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RESUMO

O tema sustentabilidade € foco atual da comunidade cientifica, legisladores e empresas
em diversos segmentos de mercado. A industria pet food, tem como maior tendéncia para
esta década o desenvolvimento de produtos e processos ambientalmente amigaveis.
Apesar disto, a producdo de alimentos para cdes e gatos ainda possui seus encargos
ambientais pouco mensurados. Pesquisas anteriores investigaram tais impactos utilizando
metodologias e ferramentas como dados estocasticos, pegadas de carbono e consumo de
energia para concluir suas hipdteses, baseando-se em dados extrapolados. No entanto, a
caracterizacdo ambiental dessa atividade sob a otica da metodologia de Avaliacdo do
Ciclo de Vida (ACV), ainda é pouco utilizada. Tendo isto em vista, neste estudo realizou-
se uma ACV de um alimento seco extrusado para cédes adultos, produzido no Brasil.
Considerou-se como unidade funcional (UF) as quilocalorias necessarias para atender a
demanda energética de um cdo de 10 kg e o fluxo de referéncia (FR), a quantidade de
alimento diéria a ser fornecida para este animal, considerando a comercializacdo em

embalagens de 15 kg. Dados primérios de producdo, considerando os anos de 2019 e 2020
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foram obtidos de um fabricante brasileiro de alimentos para animais de companhia. Dados
secundarios foram obtidos para as etapas de extracdo e producdo de matérias-primas e
embalagem. Mensuraram-se os indicadores de impacto ambiental das etapas de extracao
das matérias-primas, producéo de embalagem, fabricacdo do alimento e sua distribuigcdo
(ACV do berco ao portdo), pelo método EP 3.0 v.1.00 disponivel no software Simapro
versdo 9.1.1.1. Uma analise de sensibilidade para alocacdo dos coprodutos foi realizada.
Os resultados mostram que entre as 15 categorias de impacto consideradas, a formulacao
representa a maior contribuicdo para os impactos gerados. Ao serem normalizados, 0s
resultados obtidos evidenciaram as categorias de Eutrofizagdo Terrestre (ET),
Eutrofizacdo Marinha (EM), Acidificacdo, e Toxidade Humana ndo cancerigena (TH),
Material Particulado (MP) e Mudangas Climaticas (MC) como as categorias mais
relevantes no sistema (80% do total dos impactos). Neste trabalho, a escolha dos
ingredientes mostrou ser importante fator na mitigacdo dos impactos ambientais em pet
food.

Palavras-chave: ACV, animais de companhia, impacto ambiental, pegada de carbono,
sustentabilidade.
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ABSTRACT

The theme of sustainability is the current focus of the scientific community, legislators
and companies in various market segments. The Pet food industry's biggest trend for this
decade is the development of environmentally friendly products and processes. Despite
this, the production of food for dogs and cats still has its environmental burdens little
measured. Previous research has investigated such impacts using methodologies and tools
such as stochastic data, carbon footprints and energy consumption to conclude their
hypotheses, based on extrapolated data. However, the environmental characterization of
this activity from the perspective of the Life Cycle Assessment (LCA) methodology is
still little used. With this in mind, in this study an LCA of an extruded dry food for adult
dogs produced in Brazil was carried out. The kilocalories necessary to meet the energy
demand of a 10 kg dog were considered as the functional unit (FU) and the reference flow
(FR), the daily amount of food to be provided for this animal, considering the
commercialization in packages of 15 kg. Primary production data, considering the years
2019 and 2020, were obtained from a Brazilian pet food manufacturer. Secondary data
were obtained for the extraction and production stages of raw materials and packaging.

The environmental impact indicators of the raw material extraction, packaging
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production, food manufacturing and distribution (ACV from cradle to gate) stages were
measured using the EP 3.0 v.1.00 method available in Simapro software version 9.1.1.1 .
A sensitivity analysis for co-product allocation was performed. The results show that
among the 15 impact categories considered, the formulation represents the greatest
contribution to the generated impacts. When normalized, the results obtained showed the
categories of Terrestrial Eutrophication (ET), Marine Eutrophication (EM), Acidification,
and non-carcinogenic Human Toxicity (TH), Particulate Matter (PM) and Climate
Change (MC) as the most relevant categories in the system (80% of the total impacts). In
this work, the choice of ingredients proved to be an important factor in mitigating the

environmental impacts of pet food.

Keywords: LCA, companion animals, environmental impact, carbon footprint,

sustainability.
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|. INTRODUCAO

1.1 Introducéo geral

Sustentabilidade € um assunto emergente e tem ganhado especial atencdo diante
das demandas por maior suprimento mundial de alimentos, estendendo-se a todos os
sistemas de producéo e criagdo existentes (Swanson et al., 2013). Mediante a tendéncia
de maior presenca de cées e gatos nos domicilios, espera-se um crescimento constante do
mercado pet food nos proximos anos, sendo esse o setor de maior representatividade na
industria pet. Do ponto de vista ambiental, a producdo e o consumo de alimentos sdo
apontados como fator de maior contribuicdo no impacto ambiental dos animais de
companhia(Aivazidou et al., 2017; Annaheim et al., 2018; Leenstra, 2018; Okin e
Crowther, 2017; Ravilious, 2009; Su, 2018; Su e Martens, 2018; Vale e Vale, 2009), uma
vez que demandam consumo de recursos naturais, energia e geragdo de residuos ao meio

ambiente.

Em pet food é comum a comercializagdo de produtos formulados com elevados
teores proteicos, em sua maioria advindos de fontes de proteinas de origem animal (OKkin
e Crowther, 2017), que geralmente possui um impacto ecoldgico maior em comparacgao

comas proteinas de origem vegetal (Aiking e Boer, 2020; Pimentel e Pimentel, 2003).



20

Além disso, a tendéncia entre os tutores em fornecer o alimento em excesso, o desperdicio
e osdejetos gerados pelos animais de companhia sdo alguns fatores que amparam a visdo
de maior encargo ambiental gerado pela producdo e consumo das dietas (Rushforth e
Moreau 2013; Swanson et al. 2013; Martens et al. 2019).

Ainda existe escassez de estudos sobre o impacto ambiental do contexto que
envolve cées e gatos e suas consequéncias (Acuff et al., 2021). Com excec¢édo do estudo
de Alexander et al. (2021), realizado, recentemente, de forma global, pesquisas anteriores
sobre os impactos ambientais de alimentos para cdes e gatos foram conduzidas
especificamente nos EUA (Okin e Crowther, 2017), Jap&o (Su eMartens, 2018) e China
(Su et al., 2018). Os resultados desses estudos foram gerados em cima do consumo anual
das dietas, atribuindo o impacto ambiental por meio de extrapolacbes, o que pode
negligenciar ou gerar incertezas de alguns resultados. Ainda,a maioria das avaliagdes
(Okin e Crowther, 2017; Su e Martens, 2018; Su et al., 2018), ndoconsiderou o impacto
dos subprodutos, ingredientes esses que podem constituir grande parte (cerca de 30%) do

total em massa de alimentos secos para cées e gatos (Alexander et al., 2021).

A ACV é uma metodologia com procedimentos estabelecidos pelas normas 1SO
14040 e 14044 (ABNTab, 2009), para quantificar impactos ambientais de diferentes
sistemas, servigos ou produtos. Essa abordagem se diferencia das tradicionais, uma vez
que se consideram os impactos causados além do processo de manufatura (Klopffer,
1997). Para estudos em pet food, no entanto, pode ser direcionado a partir do manual
“Product Environmental Footprint Category Rules (PEFCR), desenvolvido pela
Comissdo Europeia de Alimentos para Animais de Estimagdo (FEDIAF, 2018a),

desenvolvido para facilitar a comparacao dos resultados pelos profissionais da area.

Para que um sistema produtivo se torne ambientalmente mais sustentavel é
fundamental identificar e quantificar quais etapas, processos e subprocessos que ocorrem
0s principais e mais significativos impactos. Mensurar esses impactos de acordo com a
realidade nacional torna-se importante, uma vez que os sistemas podem ser diferentes de
um pais para o outro, incluindo os fatores tecnologicos, disponibilidade dos recursos na
regido, distancia de distribuicéo, utilizacdo de recursos naturais, composi¢do nutricional
do produto (por exemplo, nivel de umidade e proteina), especificacbes de embalagem,

geracgdo de residuos, variando assim os seus resultados.



21

Tendo isto em vista, 0 objetivo principal deste estudo foi quantificar os impactos
ambientais da producdo de um alimento seco para cées adultos, produzido no Brasil, por
meio da ACV, a fim de caracterizar os pontos criticos e identificar as possibilidades de

melhorias no desenvolvimento de produtos.

Il. REVISAO BIBLIOGRAFICA

2.1 Mercado pet e industria pet food

Ao longo dos anos, a populagdo de cées e gatos tem crescido, assim como sua
presenca nos domicilios, sendo considerados cada dia mais como membros da familia. A
importancia dessas espécies na sociedade e seus beneficios aos humanos tém sido
evidenciado em diversos estudos, por exemplo, podem promover o aumento da atividade
fisica, reducdo da pressdo arterial, reducdo do risco de certas doengas cardiacas e
beneficios psicologicos aos tutores (Friedmann e Thomas, 1995; Krittanawong et al.
2020; Serpell, 1991).

Foram estimados em todo o mundo cerca de 373 milhGes de gatos e 471 milhdes
de cées (Sivewright e Kreuger 2019). De acordo com a Associacdo Brasileira da Industria
de Produtos para Animais de Estimacdo (ABINPET), o Brasil possui cerca de 58,1
milhdes de cdes e 27,1 milhdes de gatos, que contribui para colocagdo do pais entre o0s

trés paises do mundo com maior populacéo de animais de estimacéo (ABINPET, 2022).
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Economicamente falando, animais de companhia movimentam um mercado
mundial bilionario, com cerca de R$ 139,2 bilhdes por ano (ABINPET, 2022), sendo o
Brasil na sexta colocacéo (4,5%) dessa fatia. Dentro do faturamento nacional, o segmento
pet food tem sido majoritariamente o mais representativo, com cerca de 79% (ABINPET,
2022). Embora o crescimento populacional e aumento continuo da posse de animais de
companhia tenha consequéncias positivas na expansao da industria pet food, na economia
global e brasileira, do ponto de vista ambiental, existe a preocupacéo de que os impactos
ambientais relacionados a esse sistema estejam sendo negligenciados (Su e Martens et al.
2018; Su et al. 2018).

2.2 Sustentabilidade em pet food

2.2.1 Definicéo, projecdes gerais e ODS

A defini¢do apresentada de ‘’sustentabilidade’” mais difundida ¢ da Comissao
Brundtland, é pela capacidade de uma sociedade em utilizar dos recursos, atendendo as
necessidades do presente, sem comprometer a capacidade destes para as geracoes futuras
(WCED, 1987), assim uma producdo é considerada sustentavel quando promove um
desempenho satisfatorio nas dimensdes social, econdmica e ambiental (triple bottom

line).

Swanson et al (2013) definem como “Sustentabilidade nutricional é a capacidade
de um sistema alimentar de fornecer energia suficiente e as quantidades de nutrientes
essenciais necessarios para manter uma boa salde da populacdo sem comprometer a

capacidade das geragdes futuras de atender as suas necessidades nutricionais’’.

Recentemente, Acuff et al. (2021) definiram o conceito de sustentabilidade
nutricional incorporando 0 manejo de animais de companhia e o definiram como sendo
“’0 manejo consciente dos recursos e residuos necessarios para atender aos requisitos
fisiologicos de animais de companhia sem comprometer a capacidade das geracdes

futuras de atender as suas necessidades ambientais, sociais ou econdmicas’’.

Estima-se aumento da populagcdo mundial com cerca de 10 bilhdes de pessoas em
2050, com poder aquisitivo e renda cada vez maior. Espera- se que esse fator impulsione
a producéo de alimentos para suprir esta demanda (FAO, IFAD, UNICEF, WFP, WHO,
2022). Essas implicagdes também devem afetar a sustentabilidade da cadeia alimentar,
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gerando a necessidade de maior utilizacdo de recursos naturais, aumento das emissdes de

gases de efeito estufa e outras ameacas.

A criagdo dos 17 Objetivos de Desenvolvimento Sustentivel (ODS) das Nacoes
Unidas, composto por 17 objetivos e 169 metas faz parte de uma estratégia interligada
para a promocdao de praticas e solucbes de desenvolvimento sustentavel que contemplam
0s principais problemas enfrentados pela nossa sociedade e que impactam as proximas
geracOes. Os ODS destinam-se a estabelecer um ambiente melhor e mais viavel até 2030,
por meio da consecucdo de Varios objetivos sociais, ambientais e objetivos econdmicos
(Nations United, 2015; 2022).

Espera-se que nos proximos anos todos os setores dos paises em desenvolvimento
estejam alinhados com os ODS. Por exemplo, a producdo de alimentos pode ter acdo
direta no consumo e producao responsaveis (ODS 12), nas a¢des climaticas (ODS 13) e
fome zero (ODS 2) produzindo com menos degradacdo (menor uso de energia, de dgua e
desperdicios), aumentando a sustentabilidade da producdo de alimentos (Mosna et al.,
2021).

2.2.2 Iniciativa °’PEFCR”’

Além do aumento da populacdo e posse dos animais de companhia, a
“’premiumizacdo’” dos alimentos e o0 consumo em massa desses produtos com alta
qualidade (Swanson et al., 2013) tém sido visto como fator contribuinte na competicao
direta entre 0 consumo humano e de cdes e gatos (Su e Martens et al. 2018; otopopova,
2021), aspectos esses que podem afetar diretamente a sustentabilidade da industria pet
food. Dessa forma, as preocupacdes acerca dos problemas ambientais contemporaneos
tém-se intensificado, recentemente, com foco nos animais de companhia (Leenstra 2018;
Okin, 2017; Su et al., 2018)

Na busca de entender e quantificar a contribuicdo dos cées e gatos no impacto
ambiental global e a necessidade de se manter aquecido no mercado, nota-se a tendéncia
dos fabricantes globais em incorporar os elementos de desempenho ambiental dentro da
industria pet food, destacando-se a procura por proteinas alternativas e o impacto

ambiental minimizado ao nivel das cadeias de abastecimento e das embalagens.

Como forma de prevenir a colisdio do mercado pet food com a inseguranca

alimentar global prevista para os proximos anos, 0 novo cenério aponta para a corrida em
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manter os produtos destinados a alimentacdo de cées e gatos dentro dos novos padrbes
ambientais do mercado e dos consumidores, alinhando qualidade nutricional, economia

e sustentabilidade, que contribui para o alcance dos ODS.

A publicagdo do manual ‘’Product Environmental Footprint Category Rules’’
(PEFCR), em 2018, adotado pelo FEDIAF, € um exemplo da iniciativa ‘verde’ dentro das
industrias de alimentacdo para cdes e gatos. O PEFCR faz parte da iniciativa de Pegada
Ambiental do Produto (PEF) e tem por objetivo avaliar os potenciais impactos ambientais
da alimentacdo de cdes e gatos, fornecendo orientac6es praticas sobre como realizar um
estudo de ACV em pet food (FEDIAF, 2018a).

O manual se baseia em quatro estudos de caso realizados em grandes empresas da
industria pet food e com cenarios que variam entre 0 alimento seco e Umido para cées e
para gatos. O PEFCR considera, para fins dos calculos dos impactos ambientais, 0s
estagios de producdo, transporte e o fim de vida das embalagens e residuos de alimentos
para animais de companhia, excluindo a etapa do fim de vida do alimento ap6s o seu
consumo (urina e fezes geradas em contato com o meio ambiente). O cumprimento de
seus requisitos visa evitar inconsisténcias comuns, enganosas e/ou ambiguas nos estudos
de ACV em pet food.

2.3 Avaliacéo do ciclo de vida (ACV)

2.3.1 Origem e etapas de um estudo de ACV

A ferramenta de ACV surgiu ao final dos anos 60 e inicio dos anos 70, nos Estados
Unidos (Klopffer, 1997), sob o aspecto ambiental acerca da conservacdo de recursos e
emissdes no meio ambiente. As diretrizes para um estudo de ACV foram sendo
aprimoradas ao longo dos anos e reunidas em duas principais: 1SO 14.040 e 1SO14.044
(International Organization for Standardization, 1997). A versdo em portugués dasnormas
foi publicada pela Associagdo Brasileira de Normas Tecnicas, 1SO 14.040:2009
- Gestdo ambiental - Avaliacdo do ciclo de vida - Principios e estrutura (ABNT, 2009a) e
ISO 14.044:2009 - Gestdo ambiental - Avaliacéo do ciclo de vida - Requisitos e diretrizes

(ABNT, 2009b), sendo este o0 quadro normativo atualmente em vigor.

Uma vez que a preocupacdo com as questdes ambientais entre as populagdes

aumentou significativamente nos altimos anos, a ACV tem sido o metodo
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internacionalmente recomendado pela Comissdo Europeia e o Programa das Nacoes
Unidas para o0 Meio Ambiente no apoio a formulacdo de politicas de sustentabilidade
(Cucurachi et al. 2019). Sua definicéo envolve uma compilacéo e avaliacéo das entradas,
saidas e impactos ambientais potenciais de um sistema de produto, desde a aquisicdo da
matéria-prima até a fabricacdo, utilizacdo e fim da vida do produto (ABNT, 2009a).

Essa metodologia se diferencia de outras que analisam os impactos ambientais dos
processos, uma vez gque estuda os aspectos ambientais e 0os impactos potenciais durante
toda a vida ativa de produtos, sistemas e servigcos, sendo aplicada atualmente em
empresas, no apoio de esquemas de rotulagem ecoldgica e declaragdes ambientais de
produtos (Cucurachi et al. 2019). Especificamente pode ser aplicada para examinar
ambientalmente por completo uma unidade de sistema, identificar processos, ingredientes
e sistemas que tenham contribuicdo sobre impactos ambientais, melhorar e desenvolver
um produto, comparar produtos funcionalmente equivalentes, viabilizar um planejamento
estratégico, apoiar processos decisérios, ajudar na formulacdo de politicas para

sustentabilidade, disponibilizar informac@es para consumidores.

Na ultima década, a metodologia convencional da ACV tem sido expandida para
além das investigagdes ambientais, surgindo o conceito do ‘’pensamento do ciclo de
vida’’ ou Avaliagdo de Sustentabilidade do Ciclo de Vida (ASCV), abordagem integrada
que envolve uma estrutura transdisciplinar de métodos, ou seja, busca incluir aspectos

ambientais, sociais e econdmicos em conjunto (Van der Giesen et al., 2020).

Um estudo de ACV, baseado nas normas ISO, deve ser executado em quatro
etapas interativas: definicdo de objetivos e escopo, analise de inventario do ciclo de vida,
avaliacdo de impacto do ciclo de vida e interpretacdo dos resultados (ABNT, 2009a)
(Figura 1).

2.3.2 Objetivo e escopo

Nesta primeira fase, o objetivo principal do estudo deve ser definido de acordo
com os seguintes questionamentos: Qual aplicagéo pretendida, as raz0es para a realizagdo
do estudo, assim como qual o publico-alvo e se os resultados serdo divulgados ao publico
e se servirdo para fins de comparacdo ou ndo (ABNT, 2009b). A definicdo do objetivo

permite a selecdo das abordagens e desenvolvimento correto do estudo.
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Definigao de objetivos e
esCcopo

Inventario do Ciclo de

Vida (ICV)

Avaliagae de Impacto deo
Ciclo de Vida (AICY)

Figura 1. Estrutura da avaliacéo de ciclo de vida (adaptado de NBR 1SO 14040 e 14044,
2009).

O escopo do estudo de ACV deve garantir que o objetivo do estudo seja alcangado

e por isso concentra-se nos seguintes itens (ABNT, 2009b):

*Unidade Funcional (UF): aspecto fundamental dentro do escopo de um estudo de ACV,
pois representa a fungdo do produto de forma quantitativa. Sua definigdo correta garante
um parametro de comparacdo para a qual os dados de entrada e saida (de energia e
matéria, por exemplo) serdo normalizados. Assim, ainda que existam processos diferentes
avaliados dentro do sistema, esses tornam-se (funcionalmente) comparaveis. Nos estudos
que envolvem a producdo de alimentos é comum a UF ser definida em: kg de producéo,
teor de nutrientes do produto ou teor energético necessario a ser ingerido (Mosna et al.,
2021; FEDIAF, 2018a).

*Limites do sistema: é a defini¢ao dos estagios do sistema que serdo analisados ou
excluidos da avaliagdo, mas também dos principais subprocessos que serdo considerados
na coleta de dados para a etapa do Inventario do Ciclo de Vida (ICV). Essa escolha deve
ser feita em consisténcia com o objetivo geral do estudo, por representatividade em massa
e/ou significancia ambiental (ABNT, 2009b). Geralmente trés opcdes sdo citadas e
trabalhadas: Gate-to-Gate; Cradle-to-Gate; Cradle-to-Grave (Quadro 1).
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Quadro 1. Opcdes de limites do sistema de um estudo de ACV (FEDIAF, 2018a)

Tipos de limites do sistema Definicéo

Abordagem que investiga 0S processos
que ocorrem dentro da etapa de producao
(na indlstria), excluindo as fases
anteriores e seguintes.

Abordagem que investiga 0S processos
que ocorrem nas fases anteriores (extracao
Cradle-to-Gate da matéria-prima) e producdo (industria),
excluindo as etapas de utilizacéo e fim de
vida util.

Abordagem mais completa que busca
investigar todos os processos desde a
Cradle-to-Grave extracdo da matéria-prima, producdo,
distribuicdo, uso, fim de vida dtil e
descarte relacionado.

Gate-to-Gate

«Alocacédo: etapa do escopo que serve para distribuir os impactos ambientais entre 0s
processos, insumos e produtos do sistema de maneira a refletir os relacionamentos fisicos
subjacentes entre eles. Este processo € necessario no caso de existir uma
multifuncionalidade, ao longo de um sistema. No geral, em sistemas de producdo é
comum a obtencdo de mais de um produto ao final do processo, assim a aplicacdo de
técnicas se faz necessario para identificar a contribuicdo individual dos elementos em
termos de recursos e emissdes. Normalmente, em pet food uma série de diferentes
produtos sdo produzidos, o que caracteriza uma multifuncionalidade dos processos
(FEDIAF 2018a), neste caso, 0s tipos de proporcionalidade (massa, econdmico,

energético, proteico ou biolégico) devem ser empregados (ABNT, 2009a) (Quadro 2).

Quadro 2. Regras de alocacdo do Cradle-to-Gate em pet food (FEDIAF, 2018a)

Processos Regra de alocacao
Coprodutos a base de carne Alocagéo econémica
Producéo Alocagéo em massa
Distribui¢do e armazenamento Alocagdo baseada na capacidade

armazenamento e tipo de produto

representativo

*Alocagdo de coprodutos & base de carne em pet food: uma abordagem de alocacédo

econdmica tem sido sugerida como a mais relevante para os coprodutos de origem animal
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em alimentos para animais de companhia (Alexander et al., 2021; FEDIAF, 2018a).
Alexander et al. (2021) concluiram que a alocacdo em massa (que considera impactos
iguais para subprodutos e produtos primarios) resulta em cerca de 2,3 vezes maisemissoes
anuais de GEE do que as estimativas com base em alocacdo econémica, o que poder
superestimar os resultados dos estudos. A utilizacdo da alocacdo econdmica pode
expressar o valor dos coprodutos na propor¢éo do incentivo financeiro que os originou.
Por outro lado, esse “valor” podera flutuar consideravelmente em razéo de fatoresexternos
de fundo mercadolégico, tais como demanda, oferta e estoque, o que resulta em
desvantagem para os mesmos fins (Kulay et al., 2010).

2.3.3 Avaliacéo do Inventéario do Ciclo de Vida (ICV)

A fase do ICV compreende a obtencdo de todos os dados necessarios dentro do
limite do sistema incluido. Assim, todas as entradas e saidas sdo quantificadas para obter
os rendimentos e os resultados relevantes. A terminologia “entradas e saidas” refere-se as
correntes de matéria e de energia que circulam através das fronteiras que estabelecem os
limites do sistema de produto em estudo (Kulay et al., 2010), que podem ser classificados
como consumo de matéria-prima energética; consumo de recursos hidricos; consumo de

fontes de energia; emissdes para o ar, &gua e solo e outros encargos ambientais.

Os dados podem ser classificados como “’primarios’’ (aqueles especificos da
cadeia de suprimentos analisada), que podem ser obtidos por meio de leituras de
medidores, registros de compras, contas de servigos publicos, monitoramento direto,
saldos de materiais / produtos ou outros métodos (FEDIAF, 2018a). J& dados
“’secundarios’’ referem-se aqueles obtidos junto aos bancos de dados de softwares
computacionais, valores de referéncia em manuais ou publicacdes cientificas ou dados
fornecidos por terceiros como empresas, 6rgdos do governo, laboratdrios de analise, entre
outros (Kulay et al., 2010). Dados “’terciarios’’, por sua vez, sdo aqueles extrapolados de
processos semelhantes ao analisado. Ou seja, sdo recomendagOes para suprir lacunas
guando ndo existe um conjunto de dados primarios ou secundarios disponiveis. Em pet
food, ¢ importante utilizar dados primarios na etapa de “’primeiro plano’’, (etapa mais
importante de acordo com o objetivo do estudo), enquanto conexdes com dados
secundarios deve existir para as etapas de ‘segundo plano’ (FEDIAF, 2018a).
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2.3.4 Avaliacdo do Impacto do Ciclo de Vida (AICV)

A terceira etapa de uma ACV visa estudar e entender a significancia dos potenciais
impactos ambientais. A partir dos resultados gerados pela etapa do ICV, os aspectos
ambientais sdo associados com categorias de impacto que sdo indicadores de impacto
especificos. Diversos métodos foram desenvolvidos ao longo dos anos e, a partir desses,
é possivel selecionar as categorias de impacto, os indicadores de categoria e modelos de
caracterizacdo (i), a correlacdo dos resultados do ICV (ii), e o célculo dos resultados dos
indicadores de categoria (iii).

Métodos de calculo do impacto “’midpoint’ utilizam indicadores de
caracterizacdo que refletem a poténcia relativa dos impactos em um ponto médio comum
dentro da cadeia de causa e efeito (antes do dano ocorrer). Essa analise minimiza a
complexidade da modelagem e da incerteza dos resultados. Alguns exemplos de métodos:
CML 2000, EDIP 2003, TRACI, LUCAS, ReCiPe. J& os métodos ¢’endpoint”
consideram todos os danos especificos relacionados a uma area mais ampla de protecéo,
como saude humana, meio ambiente ou recursos naturais (Curran, 2006). Exemplos: EPS
2000, Eco-Indicator 99, LIME, Impact 2002+.

Os elementos obrigatérios da etapa de AICV sdo: i. Categorias de impacto:
Representam as questfes ambientais relevantes para as quais os resultados da ICV podem
ser associados. As categorias devem ser quantificadas por meio de indicadores numéricos
para que os métodos de avaliacdo impacto sejam aplicados. Exemplos: mudancas
climaticas, destruicdo da camada de ozoénio, acidificacdo, toxidade humana, entre outros
(ABNT, 2009b). ii. Classificacdo: elemento a qual todas os dados do ICV sdo
classificados em categorias de impacto de acordo com o efeito que exercem sobre 0 meio
ambiente (Curran, 2006). Ou seja, é realizada uma correlacdo dos resultados do ICV as
categorias de impacto. iii. Caracterizacdo: etapa que expressa o perfil ambiental do
sistema. Todas as substancias sdo multiplicadas por um fator que reflete a contribuigéo
relativa do impacto ambiental. Sdo inclusos indicadores numéricos que convertem oS
resultados do ICV em unidades comuns para cada categoria de impacto.

Etapas de carater facultativo para uma AICV incluem: normalizacdo e
agrupamento/ponderacdo. A normalizacdo € uma razdo entre os resultados da
caracterizagdo e um valor de referéncia selecionado (Curran, 2006). Assim, é possivel
visualizar quais resultados sdo grandes ou pequenos, quando comparados a essa referéncia

(Hauschild et al., 2018). Os dados normalizados facilitam a interpretacdo e
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expressam os resultados para uma area geogréafica (global, regional ou local) e o tempo
especificado, ou seja, “’o impacto ambiental médio produzido por um cidaddo europeu
durante um ano’’ (Curran, 2006; Hauschild et al., 2018).

A ponderacdo dos resultados da AICV cria uma Unica pontuacdo. Os resultados
normalizados da AICV de cada categoria sdo multiplicados por um fator de ponderagéo
que expressa a importancia relativa da categoria de impacto. Os fatores numéricos da
ponderacdo sdo determinados por meio de avaliagcdes subjetivas, juizos de valor e/ou a
partir de dados socioecondmicos (metas politicas estabelecidas, metas cientificas
disponiveis, importancia monetaria do impacto, grau de importancia pelo senso comum).
Ao final, sdo geradas expressdes quantitativas que relatam o dano ambiental de cada
categoria de impacto em relacdo as outras. Ao se aplicar a ponderacgéo, beneficios e riscos
sdo existentes, portanto, seu uso é incentivado quando ndo héa necessidade de comparagédo
nas investigacOes de impacto ambiental e/ou quando ndo existe exigéncia de divulgacéo

dos resultados ao publico comum (Curran, 2006; Hauschild et al., 2018).

2.3.5 Interpretacéo

Nos estudos de ACV é importante que esses dados sejam analisados no aspecto
de qualidade, para isso, sdo utilizados indicadores, a exemplo: matriz pedigree (Weidema
e Wesnaes, 1996) e o método do PEFCR, que fornecem instrugdes proprias para lidar com
a qualidade e a coleta de dados (FEDIAF, 2018a).

Na fase de interpretacdo, os resultados serdo considerados em conjunto e
analisados a luz das incertezas dos dados aplicados e das premissas que foram feitas ao
longo do estudo. Uma verificacdo de integridade e consisténcia é realizada para entender
se existe deficiéncia de informagfes, dados relevantes para os fluxos elementares,
categorias de impacto do estudo ou se as premissas, métodos e dados s@o consistentes

com o0 objetivo e escopo definidos.

A analise de incerteza também pode ser trabalhada e descreve a variabilidade dos
dados da AICV (Curran, 2006), que pode ser realizada por meio de valores ja pré-
estabelecidos e fornecidos nas bases de dados ou por meio dos métodos como Monte

Carlo ou matriz Pedigree. Na prética, os dados semiquantitativos gerados na qualidade de
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dados da matriz Pedigree sao utilizados como dados de entrada para simulacao de Monte

Carlo.

2.4 Software SimaPro, base de dados Ecoivent e Agri-footprint, método da

pegada ambiental (PEF)

Ao longo dos anos, diversos softwares foram desenvolvidos para auxiliar os
estudos de ACV em razdo da quantidade e da complexidade dos dados a serem calculados
e analisados. Atualmente um dos softwares comerciais amplamente reconhecido e
utilizado é o Simapro (Hauschild et al., 2018), selecionado para relatar todos os resultados
do presente estudo.

O SimaPro € um programa computacional desenvolvido pela PRé Consultants, na
Holanda, seguindo as recomendacdes das normas da série 1SO14040; esta ferramenta
possibilita a comparacgdo, analise e monitoramento do desempenho ambiental de produtos,
servigos e processos com ciclos de vida bem complexos. Pode ser utilizado paragestéo
completa do ICV, célculo dos potenciais impactos ambientais e, se for o caso, paraa

comparacao dos resultados das fontes em consideracao.

Diversos métodos estdo contidos dentro do software, que tem por objetivo apoiar
a etapa de ICV, por exemplo: Ecoivent, Agri- footprint, ELCD e apoiar a etapa de AICV,
por exemplo: Impact 2002+, ReCiPe, IPCC 2007, CML, Ecolndicator.

No presente estudo, dados do tipo secundario foram utilizados de forma mista por
meio dos conjuntos de dados na versdo Ecoinvent 3.7.1 e Agri-footprint 5.0. Ecoinvent é
um banco de dados suico internacionalmente reconhecido pela quantidade e qualidade
dos seus dados. Embora esta biblioteca de inventarios seja de proveniéncia europeia,
contém informacdes e abrangéncia além de europeia, mundial, com dados de inventario
constantemente incluidos. Agri-footprint, € um banco de dados considerado de alta
qualidade para o setor agricola e de alimentos. Langado em 2014, tem sido amplamente
aceito e usado pela industria de alimentos, comunidade de estudos de ACV, comunidade

cientifica e governos mundiais (Agri-footprint, 2017).

Nos estudos de ACV é possivel o emprego de mais de um método de ICV para
obtencdo de dados secundarios. No contexto do Ecoinvent e Agri-footprint, apesar das

diferengas de metodologias, existe consisténcia entre os dois bancos de dados (Agri-
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footprint, 2017) e esses podem ser utilizados em conjunto inclusive em estudos de ACV

envolvendo alimentos para cdes e gatos (Mosna et al., 2021).

O método da Pegada Ambiental (EF) foi selecionado no presente estudo, uma vez
que faz parte da Iniciativa de Pegada Ambiental da Unido Europeia (PEF), que desenvolve
também as diretrizes do manual disponivel para alimentos de cées e gatos. Ométodo PEF
inclui todas as categorias de impacto significativamente recomendas para elaboracao de
um estudo de ACV no setor pet food, baseado no FEDIAF (2018). A descricdo das
categorias de impacto, representatividade geogréfica e outras caracteristicascontempladas
podem ser consultadas no relatorio ‘’European Platform on Life Cycle Assessment”’
(consulte  https://eplca.jrc.ec.europa.eu/EF-node/LCIAMethodList para descricdo

exaustiva deste metodo).

2.5 Estudos de ACV em pet food

Nos ultimos anos, a ACV tem sido aplicada no campo de estudos da producgéo
animal e na avaliacdo dos seus sistemas (Bhatt e Abbassi, 2021; Boggia et al. 2010;
Costantini, 2021; McAuliffe et al. 2016; Noya et al., 2017; Ruviaro et al., 2015; Soleimani
e Gilbert, 2020; De Vries e Boer, 2010). Nestas areas, a metodologia tem sido utilizada
no subsidio de mudancas de procedimentos e a¢cdes de consumo e descarte. No entanto,
no contexto de cées e gatos, a aplicacdo de estudos de ACV tem surgido lentamente,
alguns estudos foram publicados utilizando essa metodologia de forma global.

Rushforth e Moreau (2013) conduziram um estudo de ACV pela Universidade
Estadual do Arizona. Os autores examinaram a producdo de energia associada a
fabricacdo de alimentos para animais de companhia de uma fabrica especifica, utilizando
os dados médios dos EUA e considerando os ingredientes a base de carne bovina e ovina.
Foram relatados valores anuais de 1,06 ha necessario para que um fabricante de racfes
produza 1 tonelada de ragdo para cées, o que significa 11,72 m? por kg de ragéo e 45,09
m? por kg de proteina. Para mudancas climaticas, os autores estimaram o valor de 23,14
CO2 eq por kg da racdo canina e 88,99 por kg de proteina. O estudo mostrou que, em
termos de impactos ambientais, usar carne magra na comida de cdes € melhor do que usar
visceras (pelo contetdo de proteina da carne magra satisfazer mais facilmente as
necessidades de proteina de um c&o) e que a agricultura de gréos € responsavel por
aproximadamente 27% do potencial global de aquecimento global associado a producao

de alimentos industriais para cées.
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Annaheim et al. (2018) examinaram, na Suica, por meio da ACV, o impacto
ambiental da criacdo de diferentes animais domésticos, incluindo cées e gatos. Os autores
consideraram a alimentacdo, consumo de agua potavel diaria, embalagem da dieta,
despesas médias anuais (coleiras, cobertores, brinquedos, tigelas, adestramento e escola
do animal, transportes para o veterinario e passeios), residuos (fezes) das espécies como
indicadores. Os resultados obtidos mostraram que um céo de 29 kg, consumindo dieta
umida, gera cerca de 950 kg de COz eg. ao ano. Ja para se manter um gato de 4,2 kg, foi
estimada a emisséo de 390 kg de COz eq. ao ano. Em ambas as espécies, a produgéo de
alimentos foi apontada como responsavel pela maior parte da poluicdo ambiental,

representando 64% e 51%, respectivamente, da carga ambiental de cées e gatos.

Yavor et al. (2020) investigaram todo o ciclo de vida da espécie canina. Para isso,
foi modelada a etapa, de um alimento Umido, referente aos excrementos (urina e fezes)
de um céo de porte médio (15 kg), considerando a possibilidade de serem diretamente
emitidas na natureza ou coletadas em sacos e posteriormente descartadas em lixeiras. Os
resultados obtidos foram utilizados em conjunto com os fornecidos pelo FEDIAF (2018).
Os autores estimaram que um céo (15 kg) emite cerca de 630 kg CO2eq/ ano. Para as 15
categorias de impacto consideradas, a principal contribuicdo ambiental do ciclo de vida
veio do estagio de producdo de embalagens necessarias a dieta Umida. Enquanto a urina
do cdo impactou principalmente na categoria de eutrofizacdo de dgua doce (44%), as fezes
contribuiram significativamente na eutrofizacdo de dgua doce (43%) e ecotoxicidade de
agua doce (50%). Por meio de uma anélise de cenério, os autores consideraram um cédo
de pequeno (7,5 kg) e grande porte (30 kg) e estimaram um impacto anual de 375 kg CO-
eq e 1056 kg CO2 eq, respectivamente.

Mosna et al. (2021) avaliaram o impacto ambiental da ‘fracdo da carne’ derivada
de residuos de alimentos (para humanos) na rac¢do para animais de companhia. O limite
do sistema em pet food contemplou a criacdo dos animais, o abate, a producao da racdo
(Umida), producédo de embalagens, transporte e o impacto da fracdo da carne descartada
em aterros. Quatro variantes de produtos foram avaliadas: trés produtos com composigdes
a base de tecido muscular (Natura), um advindo de bovinos, outro de suinos e outro de
aves e mais um produto (Paté) dessa vez, baseado em um mix de residuos de abate

misturado com vegetais, aditivos e substancias gelificantes.

Mosna et al., (2021) concluiram que a cada 1 kg de alimento imido fabricado, o
total de 0.91 kg de CO; eq (para aquecimento global), 0.00119 m? (para uso da terra),
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0.03 kg eq (para recurso fossil) e 0.00036 m® (para uso de agua) sio emitidos e utilizados.
Nesse estudo, a fase de ‘producao de carne’ foi a mais impactante nas categorias de uso
da terra (até 89,71%) e aquecimento global (até 57,73%), para todas as trés variantes do
Natura. No entanto, para a variante Paté, a maior contribuicdo para aquecimento global
veio da embalagem (60,07%), seguido do processo de producdo de pet food (31,42%).
Para uso de agua e recursos fosseis, a ordem de maior contribuicdo foi embalagem
(>40%), producédo de pet food (até 32,84%) e producdo de carne (até 26,71%) para 0s
produtos Natura. Para o Paté, a maior contribuicdo esteve a partir da etapa de embalagem,
seguido da producdo de pet food, ambos >50%.

2.6 Impacto ambiental de cées e gatos com base em estudos

Cées e gatos estdo associados a atividades, uso de recursos e geracao de emissdes
impactantes ao meio ambiente (Acuff et al., 2021; Okin, 2017; Protopopova et al., 2021;
Su et al. 2018;). Com a populagédo cada vez mais significativa, esses animais necessitam
de alimento e espaco que pode competir de certa forma com os seres humanos (Su e
Martens, 2018), além disso, tendéncias como humanizagao, ‘’premiumizagao’’ (alto teor
nutricional com fontes “’grau humano’’), altos teores proteicos, superalimentagéo,
obesidade e desperdicios sdo fatores associados as consequéncias ambientais. A producdo
e consumo de alimentos tem sido apontada como o fator que demanda alto uso de recursos
naturais e gera alta degradacdo ambiental (Alexander et al., 2021; Okin, 2017; Su e
Martens, 2018;).

Poucos estudos investigaram a magnitude dos impactos ambientais da posse de
animais de estimacdo e da producdo industrial de alimentos para animais de companhia.
O estudo de Vale e Vale (2009) promoveu o inicio das discussdes de impacto ambiental
no contexto de animais de companhia. Partindo da estimativa de que 1 kg de frango e 1
kg de cereais necessita de 43,3 m- de terra arvel ao ano para sua producéo e de que cées
e gatos consomem cerca de 164 kg de carne e 95 kg de cereais ao ano, 0s pesquisadores
chegaram a conclusao de que os animais de companhia necessitam de cerca de 0,84 a 1,1
ha de terra aravel para producao de alimento seco comercial, variando conforme o porte,
a pegada ambiental anual de um céo de porte pequeno foi de 0,18 ha, 0,27 ha para porte

médio e 0,36 ha para cédes grandes.

Su e Martens (2018) utilizaram os indicadores ecoldgicos da dieta “Ecological

Paw Print’” (EPP) e emissdes de GEEs para célculos de impacto ambiental dos animais
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de companhia no Japdo. Aqui, foram consideradas o método de Pegada Ecologica (EF) e,
especificamente, as terras bioprodutivas de carater aravel e pastagens. Os autores
assumiram o ingrediente ‘frango inteiro’ como principal fonte de proteina de uma dieta
composta por cereal, milho trigo e arroz (com niveis de inclusdo de 25,67% de PB). Os
resultados indicaram que um céo de porte médio (10-25 kg), com expectativa de vida de
12 anos, consumindo cerca del8,75-122,80 kg/ano, possui um EPP de 4,01 a 26,28 ha ao
ano, responsavel pela liberacdo de até 1,52 a 9,97 ton de CO2 eq de GEE ao ano. Para
gatos de porte médio (2-6 kg), com expectativa de vida de 14 anos, foram observados um
EPP de 4,46-7,80 ha ao ano e outro de 1,69 a 2,96 ton de CO2 eq de GEE. Esses achados
foram equivalentes acerca de 4,62 a 19,79 milhdes de ha ao ano de um cidaddo japonés e
2,52 a 10,70 milhdes de ton de GEE ao ano por meio da dieta ou 1-4% do gerado pela

producdo de alimentos para humanos no Japao.

Na China, utilizando a mesma metodologia (EPP e emissdes de GEES), Su et al.
(2018) estudaram o impacto ambiental de diferentes portes e consumo de cées. Incluiram
os ingredientes alimenticios, a producéo e o transporte de alimentos em sua investigacao.
Ao considerar uma dieta baseada em um alimento seco comercial (a base de frango), os
resultados mostraram que um cdo de tamanho pequeno (1,5-10 kg) possui um EPP
dietético de 0,10-1,23 ha ao ano e é responsavel por 0,005-0,063 ton. de emissdes de CO2
eq. de GEE ao ano, um céo de porte médio (10-25 kg) possui um EPP dietético de 0,82 a
4,20 ha ao ano e é responsavel por 0,037-0,190 ton. de emissdes de CO2 eq de GEE ao
ano, um céo de porte grande (25-70 kg) possui um EPP dietético de 2,32-10,05 ha que é
responsavel por até 0,099-0,427 ton. emissdes de CO2 eq. de GEE ao ano. A contribuicao
total de um cdo de porte médio, considerando uma expectativa de vida de 12 anos,
consumindo alimento seco, ao longo dos anos foi EPP de 9,92-50,49 ha ao ano e cerca de
0,449-2,285 milhdes de CO2 de eq de GEE langados ao ano, equivalente a 2,6% e 13,5%

da populagéo chinesa, respectivamente.

Okin e Crowther (2017) calcularam nos EUA o consumo de energia dietética total
e 0 consumo de energia de produtos de origem animal para cdes e gatos juntos. Os autores
relataram o consumo de 19% * 2% da quantidade de energia dietética que os humanos
consomem e estimaram gue dentro do total de 260 milhdes ton CO2-eq ao ano produzidos
pela producgdo da pecuaria nos EUA, cées e gatos consomem cerca de 48-80 milhGes de
ton de CO2-eq GEE. Ou seja, por meio da sua dieta (considerando a producéo de proteina

de origem animal usada, quando comparada a um substituto de proteina vegetal), cées e
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gatos constituem de 25-30% dos impactos ambientais da producdo animal usado para
alimentar humanos em termos de uso da terra, &gua e combustivel fossil (total de 260
milhdes de ton CO2 eq GEE ao ano).

De forma semelhante, Leenstre et al. (2018) verificaram que a producdo de
proteina de origem animal, usada para alimentar animais de companhia nos EUA, emite
cerca de 52,83 e 18,70 milhdes de ton de CO2-eq ao ano para cdes e gatos,
respectivamente (ou 288 kg CO2/ano/MS e 863 CO2/ano/MS) com resultados proximos
também para Europa (51,37 e 18,85 milhGes de toneladas de CO2-eq ao ano). Em termos
de uso da terra, os autores concluiram que a producdo de alimentos para animais de
companhia necessita de, no minimo, 10% da terra aravel dos humanos para a producao
dos seus produtos, sendo de 13,4% (EUA) e 19,8 % (Europa) o que corresponde a cerca
de 24,1 milhdes de ha ao ano.

Nessas pesquisas, (Okin e Crowther, 2017; Su e Martens, 2018; Su et al., 2018)
0s subprodutos tiveram seus impactos desconsiderados ou associados ao impacto
ambiental de outros produtos de origem animal como a carne. No entanto, supor que 0s
subprodutos ndo geram impacto relativo (ou seja, impacto 0) ndo parece adequado, uma
vez que esses constituem cerca de 30% da dieta para cdes e gatos, fornecem fonte
adequada e acessivel de proteina e contribuem no desenvolvimento da industria pet food
(Alexander et al., 2021). Por outro lado, os subprodutos normalmente n&o sdo comestiveis
aos humanos e possuem valor relativamente baixo no mercado de alimentacdo humana e
em relacdo a outros produtos pecuarios, o que torna o resultado da atribuicdo de massa
(por exemplo, atribuir a mesma taxa de impacto de 1 kg de subproduto a 1 kg de carne
nobre), superestimado (Alexander et al., 2021).

Alexander et al., (2021) sugerem que a producdo de alimentos para animais de
estimacédo emite globalmente o total de 56,3-151,2 Mt CO2 eq. (equivalente a 1,1%-2,9%
das emissBes globais de GEE agricolas). Em termos de terras agricolas usadas para a
producdo, foram encontrados valores de 40,7-57,6 Mha anualmente (representando 0,8-
1,2% do uso global de terras agricolas). Os autores tambem estimaram a captacéo de dgua
doce associada a producéao do produto (5,1-10,8 km3) ao ano, equivalente a 0,2-0,4% da
retirada global de dgua doce agricola. Caso os dados fossem alocados em massa, iSO
acarretaria em resultados maiores, cerca de 2,3 para emissoes de GEEs, 2,1-2,4 maiores

para terras agricolas usadas e 1,6 para retiradas de agua doce.
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V. OBJETIVO GERAL

Caracterizar os impactos ambientais por meio da ACV, considerando as etapas de
obtencdo das matérias-primas, producdo de embalagem, processamento industrial do
alimento e distribuicdo do produto acabado (‘berco ao portdo’), de um alimento seco
extrusado para cdes adultos, produzido no Brasil. Pretende-se ainda identificar os pontos
criticos e identificar oportunidades de melhorias no ecodesign de pet food.
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Abstract

The global pet food market has grown rapidly over the past years. Perhaps because of the
great focus given to humanization, commercial trends do not always converge toward
sustainability. Measuring the environmental impacts of pet food production and animal
breeding is the first step to identify limiting factors and develop mitigating strategies. Life
cycle assessment (LCA) is recommended by the European Pet Food Industry Federation
(FEDIAF) as a tool to improve the standardization of information on the environmental
impacts of pet food production. LCA procedures are described in the Product
Environmental Footprint Category Rules. This study aimed to examine the environmental
impacts associated with the development, production, and distribution (cradle-to-gate)
phases of extruded dog food production in Brazil. Here, one functional unit (FU) was
defined as the amount of metabolizable energy required to meet the energy needs of an
active 10 kg adult dog. The reference flow (RF) was calculated from the daily amount of
food provided to each animal, considering the production of 15 kg bags. LCA was
performed using the environmental footprint method 3.0 (v. 1.00) of SimaPro software
(v.9.1.1.1). Ingredients were modeled for study conditions. Production and transportation
data from a 2-year period were collected directly from the manufacturing company. The
raw material selection phase was the most relevant, accounting for at least 70% of total
environmental impacts. The main impact categories were terrestrial eutrophication,
marine eutrophication, acidification, particulate matter, and climate change, which
accounted for 80% of the impacts of all phases. It was estimated that the production of
extruded dry food to feed a medium-sized dog in Brazil leads to the emission of 88.73 kg
CO2-eq year ! or 1.37 kg CO,-eq kg ™! distributed food. The dog food analyzed here was
based on cereals commonly used as animal feed (corn, sorghum, and rice) and co-products

of animal and plant origin (soybean bran, poultry offal meal, meat and bone meal, and
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poultry fat), which possibly contributed to reducing environmental impacts in the raw
material selection phase. Ingredient selection was found to be an important factor in
mitigating the environmental impacts of pet foods. The results of the current study are
similar to FEDIAF estimates on a FU basis.

Keywords: LCA,; Pets; Eutrophication; Environmental impacts

Abbreviations:
FEDIAF, European Pet Food Industry Federation; FU, functional unit; LCA, life cycle
assessment; MBM, meat and bone meal; PEFCR, Product Environmental Footprint

Category Rules; POM, poultry offal meal; RF, reference flow.
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1. Introduction

As a result of population growth, higher per capita income, lifestyle changes, and
novel market demands in developing countries, food production is expected to grow
substantially in the coming years (FAO, IFAD, UNICEF, WFP, WHO, 2022). From the
perspective of environmental preservation, the challenge lies in increasing food
production without causing a similar increase in productive areas. It is essential not only
to increase food production but also to optimize food use, as minimizing waste and excess
material consumption is one of the most efficient ways to contribute to sustainability
(Swanson et al., 2013).

Humans and dogs share a history of more than 10,000 years. This relationship has
grown increasingly close owing to the intensive humanization of our pet companions
(Sykes et al., 2020). It is not surprising that the growth of the human population, projected
to reach 8.5 billion people by 2030, has been accompanied by the growth of the dog
population, demonstrated by the increase in the number of pet-owning households. These
trends fostered the expansion of the pet food market (Okin, 2017). Advances in the pet
food market, however, have been controversial in terms of environmental sustainability.
Product development is often not based on technical standards or research and
development guidelines, but rather on specific consumer niches (Swanson et al. 2013;
Okin and Crowther, 2017; Martens et al., 2019).

It is crucial to monitor the environmental impacts arising from pet food production
in order to address points of attention and contribute to the sustainability of the sector. As
dogs and cats have high protein and amino acid requirements, commercial pet foods
typically contain larger quantities of meat co-products, such as poultry offal meal (POM),

meat and bone meal (MBM), fish meal, and mechanically separated meat. Such an
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ingredient composition likely contributes to sustainability, as it promotes waste
reutilization from human food production and nutrient recyclability (Swanson et al.,
2013), minimizing environmental impacts (Alexander et al., 2021). However, there is
limited information on the environmental impacts associated with dog and cat ownership,
and the available studies are frequently contradictory in their findings (Okin and
Crowther, 2017; Su and Martens, 2018; Su et al., 2018; Alexander et al., 2021). Estimates
of the climate change impact of a medium-sized dog range from just over 100 kg CO2-eq
year! to more than 1000 kg CO.-eq year ! (Acuff et al., 2021). These expressive
discrepancies may be due to methodological differences in impact assessment, animal life
phases, and geographical region, among other factors.

In view of the need for methodological standardization of environmental impact
assessment methods in pet food production, the European Pet Food Industry Federation
(FEDIAF) developed the Product Environmental Footprint Category Rules - Prepared Pet
Food for Cats and Dogs (PEFCR). This guide recommends the use of life cycle
assessment (LCA) in pet food research in order to produce standardized and comparable
results. Guidelines are available for four types of products, namely dry and wet foods for
dogs and cats (FEDIAF, 2018A). With LCA, it is possible to estimate environmental
impacts at different phases of a product's life cycle, including raw material extraction,
product design, production, packaging, distribution, and reuse (ABNT, 2009a). This study
aimed to apply LCA to assess the environmental impacts associated with the production
of extruded dry food for adult dogs in Brazil and identify critical control points and

opportunities for improvement toward pet food eco-design.
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2. Material and methods

2.1. Functional unit (FU), reference flow (RF), and system boundaries

LCA was performed according to PEFCR recommendations (FEDIAF, 2018a). A
15 kg dog food product sold in Brazil was used as reference food. One FU was defined
as the daily amount of metabolizable energy (kcal day™') needed to meet the energy
requirements of a 10 kg adult dog, calculated using Eq. (1) (FEDIAF, 2018b):
Metabolizable energy = 110 X (Body weight)0.7>

1)

The reference flow (RF) was defined as the amount of food needed to meet the FU,
assuming a metabolizable energy content of 3.48 kcal g~! food. The metabolizable energy
content of the food product was calculated from chemical composition data (FEDIAF,
2018b). The daily food requirement (g day ') was calculated using Eq. (2). Based on these

calculations, the RF was estimated at 177.3 g food day .

. . Metabolizable energy requirement
Daily food requirement = &

Metabolizable energy content
)

System boundaries included the product's life cycle from cradle to gate (Fig. 1),
encompassing the phases of raw material production, extruded food production,
packaging production, and distribution of the finished product, according to FEDIAF
recommendations (2018a). All direct and indirect inputs and emissions from food
production and processing, energy sources, materials, and packaging were considered.
Equipment and building production and maintenance, chemical reagents, and post-use

phases were not included in the analysis (Table 1).
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Fig. 1. Flowchart of subprocess steps and boundaries of the pet food production system.

Table 1. Steps and processes included and excluded from the scope of the study (cradle

to gate).

Included steps and processes

Raw materials Extraction, processing, and transportation of all
ingredients. These phases are not performed by the
pet food manufacturer; therefore, environmental
assessment was based on available secondary data.

Extruded food production Thermal and electrical energy consumption, water
consumption, product processing operations,
transportation, and waste treatment.
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Packing production Packaging materials, processing, and transportation
to the pet food plant.

Manufacturing waste Final waste disposal (classes | and II), recyclables,
water, and wastewater.

Distribution Transportation of the finished product to points of
sale.

Excluded steps and processes

Product use and post-use Excluded because of data unavailability.

Facilities and equipment Excluded because of its limited relevance.

Premix and additives With the exception of preservatives, additives were
excluded because they represented only 2% of total
inputs.

2.2. Life cycle inventory analysis: data sources, step modeling, reprocessing, and

allocation of meat co-products

Primary data were collected from a pet food industry located in southeast Brazil.
The industry is a licensed manufacturer with a well-structured quality management
system. The product brand and its 15 kg variety were chosen as a reference because of
their great representativeness within the company and within the selected brand,
respectively (Table 2). All ingredients were modeled based on their respective contents
in the formulation, distance traveled by suppliers for delivery to the company, and datasets
available in the consulted databases (ecoinvent 3.7.1 and Agri-footprint 5.0). Theselected
datasets were chosen taking into account the study location (Brazil). When Brazilian data
were not available in either database, data related to the most similar location in terms of
geographical, technological, and climate characteristics or the averageof a wider region
(e.g., global data) were used. The datasets were then adjusted to the Brazilian reality of
transportation, material input, and energy flow conditions. Changes are described in detail

in Table A4 (Supplementary material).
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Food product Dry pet food
Animal species/life phase Adult dogs
Processing method Extrusion
Packaging material 32 um PE + PE
Net weight 15 kg
Reference period 2019-2020
Production site Southeast Brazil
Consumer market National

PE, polyethylene.

Analysis of the production phase was performed using the average of primary data
provided by the industry for the 2019-2020 period (transport freight and distance by
supplier, ingredient consumption, energy consumption, steam and water consumption,
waste generation, packaging consumption, transport distance of the finished product).
These data were used for mass allocation, whereby data for the product under analysis
were used to generate estimates for the total food production of the plant, given that the
other products represent a closed system.

The distance traveled for delivery of raw materials to the pet food industry and the
distance traveled for delivery of the finished product were calculated from the actual
location of the plant, suppliers, and points of sale. A weighted average distance was used
to account for differences between distances, as shown in Eq. (3). Freight processes were
retrieved from the databases by using the strings "Transport, freight, lorry >32 metric ton,
EUROS5 {RoW}| transport, freight, lorry >32 metric ton, EURO5" and "Transport, freight,
lorry 16-32 metric ton, euro5 {RoW}| market for transport, freight, lorry 16-32 metric
ton, EURO5 | APOS, U". These processes refer to the emissions and environmental
burdens related to trucks used for transportation (up to 32 ton or greater than 32 ton),

according to information provided by the company.
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Transport = (Average freight) X (Weighted average distance)
@)

Reference products were used to model preservatives and palatants in the dataset,
as per PEFECR recommendations (FEDIAF, 2018a). Preservatives were represented by
the string "Ascorbic acid {RoW}| ascorbic acid production | APOS, U)", whereaspalatants
were denoted "Protein feed, 100% crude {GLO}| fodder yeast to generic marketfor protein
feed | APQOS, U)".

For greater consistency of results, reprocessing was treated as part of ingredient
processing in the impact assessment. In the reference industry, reprocessing is defined as
any operation to which processed products are subjected to because they do not meet
market standards, such as grinding and new entry in the production line to avoid waste.
Reprocessing can be treated in different ways in impact analysis. Here, it was not
considered an avoided impact but a component of the production system, given that reuse
occurs within the system itself (sometimes from different processing lines), in agreement
with the ISO 14040 definition of a closed system (ABNT, 2009a). Of note, the
composition of the reprocessed fraction can vary, and exact data were not available for
this parameter. Thus, in an attempt to bring the model as close as possible to real life
conditions via a transparent approach, we opted to use the same composition of the pet
food product and set the content of the reprocessed fraction at 9%, based on the average
annual content informed by the manufacturing company.

Meals of animal origin were subjected to an economic allocation procedure, in line
with previous recommendations (FEDIAF, 2018A; Alexander et al., 2020). Economic
allocation consists in the assignment of environmental burdens proportional to the
financial incentive that originated them, minimizing the likelihood of underestimation

(zero impact) or overestimation (mass allocation) of environmental impacts. POM,
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MBM, and poultry fat yield data were obtained from the annual report of the Brazilian
Association of Animal Recycling (ABRA, 2020). Co-product price quotes were obtained
from a commodity website (ABOISSA, Santa Cecilia, Brazil). Co-product datasets were
modeled on the basis of literature data adapted to the Brazilian reality. Industrial electrical
energy consumption for POM, MBM, and poultry fat production was adapted from
Campos et al. (2020), food production parameters from Prudéncio et al. (2014), and cattle
and poultry production parameters (rearing to slaughter) from Menezes et al. (2020)

(Table 3).

Table 3. Parameters used for economic and mass allocation of animal meals and fats.

Parameter MBM! POM? Poultry fat
Human consumption® 45% 69% 69%
Animal recycling? 55% 22% 22%
Co-product yield® 11% 3.96% 2.42%
Price (R$ kg 1)® 25 4.45 6.35
Mass allocation 11% 4% 2%
Economic allocation 2.03% 2.77% 2.42%

1 MBM, meat and bone meal.

2 POM, poultry offal meal.

% Proportion of carcass destined for human consumption.

4 Proportion of carcass used for the production of animal meal and fat ingredients.

% Yield in relation to animal weight at slaughter. Data obtained from ABOISSA (2021)

and ABRA (2019).

2.3. Life cycle impact analysis: software, method, and impact categories

SimaPro 9.1.1.1 software (PRé Consultants, Netherlands) was used to process life

cycle inventories. This software is widely used in environmental studies to estimate
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potential environmental impacts (Oele, 2020). Among the several assessment tools
available in SimaPro, we chose to use the environmental footprint method 3.0 v. 1.00,
developed by the European Union Product Environmental Footprint, an initiative
responsible for producing PEFCR guidelines (FEDIAF, 2018A). Environmental footprint
method 3.0 v. 1.00 has a global scope and can be used for analysis of midpoint impact
categories, including characterization, normalization, and weighting factors (Zampori and
Pant, 2019).

We analyzed all 16 impact categories of the environmental footprint, which are as
follows: climate change; ozone layer depletion; ionizing radiation; photochemical
oxidation; particulate matter; human toxicity, cancer; human toxicity, non-cancer;
acidification; freshwater eutrophication; marine eutrophication; terrestrial eutrophication;
freshwater ecotoxicity, land use; water use; resource use, fossils; and resource use,

minerals and metals.

2.4. Result interpretation: possible scenarios, sensitivity analysis, and uncertainty

analysis

After characterization of the environmental impacts of the reference product, we
performed a comparative analysis of different ingredients commonly used in pet food
according to nutrient categories (starch, lipid, or protein sources). This step was aimed at
providing information on the substitution potential of the food formulation for reduced
environmental impacts. Comparative results are expressed in terms of unit weight (kg)
for starch and lipid ingredients. As for protein ingredients, results are corrected for protein

content.
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After comparative analysis of ingredients, the next step was to formulate
isonutritive diets for adult dogs according to Livestock and Poultry Environmental
Learning Community procedures (LPELC, 2019). Diets were formulated using pet food
formulation software (TD Software, Supercrac Pet, Vicosa, Brazil) by combining two
approaches, namely minimization of climate change impact (carbon footprint) and
minimization of water use impact (water footprint). These simulations helped to illustrate
the potential of raw material selection to contribute to the mitigation of environmental
impacts in pet food production.

Sensitivity analysis was performed for animal co-products (POM, MBM, and
poultry fat) using SimaPro software (v. 9. 1.1.1). Simulations were carried out assuming
a 50% increase or decrease (50% to 150%) in the economic allocation results of POM and
MBM. Uncertainty analysis was performed for the raw material selection phase usingthe
Monte Carlo simulation model of SimaPro, with 1,000 iterations at a significance level of
p > 0.05 based on the environmental footprint 3.0 midpoint method. This analysisuses
coefficient of variation (CV) indicators or a normalized indicator of dispersion in the

category indicator.

3. Results

3.1. Environmental impact assessment according to product life phase

Results (absolute data) are presented as Supplementary Tables A1-5. Analysis of

the environmental profile of the reference product based on the 16 impact categories

revealed that the raw material selection phase contributed the most to total environmental

impact. The lowest contribution was to fossil fuel use (72.42%, 5.54E-01 MJ-eq 177.3
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g ' day ") and the highest to water use (~100%, 3.10E-02 m3-eq 177.3 g day ) (Fig.
2). The contribution of this phase was greater than 90% for 12 of the 16 impact categories.

The production phase was the second largest contributor to the environmental

impacts of the reference product. The most relevant (>10% contribution) impact
categories were ozone layer depletion (16.15%, 6.48E—10 CFC''-eq 177.3 g1 day ™),
photochemical oxidation (14.62%, 4.43E-05 NMVOC-eq 177.3 g~! day'), and fossil
fuel use (10.8%, 8.26E—02 MJ- 177.3 g"! day ™). It is noteworthy that the contribution to
water use was negative (—12.51%, —3.77E—03 m3-eq 177.3 g ! day ). The contribution
of the packaging production phase was relevant for fossil fuel use, accounting for 16.8%
(1.28E—01 MJ-eq 177.3 g ! day!) of the total impacts in this category. The finished
product distribution phase did not contribute significantly to the environmental impacts

of the studied system (<0.00148%).

Use of mineral and metal Climate change
s¢ ofmuneral and met 120 Ozone layer depletion
resources 100

Fossil fuel use lomzing radiation

Water use Photochemical oxidation

Land use Particulate matter

Human non-carcinogenic

Freshwater ecotoxicity toxicity

Terrestrial eutrophication Human carcinogenic toxicity

Marine eutrophication Acidification
Freshwater eutrophication

—Raw material selection =—Packaging production Pet food production =—Final product distribution

Fig. 2. Percentage contribution of the main phases of pet food production to
environmental impacts in the base scenario, according to estimates produced by the

environmental footprint 3.0 v. 1.00 method.
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Given that the raw material selection phase was the most relevant, we proceeded
with data characterization to estimate the environmental contribution of food ingredients
(Fig. 3). Among ingredients of plant origin, soybean meal had the greatest contribution to
climate change (57.6%), freshwater eutrophication (53.7%), photochemical oxidation
(42.5%), freshwater ecotoxicity (38.2%), fossil fuel use (32.6%), human carcinogenic
toxicity (25.8%), and human non-carcinogenic toxicity (21.7%).

Corn grain was the major ingredient in the formulation. It contributed mainly to use
of mineral and metal resources (73%), land use (78.9%), ozone layer depletion (42.7%),
ionizing radiation (28.7%), particulate matter (26.9%), terrestrial eutrophication (26.4%),
acidification (28.6%), marine eutrophication (23.6%), and photochemical oxidation
(20.4%). Wheat bran contributed to freshwater ecotoxicity (22.8%), whereas oat hull
contributed more to marine eutrophication (31.5%). The other ingredients of plant origin,
namely sorghum and full fat rice bran, contributed mainly to water use (22.1% and 13.5%,
respectively).

Among ingredients of animal origin, which accounted for 17.8% of the original
formulation, POM and poultry fat had relevant contributions to the impact of the final
product on particulate matter (46.2%), terrestrial eutrophication (47.8%), and
acidification (46.8%). On the other hand, MBM was more relevant to human non-

carcinogenic toxicity (52%) and human carcinogenic toxicity (30.7%).
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Fig. 3. Percentage contribution of ingredients in the raw material selection phase, as

assessed by midpoint characterization (environmental footprint 3.0 v. 1.00).

In the reference food production phase, electrical energy was the most relevant for
ozone layer depletion (76.2%) and fossil fuel use (77.1%). Another relevant process in
extruded food production was the generation of thermal energy (steam), which was the
main contributor to photochemical oxidation (70.3%). Water use had a negative impact

on the manufacturing phase, attributed to water treatment (Fig. 4).

100% - S
m Final disposal of wastewater
80%
m Final disposal of water
60%
40% Final disposal of recyclable waste

20%

. . m Final disposal of class II waste
0% m Final disposal of class I waste
Fossil fuel use Ozone layer Photochemical
-20% depletion oxidation Thermal energy (boiler steam, firewood)

_40% B Electrical energy

m Produgdio de agua e tratamento
convencional

-60%

-80%

Fig. 4. Percentage contribution of extruded food production steps, as assessed by

midpoint characterization (environmental footprint 3.0 v. 1.00).
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In the packaging production phase, the impact of fossil fuel use was expressive,
accounting for 98.9% of the calculated environmental impacts. This step includes
materials used for packaging and transportation to pet food factories. Packaging film
(low-density polyethylene) was the main contributor to environmental impacts, and

freight had a low contribution.

3.2. Normalized impacts

Data normalization revealed the raw material selection phase to mainly impact
terrestrial eutrophication (21%), marine eutrophication (20%), acidification (16%),
particulate matter (12%), and climate change (11%). Together, these burdens accounted
for 80% of the total environmental impact of raw material selection (Fig. 5). In this study,
global normalization factors were calculated using environmental footprint 3.0 version

1.00 (Zampori and Pant, 2019).

3.3. Environmental contribution of ingredients

Given that the raw material selection phase was responsible for a large part of the
environmental impacts of extruded food production, we compared the impacts of
ingredients used in the reference formulation with those of alternative ingredients. Only
the categories with the highest environmental impacts were selected for the analysis
(terrestrial eutrophication, marine eutrophication, acidification, particulate matter, and

climate change).
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Ionizing radiation
0,00006

Acidification Use of mineral and metal resources
0,00005

0,00004

Fossil fuel use Marine eutrophication

Freshwater eutrophication Ozone layer depletion

Terrestrial eutrophication Climate change

Photochemical oxidation Water use

Particulate matter

Fig. 5. Contribution of impact categories based on normalized and absolute data of the

raw material selection step (environmental footprint 3.0 v. 1.00).

Regarding starch sources, corn was compared with sorghum and rice bran. These
ingredients are part of the reference formulation (Fig. 6). However, for analysis of the
impact of corn, we analyzed the region of the country in which it is produced. Sorghum
(reference formulation) and rice bran (reference formulation) had greater contributions to
climate change and marine eutrophication but lower contributions to the other categories
than corn grain. Important differences were observed for corn grain produced in different
regions. Corn produced in Goias (GO) contributed the most to the five impact categories
assessed, particularly to terrestrial eutrophication (24.16%). By contrast, with the
exception of marine eutrophication, corn from Mato Grosso (MT) had the lowest

contribution (mean of 8.9%) to impact categories compared with other corn grains.
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Fig. 6. Comparison of the environmental impact of different starch ingredients

(environmental footprint 3.0 v. 1.00).

In comparing the impact of fat sources (Fig. 7), it was found that poultry fat had the
greatest contribution to particulate matter (86.86%), acidification (86.64%), and
terrestrial eutrophication (87.19%). Soybean oil contributed mainly to climate change
(73.7%) and marine eutrophication (45.72%). Beef tallow seemed to be an
environmentally friendly source, as it did not contribute significantly to any of the five
impact categories.

Figs. 8 and 9 show the results of the comparisons of protein ingredients, expressed
per kilogram and per unit protein (kg kg™! of crude protein). On a weight basis, it was
found that soybean meal had a greater contribution to climate change (65.65%). POM
contributed mainly to terrestrial eutrophication (55.4%), particulate matter (55.16%), and
acidification (54.44%). Unlike the other ingredients, corn gluten contributed to marine
eutrophication (63.91%). In considering the protein equivalent of ingredients (amount

needed to achieve 1 kg of crude protein), we observed no significant changes in impact
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categories. Similar to beef tallow, MBM had the lowest contribution (in four of the five

categories) among protein sources.
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Climate change  Particulate Acidification Marine Terrestrial
matter cutrophication eutrophication

m Poultry fat (reference food) mCrude soybean oil = Beef tallow (reference food)

Fig. 7. Comparison of the environmental impact of different fat sources (environmental

footprint 3.0 v. 1.00).
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Fig. 8. Comparison of the environmental contribution of different protein sources,

considering ingredient weight.
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Fig. 9. Comparison of the environmental contribution of different protein sources,

considering protein equivalents.

4. Discussion

4.1. Contributions of pet food production to environmental impacts per life cycle phase

In this study, as in previous studies on other animal species, raw material selection
was the phase that contributed the most to environmental impacts. This result is in
accordance with those of PEFCR guidelines (FEDIAF, 2018a) and shows that the burden
generated by raw material selection (sourcing, processing, and transport) is determinant
of the total environmental impact of dry food production. Although food processing and
packaging did not account for the major part of the impact of extruded food production,
together, they corresponded to about 30% of the total environmental impact. Ozone layer
depletion and fossil fuel use can be minimized by better managing electrical energy

consumption and photochemical oxidation during thermal energy generation. Use of
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renewable energy sources, such as wind, solar, bioenergy, and mineral coal, are important
alternatives to mitigate environmental damage and meet decarbonization goals, as
discussed in the National Energy Plan 2050 (PNE, 2020).

The low impact of the packaging step might be related to the type of food analyzed;
it is possible that packaging would have a greater impact on wet food production
(FEDIAF, 2018a; Mosna et al., 2021). A limitation of this study is that we did not evaluate
the pollution generated by the disposal of packaging material. The findings showed that
reducing or replacing polyethylene (PE + PE) film is important for minimizing fossil fuel
use. Replacements for petroleum-based films are being explored, such as bioplastics, a
type of plastic generated from natural resources (starch and vegetable oils), with
polylactic acid being the most promising (Naser et al., 2021). Agricultural wastes, such
as those from carrot production, have shown potential for the development of
biodegradable biocomposites (Otoni et al., 2018). Other alternative materials and
strategies include recycled plastic resins, use of renewable energy sources, and use of
monolayer products (Tamoor et al., 2022).

The findings suggest that the distribution phase can be disregarded in future studies
of pet food LCA, as it accounted for less than 1% of the total environmental impact. This
result can be attributed to the distance of suppliers, mode of transport, and type of vehicles
used by the company. The evaluated production plant uses local and/or regional suppliers.
The final product does not require refrigerated transport, medium/heavy duty vehicles can
be used, and minimal waste is generated during transport. Furthermore, the company has
adopted reduced pollution technologies, as proposed by the Air Pollution Control
Program for Motor Vehicles (PROCONVE) (PROCONVE, 2016). These factors explain

the efficiency of this step. Nevertheless, it should be noted that distribution between sale
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points and consumers' residences was not accounted for in this study and that the trade-

offs that may occur in this final phase are diverse and critical (Rai, 2021).

4.2. Most relevant impact categories

Data normalization in LCA studies is relevant for result interpretation and decision-
making. In recent years, the robustness of factors has been improved (Crenna et al., 2019;
Roesch et al., 2020). Despite the progress, normalized results should be analyzed with
caution, as their estimates still have intrinsic limitations (Curran, 2006; Sala et al., 2017;
Hauschild et al., 2018; Crenna et al., 2019; Roesch et al., 2020). Here, the categories
related to toxicity (freshwater eutrophication and human carcinogenic and non-
carcinogenic toxicity) were not the most relevant, according to PEFCR guidelines
(FEDIAF, 2018a). These categories are considered complex and challenging to evaluate,
as they involve a large number of chemical substances and their normalization factors
have a high level of uncertainty (Crenna et al., 2019) and a low level of robustness (Sala
etal., 2017). More refined inventories were suggested (Crenna et al., 2019; Leclerc et al.,
2019). Land use assessment was also excluded, as normalized data resulted in data
extrapolation. The environmental footprint 3.0 method uses the LANCA® model (Beck et
al., 2010) to perform estimates of land use; however, the reliability of the model has been
associated with relevant errors, necessitating better factor calibration (Terranova etal.,
2021). Therefore, investigation of impacts on land use remains widely debated in
Brazilian LCA studies (Novaes et al., 2017; RAICV, 2019).

Terrestrial and marine eutrophication were the most significant impact categories,
accounting for 41% of the total environmental impacts of raw material selection. Such

impacts are due to the large accumulation of nutrients in the environment, including
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generation and release of nitrates, nitrogen oxides (NOy), ionized ammonia (NH4"), and
non-ionized ammonia (NHs) in air and water. These emissions might be related to
inadequate agricultural management, excessive use of nitrogen, and generation of
volatilized residues in animal production. Poultry fat, POM, and corn grain contributed
the most to terrestrial eutrophication and ground oat hull and corn grain contributed the
most to marine eutrophication. The relationship of ingredients with environmental
impacts can be attributed to emissions related to animal production (Liua et al., 2022),
application of organic correctives, and nitrogen fertilizers, which, in excess, can trigger
nitrate leaching and, consequently, soil erosion, reduced crop yields, groundwater
contamination, high biomass production in water bodies, and damage to aquatic life
(Kopittke et al., 2019; Liua et al., 2022).

Acidification can be triggered by excessive use of nitrogen-based fertilizers
(Carvalho et al., 2021). The release of H*, especially in media with low buffering capacity,
leads to reductions in the pH (increase in acidity) of soil, air, or water,representing a threat
to plant and animal diversity, by affecting pollinating agents(Stevens et al., 2018). Here,
the acidification impact was 2.17E—03 mol H*-eq 177.3 g"! day ' for the raw material
selection step and main contributors (corn grain, POM, and poultry fat), 87% of which
(1.97E—03 mol H*-eq 177.3 g! day ') was associated with airemissions of ammonia.

In the study of Campos et al. (2019), POM and poultry fat were associated with
eutrophication and acidification. Together, the co-products accounted for 73% and 68%
of the total impact in each category, respectively; however, compared with fish meal and
fish oil, the poultry products were less environmentally damaging. Here, POM

contributed more to environmental impacts (eutrophication, acidification, particulate
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matter) than MBM (human toxicity), representing a trade-off associated with nutritional
quality versus economic and environmental aspects.

When normalized, particulate matter (1.72E—08 case incidence 177.3 g ' day ') and
climate change (2.3E-01 kg COz-eq 177.3 g! day™!) had similar importance in the dry
food life cycle. Emission of complex particles into the air is associated with adverse and
detrimental effects on human health and mortality (Cohen et al., 2017; Wang et al., 2017;
Belotti et al., 2020; Giusti et al., 2022). In this study, particulate emissions were mainly
related to poultry fat and POM production and, secondarily, to NHz release into the air.
Soybean meal and wheat bran were the main contributors to climate change. This finding
is mainly due to land use and transformation (70%, 1.6E—01 kg CO2-eq 177.3 g ' day ™),
followed by fossil (27%, 6.3E—02 kg CO2-eq 177.3 g"! day™!) and biogenic (3%, 5.8E—03
kg CO,-eq 177.3 g ' day ') COzemissions. Similar results can be observed in LCA studies
of monogastric animals, such as rabbits (Cesari et al., 2018), broilers (Cesari et al., 2017),
and pigs (Bava et al., 2017).

The production chain of primary soybean is strongly related to climate change,
given the implications for land use and transformation (Castanheira and Freire, 2013;
Maciel et al., 2016; Brito et al., 2021). In Brazil, soybean cultivation has undergone
agricultural expansion in the Cerrado biome and Amazon, leading to deforestation. In this
case, partial replacement of soybean meal is indicated. Nevertheless, there are policies in
force aiming to reduce the impact of soybean production and achieve low carbon
agriculture, such as allocation of soybean crops to already deforested areas (Gibbs et al.,
2015). The models used to estimate the impacts of land use and transformation need to be

improved to consider recent changes in the current scenario (Brito et al., 2021).
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4.3. Environmental contribution of different ingredients

In comparing the environmental impacts of different ingredients, we found that corn
grain produced in Goias should be avoided and replaced with corn grain from Mato
Grosso. Bovine tallow and MBM were found to be "greener” lipid and protein sources,
respectively. The analysis suggests that formulations should be based on corn grain (Mato
Grosso), poultry fat, and POM to mitigate climate change and marine eutrophication or
on sorghum, rice bran, MBM, and bovine tallow to minimize acidification, terrestrial
eutrophication, and particulate matter generation.

Changes in diet formulations as a strategy to mitigate the environmental impact of
pet dry food production should be made with caution, as each source contributes to some
extent to an impact category. It is important to first define which impact category should
be mitigated, as improving one category may affect another. Furthermore, the challenges
of trade-offs between nutritional quality, economic performance, and environmental

impacts must be considered, as suggested by Matlock et al. (2015).

4.4. Sensitivity and uncertainty analyses

Here, the greatest environmental impacts were not caused by ingredients of animal
origin, as demonstrated by assessment of meat co-products, which were allocated
economically. When analyzing the ingredients on a weight basis, the final environmental
impacts of co-products tend to be overestimated, as they are treated in the same way as
human-grade meat products. On the other hand, animal meals contribute to the revenue
of the livestock industry, and their impacts should not be considered negligible. This

factor underscores the importance of economic allocation, which allows attributing
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environmental impacts proportional to a product's economic value (FEDIAF, 2018a;
Alexander et al., 2021).

Sensitivity analysis was conducted to understand the impact of uncertainty on the
price of co-products. Prices may fluctuate and differ according to region, affecting the
results of the study (Mosna et al., 2021). Here, sensitivity analysis of POM and MBM
revealed that, despite a variation of 50% to 150% in market value, all environmental
impacts remained in agreement with the original formulation. In other words, price
fluctuations did not substantially influence the results (<10% variation in the final results).
Uncertainty analysis of the selected impact categories showed that 97.5% of the data
followed a normal log distribution and only 2.5% were undefined. A high level of
uncertainty was observed in water use (CV = 1011.48%) and human toxicity (CV >

559%), but these categories were not the most impactful in the present study.

4.5. Impacts, comparisons, and final considerations

Understanding the environmental implications of a product is a complex task. There
are few LCA studies on extruded dry foods in the literature, which makes it difficult to
compare our results. However, climate change and water use are commonly investigated.
It was estimated that about 11 m® of water is used to produce 64.71 kg of extruded dry
food per year, representing 0.17 m® of water per kg of food consumed per year. Alexander
et al. (2021) found a water use of 0.19-0.41 m?® per kg of food consumed per year. Our
findings are lower than those reported by PEFCR, namely 379.25 m? of water (FEDIAF,
2018a). The manual states that this value might be overestimated.

The production of 64.71 kg of dry food per year for a 10 kg dog generates 88.70 kg

CO»-eq per year or 1.37 kg CO-eq per kg of distributed food per year. These results are
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similar to those reported by PEFCR guidelines (106.52 kg CO,-eq year ') (FEDIAF,
2018). Alexander et al. (2021), in considering a global production of 26.6 million t food
year~!, estimated emissions of 2.12-5.68 kg CO»-eq per kg of distributed food per year.
Considering a 13-year lifespan for dogs, about 1.152 million kg CO.-eq will be emitted
by food production, a value similar to that estimated in the Netherlands (1 to 2.480 million
kg CO.-eq) (Martens et al., 2019).

For the main impact categories analyzed here, it is estimated that the production of
1 kg of dry dog food generates annual emissions of 0.055 mol N-eq (terrestrial
eutrophication), 0.01 kg N-eq (marine eutrophication), 0.013 mol H*-eq (acidification),
and 1.02E—-07 incidence cases with particulate matter. For all these impact categories,
including climate change, raw material selection is responsible for more than 95% of the
environmental impacts generated.

Our results showed that, in the industrial sector, process improvement and choice
of ingredients are key to increasing the environmental efficiency of dry food production.
This is particularly interesting for the pet food industry, given the trends in using human-
grade food and operating with nutritional excess. Optimistic alternatives that aim to
mitigate the damage associated with raw material selection can be found in the use of
insects, algae, and "green™ legumes as protein and lipid sources. These products have
lower biological cost and are less prone to competition with human food supply. Insects
and algae do not require large areas nor complex diets for their production, whereas crop
rotation reduces environmental impacts.

Such alternatives may promote partial or complete replacement of meat-based
proteins or soybean bran, which contributed greatly to climate change. However, if the
aim is to replace conventional co-products (e.g., POM and MBM) with alternative

sources, it is necessary to conduct more in-depth investigations. In this case, economic
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and social factors should be analyzed together with environmental factors for decision-
making (triple bottom line) (Elkington, 1999). In the scientific sector, it is encouraged to
advance research in the area. Future studies should aim at expanding boundaries (cradle-
to-grave assessment), comparing alternative sources, and improving Brazilian databases.
The government should focus on developing policies, legislation, tax incentives, and
educational campaigns of environmental responsibility that include from product
purchase to disposal. Together, these sectors should be striving to meet the Sustainable

Development Goals of the 2030 Agenda in the following years.

5. Conclusion

In pet food production, similar to feed production, raw material selection is the most
relevant phase, being responsible for at least 70% of the total environmental impacts of
the process. Although many studies focus on climate change, our findings revealed the
importance of monitoring other impact categories in the assessment of extruded dog food
production. Terrestrial eutrophication, marine eutrophication, acidification, particulate
matter, and climate change were the major impact categories, accounting for 80% of the
total environmental impacts of raw material selection.

The findings showed that formulation of extruded dog food with cereals commonly
used in animal feed (corn, sorghum, and rice bran) and plant and animal co-products
(soybean bran, meals, and animal fat) contributes to minimizing the environmental impact
of the pet food sector. This study did not analyze the use phase, but it should be noted that
high nutrient use efficiency is relevant to minimize emissions associated with pet food

consumption.
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