 2.91E+12
Barium 1.00E+03 4.39E-03 5.00E-03 (vii) 8.77E+02 4.94E+03 (ix) 6.10E+04 2.64E+11
Benzene 1.00E+03 1.09E+01 1.20E-03 (vii) 9.12E+06 4.94E+03 (ix) 6.10E+04 2.75E+15
Cadmium 1.00E+03 6.58E-04 2.00E-04 (vii) 329E+03 | 4.94E+03 (ix) 6.10E+04 9.92E+11
Chloroform 1.00E+03 2.36E+01 1.00E-03 (vii) 236E+07 | 4.94E+03 (ix) 6.10E+04 7.13E+15
Chromium VI 1.00E+03 3.61E-02 1.00E-04 (vii) 3.61E+05 4.94E+03 (ix) 6.10E+04 1.09E+14
by C e T fo0k+0 1ot | Sooposvia | 2o8erts T asibros o0 elobsor [ gt —|  “ES RS
Mercury 1.00E+03 5.81E-04 1.00E-05 (vii) 5.81E+04 4.94E+03 (ix) 6.10E+04 1.75E+13
Nickel 1.00E+03 3.09E-04 2.00E-03 (vii) 1.54E+02 4.94E+03 (ix) 6.10E+04 4.65E+10
leni 1.00E+03 3.42E-04 3.00E-04 (vii) 1L14E+03 | 4.94E+03 (ix) 6.10E+04 344E+11
Tin 1.00E+03 9.80E-02 4.00E-03 (vii) 245E+04 | 4.94E+03 (ix) 6.10E+04 7.39E+12
Toluene 1.00E+03 3.39E+00 1.20E-03 (vii) 2.82E+06 | 4.94E+03 (ix) 6.10E+04 8.51E+14
Zinc 1.00E+03 1.09E-02 5.00E-03 (vii) 2.18E+03 4.94E+03 (ix) 6.10E+04 6.57E+11
Impact category Compartment Substance Densi /) (i CF (i) Legal [ ] (kg/m’) | Mass (kg) Dilution UEV (sej/J) | emergy (sej max. emergy (sej) Total emergy (sej)
Carbon monoxide 1.23E+00 3.70E+01 1.00E-05 (iv) 4.56E+06 1.50E+00 (i) 1.90E+03 9.75E+09
Photochemical oxidation (kg C2H4 eq) Air Nitrogen dioxide 1.23E+00 3.57E+01 4.00E-08 (iv) 1.10E+09 1.50E+00 (i) 1.90E+03 2.35E+12 2.74E+12 2.74E+12
OTHERS Sulfur dioxide 1.23E+00 2.08E+01 2.00E-08 (iv) 1.28E+09 1.50E+00 (i) 1.90E+03 2.74E+12
Global warming (kg CO2 eq) Air Carbon dioxide 1.23E+00 1.00E+00 2.00E-03 (vi) 6.15E+02 1.50E+00 (i) 1.90E+03 1.32E+06 1.32E+06 1.32E+06
P . Nitrogen dioxide 1.23E+00 2.00E+00 4.00E-08 (iv) 6.15E+07 1.50E+00 (i) 1.90E+03 1.32E+11
et ) il Sulfur dioxide 1236100 833501 | 200E08(v) | 5.136:07 | 1S0E-00() | 190E+03 LI0E L1 RSN AEISHN

REFERENCES

(i) Pan ct al. (2016)

(ii) ReCiPe 2016

(i) CML

(iv) RES CONAMA 491/2018

(V) IEMA (2012)

vi) Wang et al. (2018)

(vii) RES CONAMA 430/2011

(viii) PORTARIA 2.914/2011 MSaiide

(i) Odum, 1996 (pég. 295)

(¥ Oil calorific value = 43,000 kJ/kg

(xi) 1 ha = 10,000 n¥a

(xii) 1 kg = 1,000 g

(xiii) 1 1b = 0.453 kg
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B.6 — Analises de sensibilidade (CML):
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Sensitivity analysis I

Sensitivity analysis 1T

(without terrestrial ecotoxicity)

(without toxicity categories)

Impact category air emergy (sej) water emergy (sej) total emergy (sej) total emergy (sej) total emergy (sej)
Eutrophication (kg PO4--- eq) 5.06E+11 3.59E+13 3.64E+13 3.64E+13 3.64E+13
Terrestrial ecotoxicity (kg 1,4-DB eq) 3.35E+11 1.26E+36 1.26E+36
Marine aquatic ecotoxicity (kg 1,4-DB eq) 7.47E+08 3.44E+16 3.44E+16 3.44E+16
Human toxicity (kg 1,4-DB eq) 1.37E+12 5.06E+16 5.06E+16 5.06E+16
Fresh water aquatic ecotoxicity (kg 1,4-DB eq) - 7.13E+15 7.13E+15 7.13E+15
Photochemical oxidation (kg C2H4 eq) 2.74E+12 - 2.74E+12 2.74E+12 2.74E+12
Global warming (kg CO2 eq) 1.32E+06 - 1.32E+06 1.32E+06 1.32E+06
Terrestrial acidification (kg SO2 eq) 1.32E+11 - 1.32E+11 1.32E+11 1.32E+11
TOTAL 5.09F+12 1.26E+36 1.26E+36 9.22F+16 3.93E+13
Impact category air water total @ D
Eutrophication (kg PO4--- eq) 10% 0% 0% 0% 93%
Terrestrial ecotoxicity (kg 1,4-DB eq) 7% 100% 100%
Marine aquatic ecotoxicity (kg 1,4-DB eq) 0% 0% 0% 37%
Human toxicity (kg 1,4-DB eq) 27% 0% 0% 55%
Fresh water aquatic ecotoxicity (kg 1,4-DB eq) 0% 0% 0% 8%
Photochemical oxidation (kg C2H4 eq) 54% 0% 0% 0% 7%
Global warming (kg CO2 eq) 0% 0% 0% 0% 0%
Terrestrial acidification (kg SO2 eq) 3% 0% 0% 0% 0%




B.7 — Aplica¢ao no estudo de caso (CML):
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Ecoinvent 3.6 (resources/emissions to 1 kWh) Emergy
Impact category Total emergy (sej) Mix Hard coal Oil Gas Nuclear Hydro Wind Mix Hard coal Oil Gas Nuclear Hydro Wind

Eutrophication (kg PO4-—- eq) 3.64E+13 2.70E-04 2.15E-03 6.20E-04 [ 4.42E-05 | S5.04E-05 | 842E-06 | 4.53E-05 9.83E+09 | 7.82E+10 | 2.26E+10 [ 1.61E+09 [ 1.83E+09 | 3.06E+08 [ 1.65E+09
Terrestrial ecotoxicity (kg 1,4-DB eq) 1.26E+36 1.50E-04 1.30E-03 7.70E-04 | 5.57E-05 | 9.34E-05 | 2.65E-05 1.50E-04 1.90E+32 1.64E+33 | 9.73E+32 | 7.04E+31 [ 1.18E+32 | 3.35E+31 [ 1.90E+32
Marine aquatic ecotoxicity (kg 1,4-DB eq) 3.44E+16 1.24E+02 2.01E+03 1.21E+02 [ 5.12E+01 | 4.09E+01 [ 5.79E+00 | 4.02E+01 4.28E+18 6.93E+19 | 4.18E+18 | 1.76E+18 | 1.41E+18 | 2.00E+17 | 1.38E+18
Human toxicity (kg 1,4-DB eq) 5.06E+16 5.07E-02 3.79E-01 2.09E-01 3.52E-02 | 5.82E-02 | 9.49E-03 [ 4.28E-02 2.56E+15 1.92E+16 | 1.06E+16 | 1.78E+15 | 2.94E+15 | 4.80E+14 [ 2.16E+15
Fresh water aquatic ecotoxicity (kg 1,4-DB eq) 7.13E+15 4.23E-02 4.24E-01 3.64E-02 1.47E-02 1.84E-02 | 3.09E-03 | 4.89E-02 3.01E+14 | 3.02E+15 | 2.59E+14 | 1.04E+14 | 1.31E+14 | 2.20E+13 | 3.49E+14
Photochemical oxidation (kg C2H4 eq) 2.74E+12 4.60E-05 2.30E-04 440E-04 | 2.54E-05 [ 2.75E-06 | 9.33E-06 [ 5.80E-06 1.26E+08 | 6.30E+08 1.21E+09 | 6.97E+07 [ 7.54E+06 | 2.56E+07 [ 1.59E+07
Global warming (kg CO2 eq) 9.67E+03 2.23E-01 9.59E-01 1.06E+00 | 3.85E-01 1LISE-02 [ 4.44E-02 1.40E-02 2.15E+03 | 9.28E+03 [ 1.03E+04 | 3.72E+03 [ 1.14E+02 | 4.29E+02 | 1.36E+02
Acidification (kg SO2 eq) 1.32E+11 9.90E-04 6.72E-03 1.12E-02 | 2.90E-04 | 5.86E-05 [ 2.24E-05 | 7.69E-05 1.30E+08 8.84E+08 1.47E+09 | 3.82E+07 [ 7.71E+06 | 2.94E+06 | 1.01E+07

TOTAL 1.26E+36 1.90E+32 | 1.64E+33 | 9.73E+32 | 7.04E+31 | 1.18E+32 | 3.35E+31 | 1.90E+32

Impact category Mix Hard coal 0il Gas Nuclear Hydro Wind
Eutrophication 8% 67% 19% 1% 2% 0% 1%
Terrestrial ecotoxicity 6% 51% 30% 2% 4% 1% 6%
Marine aquatic ecotoxicity 5% 84% 5% 2% 2% 0% 2%
Human toxicity 6% 48% 27% 4% 7% 1% 5%
Fresh water aquatic ecotoxicity 7% 72% 6% 2% 3% 1% 8%
Photochemical oxidation 6% 30% 58% 3% 0% 1% 1%
Global warming 8% 36% 39% 14% 0% 2% 1%
Acidification 5% 35% 58% 1% 0% 0% 0%
Sensitivity analysis I (without terrestrial ecotoxicity) Sensitivity analysis II (without toxicity categories)

Mix Hard coal il Gas Nuclear Hydro Wind Mix Hard coal Oil Gas Nuclear Hydro Wind
9.83E+09 | 7.82E+10 | 2.26E+10 | 1.61E+09 [ 1.83E+09 | 3.06E+08 | 1.65E+09 9.83E+09 | 7.82E+10 | 2.26E+10 | 1.61E+09 | 1.83E+09 | 3.06E+08 [ 1.65E+09
428E+18 | 6.93E+19 [ 4.18E+18 | 1.76E+18 | 1.41E+18 | 2.00E+17 | 1.38E+18
2.56E+15 1.92E+16 | 1.06E+16 [ 1.78E+15 | 2.94E+15 | 4.80E+14 | 2.16E+15
3.01E+14 | 3.02E+15 [ 2.59E+14 | 1.04E+14 | 1.31E+14 | 2.20E+13 [ 3.49E+14
1.26E+08 | 630E+08 | 1.21E+09 | 6.97E+07 | 7.54E+06 | 2.56E+07 | 1.59E+07 | [ 1.26E+08 | 6.30E+08 | 1.21E+09 | 6.97E+07 | 7.54E+06 | 2.56E+07 | 1.59E+07
2.15E+03 9.28E+03 1.03E+04 | 3.72E+03 | 1.14E+02 | 4.29E+02 | 1.36E+02 2.15E+03 9.28E+03 1.03E+04 | 3.72E+03 | 1.14E+02 | 4.29E+02 | 1.36E+02
1.30E+08 8.84E+08 | 1.47E+09 [ 3.82E+07 | 7.71E+06 | 2.94E+06 | 1.01E+07 1.30E+08 8.84E+08 1.476+09 | 3.82E+07 | 7.71E+06 | 2.94E+06 | 1.01E+07
4.29E+18 | 6.94F+19 | 4.19E+H18 | 1.77E+18 | 1.41E+18 | 2.00E+17 | 1.39E+18 | | 1.01E+10 | 7.98E+10 | 2.52E+10 | 1.72EH09 | 1.85E+09 | 3.35E+08 | 1.67E+09




B.7 — Aplica¢ao no estudo de caso (CML) (continuac¢io):
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