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Abstract

Background

Poultry production is an important human food pillar and is experiencing continuous growth
worldwide. The Life Cycle Assessment (LCA) approach has been increasingly used for providing
information on poultry production chains, in particular from the environmental point of view, which
has also been coupled with economic or social considerations in some cases.

Scope and approach

This study aimed to undertake a critical review to the state of the art of LCA application to the
poultry sector. Attention has been drawn to the different methodological approaches adopted in
the literature regarding functional units, system boundaries, inventory data collection and
multifunctionality management. In addition to reviewing how this sector was methodologically
approached by means of the LCA, this study aimed to summarize the main findings and highlight
current shortcomings of the literature.

Key findings and conclusions

Chicken chains were by far the most analyzed. A multiplicity of approaches was implemented to

date for the evaluation of these products in a life cycle perspective but the most adopted ones
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were the mass based functional unit, the cradle-to-farm gate perspective and the economic
allocation. As for other animal products, the agricultural phase weighs heavily on the impact of the
finished food product, in particular due to feed consumption and manure management. The
discussion focuses on the parameters most influencing environmental performance, as well as on
possible mitigations, some already widely known while others still partially unexpressed. Finally,
some research topics are identified that could increase the understanding and consequently the

sustainability of this important supply chain in the future.

Keywords: Life cycle assessment, impact assessment, poultry, chicken meat, eggs
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1. Introduction

Poultry productions have experienced impressive growth in recent decades. In 2017 poultry meat,
mostly represented by chicken meat (89%), was the most produced worldwide with about 122 Mt,
making up 37% of global meat production (FAOSTAT, 2020). According to OECD-FAO (2019),
chicken meat is expected to increase by 40 Mt by 2028, representing about half of the total
increase in meat production within that year. In addition, 87 Mt of eggs were produced in 2017, of
which 92% from laying hens (FAOSTAT, 2020). Beside this, poultry products play a major role in
human nutrition, especially in developing countries, due to several factors including being relatively
inexpensive, widely available, unaffected by religious restrictions and with a high nutritional value
(FAO, 2013).

Poultry products are recognized, together with milk, as the most environmentally efficient among
the main livestock production chains, in particular with regard to the carbon footprint but also
resources depletion (e.g., land and energy use) (de Vries & de Boer, 2010; Roma et al.,, 2015).
Nonetheless, these fall into the medium-high impact range products when considering a wider
basket of edible fresh food (Clune et al., 2017). It is therefore essential to seek continuous
improvement of the sustainability of poultry supply chains.

Life cycle assessment (LCA) is a holistic approach for evaluating the environmental impact during
the life cycle of products or processes. LCA has long been used for environmental metrics of food
products (Andersson et al., 1994), as well as a decision-making tool for environmental management
in the same area (Vazquez-Rowe et al., 2012; Djekic & Tomasevic, 2016; Costantini et al., 2021). It is
internationally standardized by I1SO 14040:2006 and 14044:2006, which define the four founding
pillars (goal and scope definition, inventory, impact assessment and interpretation of results) in
order to harmonize as much as possible its use among practitioners. LCA also finds application in

Type Il certification programs (regulated by ISO 14025:2010) to produce environmental product
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declarations (EPD), which are increasingly being used by enterprises in the agri-food sector for
reasons of transparency, marketing and eco-labeling (Cimini & Moresi, 2018). The different
certification programs provide sector-specific guidelines, called product category rules (PCR), for
the compilation of EPDs (Minkov et al., 2015). The International EDP® System, arguably one of the
most internationally adopted certification life cycle programs for agri-food, provides PCR for Hen
eggs in shell, fresh (CPC 02310) and Meat of poultry (CPC 2112). On the contrary, there are
currently no Product Environmental Footprint Category Rules (PEFCRs) drawn up by the European
Commission dedicated to measuring the life cycle impact of these products. Moreover, FAO has
recently published, through the Livestock Environmental Assessment and Performance Partnership
(LEAP), a guideline document with the aim of tracing a harmonized international methodology for
the environmental assessment of greenhouse gas (GHG) emissions and energy use from poultry
supply chains (LEAP, 2016). Most of the methodologies addressed by this document can actually be
applied for a wider range of impact categories.

LCA reviews in specific livestock fields have been carried out for milk (Baldini et al,, 2017), pig
(McAuliffe et al., 2016) and beef (de Vries et al., 2015) production systems, which recapitulated the
environmental criticalities of each, also highlighting some limits of the use of the LCA. Up to now,
some efforts (mainly published in conference proceedings) were done to review LCA studies
focused on poultry. In fact, Skunca et al (2015) analysed 13 studies, Leinonen and Kyriazakis (2016)
limited the analysis on UK poultry sector. Finally, the reviews carried out by Vaarst et al (2015) and
Rodic et al. (2011) do not specifically focus on LCA application to poultry sector but on a broader
concept of “environmental impact”. In particular, Vaarst et al (2015) considered the multi-
dimensional aspects of “sustainability” and, consequently, analyses also the economic and social
performances of poultry production. However, there is a lack of a comprehensive poultry-focused

LCA review. Given the crucial importance in agri-food terms of this sector, which is even destined to
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grow further in the future, this study intends to review the current knowledge on its environmental
performances. In more detail, the goals of this review are:

- summarize for what purpose and how LCA has been applied to date in the poultry sector;
- systematically compare different LCA-studies of poultry products;

- identify the aspects of the poultry production process (e.g., production factors consumed,
emission sources, etc.) mainly responsible for the environmental impact of the sector;

- discuss the effectiveness of possible mitigation solutions.

2. Literature review methodology

To perform the review, scientific manuscripts were retrieved by the "core collection" of Web of
Science™ database covering the period 2010 to 2020. This period was selected to reflect the
current state of the art and recent development, as well as the application of updated LCA
methods. In addition, previous LCA studies have already been discussed in a comprehensive review
of several livestock categories (de Vries & de Boer, 2010). The keywords used for the research were
"LCA or Life Cycle Assessment & eggs", "LCA or Life Cycle Assessment & poultry", "LCA or Life Cycle
Assessment & chicken", “LCA or Life Cycle Assessment & broiler”.

In particular, 155 studies were found. After the analysis of title and the abstract 108 studies were
excluded because not in line with the topic of this study. In more detail, the criteria used for
selecting the studies were the following:

- the main aim is to analyse, even partially, the performance of the life cycle of poultry products;

- the applied methodology must be clearly stated and explained, and the assessment must be

carried out in a life cycle perspective;
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- only studies published in peer-review journals have been included, while conference proceedings,
book chapters, Ph.D and Master Thesis have not been taken into consideration;- studies focused
exclusively on the management and/or re-use and valorization of any by-product of the poultry
production chain (poultry manure, eggshells, various slaughtering by-products, etc.) have been
excluded.

Making acritical comparisons between the results of different LCA studies is inadvisable. In fact, in
addition to the variability and uncertainty related to activity data themselves, some methodological
choices can have significant influence. For this reason, particular attention during the review was

also paid to the methodological choices adopted as well as to the assumptions made.

3. Major outcomes

As explained in the previous section, 47 studies were analyzed in depth. Figure 1 shows the timeline
of the reviewed studies and also highlights that more studies have been found in the field of poultry
meat (66%) than in that of eggs (34%). Only two studies (Leinonen et al., 2013; Leinonen et al.,
2014) concerned both.
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Figure 1 — Timeline of the scientific literature reviewed.
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Most studies (89%) focused on chicken, but studies relating to minor productions have also been
found, namely turkeys (Leinonen et al., 2016b; Williams et al., 2016; Kheiralipour et al., 2017),
geese (Arroyo et al.,, 2013) and ostriches (Ramedani et al., 2019). Regarding the geographical
context, Europe is the most examined continent, with 27 studies. Instead, 9 studies refer to Central-
North America, 7 to Asia, 2 to Oceania (represented by Australia only), 3 to South America
(represented by Brazil only), and one to Africa (Thévenot et al.,, 2013; focused on the French
overseas department of Réunion). The distribution by country is shown in Figure 2. The largest

number of publications refer to the United Kingdom (10).

mmmmmmmmmmmmmmmmmmm

Figure 2 — Geographic distribution of the revised studies.

As for standardization, the mention of ISO standards that regulate principles and framework,
requirements and guidelines of LCA is widespread among the revised studies. On the other hand,
LEAP guidelines were mentioned by a limited number of studies (31%) in the years following its
publication, i.e. from 2017 onwards. In any case, the reference to certain standards does not

necessarily mean that these have been meticulously followed and do not guarantee the reliability
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of the results. In fact, the approaches used by the various authors in carrying out the studies have

been highly variable. The main methodological choices encountered in the revised literature are

reported in Table 1 and Table 2 respectively for meat and egg production chains and discussed in

the following sections.

Table 1 — Schematic review of the main methodological aspects of LCA studies applied to the

poultry sector: meat production systems.

Poultry System boundary Multi-functionality Impac‘t
Reference Country . FU . categories
Species Land Use issue
Boundary (method)
Change
Cradle-to- GWP, EP, AP,
Arroyo etal., FR Goose 1kg of foie slaughterhouse Not Mass and economic TEx, PEU,
2013 gras ofe mentioned WU, LO
(CML2)
1troast Cradle-to-
Bengtsson & ) chicken & 1 retail/quick Not Economic WEEI (BPIC),
Seddon (2013) AU Chicken t breast food restaurant mentioned allocation GWP,
) NRERD, WD
fillet gate
11 midpoint
Boggia et al. T Chicken 1 kg live Cradle-to-farm Ngt Not mentioned indicators
(2019) weight gate mentioned (Eco-
Indicator 99)
Endpoint
Castellini et al. ) 1 kg live Cradle-to-farm Not . indicator
(2012) i §ercen weight gate mentioned No allocation (Eco-
Indicator 99)
. 1 kg packed Cradle-to- GWP, AP, EP,
Cesari etal. IT Chicken chicken slaughterhouse  Included No allocation TE, NRFEU
(2017) meat gate (CML 2001);
CED
Duarte da . 12 midpoint
Silva Lima et BR Chicken ! kg live Cradle-to-farm N.Ot No allocation indicators
al. (2019) weight gate mentioned (CML 2001)
ADP, AP, EP
(CML); POFP,
ALO, NLT
(ReCiPe 2008
;Sllla(r;rgelr;a)s et GR Chicken 1vvkegigllr\1/te Cradl;’ic;—farm Included No allocation G\I;{V)F";C:'I[')I;c,
HTPnc, FE
(USEtox);
WDI (Water
scarcity)
Gonzélez- 1.2 kg Cradle-to- Not No allocation, ADP, AP, EP,
Garcia et al. PT Chicken packed slaughterhouse mentioned system expansion ~ GWP, POFP,
(2014) chicken gate for manure ADP (CML

8




System boundary

Impact

Poul Multi-functionali .
Reference Country ou 'Fry FU urti u ctionality categories
Species Land Use issue
Boundary (method)
Change
meat management 2001); CED
Kheiralipour 1tlive Cradle-to-farm Not . 141 mldp0|nt
et al. (2017) IR Turkey weicht ate mentioned Not mentioned indicators
' & & (CML 2001)
Economic
allocation (for
Leinonen et al 1t Cradle-to-farm background GWP, PEU,
(2012a) ' UK Chicken  expected ate Included  processes), system LO, EP, AP,
carcass g expansion for PU, ARU
manure
management
Economic
allocation (for
) 1t background
Leinonen et al. UK Chicken  expected Cradle-to-farm Included  processes), system GWP, EP, AP
(2013) gate )
carcass expansion for
manure
management
Economic
allocation (for
1t back d
Leinonen et al. UK Chicken  expected Cratje-to-farm Included roc:s(,:sjsr)oinstem GWP, PEU,
(2014) P gate P ) 5Y EP, AP
carcass expansion for
manure
management
Economic
allocation (for
Leinonen et al. . 1t Cradle-to-farm Not background GWP, PEU,
(20163) UK Chicken  expected ate included processes), system  LO, EP, AP,
carcass & expansion for PU, ARU
manure
management
Economic
allocation (for
Leinonen et al. 1 kg live Cradle-to-farm background GWP, EP, AP
UKk Turkey > Included  processes), system (CML 2001);
(2016b) weight gate ;
expansion for PEU
manure
management
, , Cradle-to- Mass, neural 15 |mp§ct
Lopez-Andrés MX Chicken 1 kg carcass slaughterhouse Not network and categories
etal. (2018) weight € mentioned . . (IMPACT
gate stepwise regression
2002)
Martinelli et ) 1 kg live Cradle-to-farm Not ) GWP, EP, AP
BR Chick No allocat b
al. (2020) cken weight gate mentioned 0 aflocation (CML 2001)
Economic
Nordborg et lkg  Cradleto oo e
g SE Chicken chicken household - P ) FE (USEtox)
al. (2017) ) ) mass allocation for
fillet consumption

slaughterhouse co-
products




System boundary

Impact

Poul Multi-functionali .
Reference Country ou 'Fry FU urti .unc lonality categories
Species Land Use issue
Boundary (method)
Change
System expansion
for manuring in the 11 midpoint
Paolotti et al. T Chicken 1tlive Cradle-to-farm Not orchard and indicators
(2016) weigh gate mentioned avoided mowing for (Eco-
free-range in olive  Indicator 99)
orchard
Payandeh et ) 1tlive Cradle-to-farm Not . 141 mldp0|nt
al. (2017) IR Chicken weicht ate mentioned Mass allocation indicators
: g g (CML 2001)
1000
Pishgar- chickens at
Komleh et al. IR Chicken  the farm Cradle;ic;—farm mer:\’lt?c;[ned No allocation GWP, EUE
(2017) gate / 1kg &
live weight
1t packed
Prudéncio da chicken Cradle-to- GWP, AP, EP,
Silva et al. FR & BR  Chicken meat / slaughterhouse  Included No allocation TE, LO (CML
(2014) 1000 £ of gate 2001); CED
product
. . . GWP, AP, EP,
DS s i L Cuetolm Nt el o ey
& & (TRACI 2.1)
Ramedani et . 1tlive Cradle-to-farm Not . 11 midpoint
IR Chick M llocat
al. (2019) cken weight gate included ass aflocation indicators
System expansion
for manuring in the 5 midpoint
Rocchi et al. T Chicken 1tlive Cradle-to-farm Not orchard and indicators
(2019) weigh gate mentioned avoided mowing for (Eco-
free-range in olive  Indicator 99)
orchard
1 kg of GWP, CED,
Skunca et al. RS Chicken consumed Ff(r)z(ileeP;EJ(I)C_I Not Mass allocation OLD, AD, EP
(2018) chicken . mentioned (Impact 2002
consumption
meat +)
GWP, AP, EP,
Tallentire et UK&US  Chicken 1 t4||ve Cradle-to-farm included Economlc ALU; NREU
al. (2017) weight gate allocation (Impact
2002)
. 1 bird at 2.2 :
Tallentire et UK Chicken kg live Cradle-to-farm included Economlc GWP, ALU
al. (2018) . gate allocation
weight
Tallentireet  Continental _ 1 kg of Farm-to- Animal
Chicken slaughterhouse - - welfare
al. (2019) Europe meat L
gate indicators
Economic
N Codew TS qup
(Réunion)  Chicken P slaughterhouse ) P (CML 2001);
al. (2013) whole mentioned manure and other
. gate . CED
chickens organic wastes
management
Usubharatana . A one-day- Cradle-to- Not Mass allocation (of
& TH Chicken old chick hatchery gate included the feed plant GWP

10
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System boundary
Poultry Multi-functionality Impacjc
Reference Country . FU . categories
Species Land Use issue
Boundary (method)
Change
Phungrassami production)
(2016)
1 kg of
chilled
whole
Economic GWP
hicken & 1 Cradle-to- '
Wiedemann AU Chicken : ICk egf slauriteerhco)use Included allocation for NRFEU, WU,
et al. (2017) g g slaughterhouse co- SWWU, LO
boneless, gate
: products
skinless
chicken
portion
Economic
allocation (for
ro?:s(,::egsr)oinsdtem GWP, AP, EP,
P ) SY POFP, Dioxin
expansion for emission
Williams et al. UK Turkey 1 t4||ve Cradle-to-farm included manure (CML 2001);
(2016) weight gate management and
. . PM10
avoided electricity o
roduction from emissions;
P ) CED
conventional
combustion
technologies
Note:

Impact categories: ADP = abiotic depletion potential, ALO = agricultural land occupation, ALU = agricultural land use, AP
= acidification potential, ARU = abiotic resource use, CED = cumulative energy demand, EP = eutrophication potential,
EUE = energy use efficiency, FE = freshwater ecotoxicity, FEU = fossil energy use, GWP = global warming potential, HTPc
= Human Toxicity Potential (cancer effects), HTPnc = Human Toxicity Potential (non-cancer effects), LO = land
occupation, NLT = natural land transformation, NRERD = non-renewable energy resource depletion, NREU = non-
renewable energy use, NRFEU = non-renewable fossil energy use, OLD = Ozone layer depletion, PEU = Primary energy
use, POFP = Photochemical oxidant formation potential, PU = Pesticide use, SWWU = stress-weighted water use, TE =
terrestrial ecotoxicity, WD = water depletion, WDI = water depletion index, WEEI = weighted environmental ecopoint
impact, WU = water use.

Impact assessment method: BPIC: BPIC, 2010; CED: Frischknecht et al., 2007; CML 2001: Guinée et al., 2002; Eco-

Indicator 99: Goedkoop & Spriensma, 2001; Impact 2002+: Jolliet et al., 2003; TRACI 2.1: Bare, 2012. USEtox (V2):

Fantke et al., 2015.

11




161 Table 2 — Schematic review of the main methodological aspects of LCA studies applied to the

162  poultry sector: eggs production systems. All studies refer to the breeding of laying hens.

System boundary Multi-
Reference Country FU functionality Impact categories (method)
Bounda Land Use issue
v Change
System
expansion:
t-h t
A dozen izpcznnsideen:ecrinaeja 18 midpoint indicators
acked substitute for (ReCiPe 2008 H); 3 endpoint
Abin et al. ES 5 /1 Cradle-to- Included broiler meat indicators (ReCiPe 2008 H);
(2018) " ggacked farm gate constitutin aln GWP (Greenhouse Gas
&P ) & Protocol V1.01/CO2 eq)
eggs environmental
credit for its
avoided
production
Dekker et al. Cradle-to- ) Economic GWHP, EU, LO, FPU, AP, ND,
(20112) NL 1 kg eges farm gate Not included allocation PD, NS, PS
Dekker et al. NL 1 ke eges Cradle-to- Not included Economic GWHP, EU, LO, FPU, AP, ND,
(2013) g cee farm gate allocation PD, NS, PS
Surplus method,
Costantini et Cradle-to- ) economic and 12 midpoint indicators
al. (2020) i 1 kg eges farm gate Not included biophysical (ILCD)
allocation
Estrada- 1kg . o
Gonzalez et MX packed §raNgT Not mentioned  Not mentioned 18 m|dp.0|nt indicators
farm gate (ReCiPe 2008 H)
al. (2020) eggs
Ghasempour T
Cradle-to- 11 mid tindicat
& Ahmadi IR 1 kg eggs racie-to Not mentioned  Not mentioned midpoint Indicators
farm gate (CML 2001)
(2016)
Economic
allocation,
Leinonen et Cradle-to- system GWP, PEU, LO, EP, AP, PU,
al. (2012b) UK 1teggs farm gate Included expansion for ARU
manure
management
Economic
allocation,
Leinonen et Cradle-to- system
al. (2013) UK 1teggs farm gate Included expansion for GWP, EP, AP
manure
management
Economic
allocation,
Leinonen et Cradle-to- system
UK 1t Included GWP, PEU, EP, AP
al. (2014) cees farm gate neluae expansion for ’ T
manure
management
No allocation
Mainali et al. 10000 Cradle-to- . (eggs load the
(2017) BD eggs farm gate Not included full GWP
environmental

12
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164

165

166

167

168

169

170

burden)

Different
f h
sct)ar\ e:(;f Physical
pelletier ot al the sgu | Cradle-to- allocation (based
' us ) PPl processing Not mentioned on gross energy GWP
(2013) chain, up N
01t facility gate content of co-
liquid products)
eggs
Physical

) allocation (based

Pelletier et al. Cradle-to- )
(2014) us 1teggs farm gate Not mentioned on gross energy GWP, AP, EP, CED
content of co-
products)
Different
f h
sct);gej(;f Physical
Pelletier CA the supply Crrjgeli;tr?_ Not included a(llrfcargsosne(::]rsed GWP, AP, EP (CML 2001);
(2017) chain,up ~ Proces>ng & &Y CED; LU, WU
facility gate content of co-
tolt roducts)
liquid P
eggs
Physical

) allocation (based
Pelletier CA 1t eggs Cradle-to- Not included on eross ener GWP, AP, EP (CML 2001);
(2018a) g8 farm gate g gy CED; LU, WU

content of co-
products)

. 100(.) Aegg Farm-to- e .
Pelletier CA facility W i i Social indicators, according
(2018b) worker  Processing to UNEP/SETAC (2009)

facility gate
hours
Taylor et al. Cradle-to- ) Economic
UK-WLS 1k Not t d GWP
(2014) g cees farm gate ot mentione allocation
Economic and

van Hal et al. Cradle-to- ) GWHP, EU, LU, LUR (Van
(2019) NL 1 kg eges farm gate Not included Food—bqsed Zanten et al., 2015)

allocation

Note:

Impact categories: AP = acidification potential, ARU = abiotic resource use, CED = cumulative energy demand, EU =

energy use, FPU = fossil phosphorous use, GWP = global warming potential, LO = land occupation, LU = land use, LUR =

land use ratio, ND = nitrogen deficit, NS = nitrogen surplus, NRFEU = non-renewable fossil energy use, PEU = primary

energy use, PD = phosphorous deficit, PS = phosphorous surplus, PU = pesticide use, WU = water use.

Impact assessment method: CED: Frischknecht et al., 2007, CML 2001: Guinée et al., 2002; ILCD: Wolf et al., 2012;

ReCiPe 2008: Goedkoop et al., 2009.
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3.1. Goal and scope

Most of the performed LCA studies aim to describe the environmental performance of poultry
systems at different levels of the production chain or comparing different systems (e.g., in terms of
housing systems or feeding strategies). All these LCA studies are attributional LCA (aLCA) or intende
to explore the impact related to physical input and output flows of the system under study. In
contrast, consequential LCA (cLCA) studies are lacking. This is probably due to the additional
inventory data required for system expansion in aLCA. In addition, cLCA studies normally presents
more uncertainty as consequential system changes in response to changes in inputs and output
flows often have to be largely assumed.

In Pelletier et al. (2014), Putman et al. (2017) and Pelletier (2018a), LCA was used as a tool to carry
out a retrospective analysis of the environmental efficiency evolution of the poultry supply chains in
the last 50 years in US and Canada. These authors concluded that the environmental impact per
unit of product has significantly decreased over time for all evaluated impact categories thanks to
improvements in animal performance (due to selecting breeding and genetics; feeding and housing
techniques and management; etc.) and in background processes (increase in vyields of feed
production, greater energy efficiency, changes in the electricity mixes, lower emissions related to
transport, etc.). According to Pelletier et al. (2014) and Pelletier (2018) the overall environmental
impact of the egg industry has declined in both countries, despite increased production. Putman et
al. (2017) instead observed that the absolute impact of chicken meat production in the US has
increased, despite the greater environmental efficiency per kg of meat. This difference can be
attributed to the increase in chicken meat production.

21% of the studies coupled the LCA with economic assessments on the supply chain (excluding
studies that used fixed outputs prices solely to perform economic allocation). Social considerations

were included by only 9% of studies, or the following: Castellini et al. (2012) and Rocchi et al. (2019)
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assessed aspects such as workplace safety and animal welfare to perform a multi-criteria analysis of
various broiler systems; Pelletier (2018b) applied the Guidelines for Social LCA of Products
(UNEP/SETAC, 2009; Benoit-Norris et al., 2011) to egg production facilities in Canada in a gate-to-
gate perspective; finally, Tallentire et al. (2019) proposed a methodology for inserting an animal
welfare indicator in a future integrated social-LCA framework that may be more appropriate for
livestock production chains, with a particular case on European broiler production. In fact, the
UNEP/SETAC Guidelines currently have limitations in being applied in specific sectors/contexts

(Pelletier, 2018b).

3.1.1. Functional unit

According to I1SO 14044, the functional unit (FU) shall be consistent with the goal and scope of the
study. At the same time, there must be an agreement between the FU and the system boundaries
considered. In this regard, an inconsistency is represented by reporting the results for poultry meat
in terms of expected carcass weight without loading impacts from the slaughtering phase,
considering fixed yield values for slaughter and relating them to the impact up to the farm gate. As
pointed out by Wiedemann et al. (2017), this may lead to an underestimation of the impact linked
to the carcass production, especially for impact categories affected by energy consumption and for
water use.

Despite the adopted FUs are highly heterogeneous across the revised studies, it is noticeable the
predominant use of mass-based FUs, both when considering productions at the farm gate and after
subsequent processing at different stages of the supply chain. Prudéncio da Silva et al. (2014) used
the economic value at the farm gate (1000 € of product) as an additional FU with respect to the
mass-based one in comparing broiler production systems between countries (Brazil and France)

with different meat markets.
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3.1.2. System boundaries

Most of the attention has been paid to the production phase, thus limiting the system boundaries
of the study and excluding retail, household and end-of-life phases. This because the production
phase, and in particular the agricultural phase, has been highlighted as the most impacting for
animal products (Notarnicola et al.,, 2017). Three main types of system boundaries have been
identified in the revised studies: cradle-to-farm gate, which was adopted by 63% of the total
studies; cradle-to-slaughterhouse gate, adopted by 22% of studies in the meat field, while the
slaughter phase was never considered for spent hens; finally, cradle-to-others various downstream
processes (further processing and/or packaging, distribution to retailers, household consumption).
An exception is represented by Usubharatana & Phungrassami (2017), who performed an LCA in a
cradle-to-hatchery gate perspective.

However, it should be noted that different studies, even when they adopt the same system
boundaries, may not consider the same types of input and output flows. For instance, land use
change (LUC) inclusion is an aspect that can have a strong influence on results, especially for global
warming potential (GWP). Due to the lack of a shared consensus on how to consider and calculate
it, this can create distortions in interpretations and comparisons. Ideally, in an LCA study it should
be clearly reported whether LUC is included and specify how it was computed. According to
Macleod et al. (2013), LUC would be responsible for 18% of global GHG emissions from chicken
supply chains, showing the environmental relevance of this aspect. However, some authors have
preferred to explicitly exclude it from the assessment, mainly because of the great uncertainty
connected to it, while in some cases it was not even mentioned. In the studies in which it was
included, the LUC considered was always the direct one, with the exception of Leinonen et al.

(2013) which considered both direct and indirect LUC. As for the presentation of the results, LEAP
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suggests, when including the impact related to LUC, to show them separated from the rest of the
analysis, due to the great uncertainty associated with it. Among authors who included LUC in their
analysis, this practice was observed only by Wiedemann et al. (2017).

Regarding the common use of manure as an organic fertilizer, system expansion has been
frequently practiced, accounting for avoided mineral fertilizers production as an environmental
credit for the poultry production system. This is a common practice in LCA studies that include
some type of residual handling that bring environmental benefits to the system. However, more
clarity and transparency, often absent in the literature, would be needed on how such substitution

is assumed to occur (Hanserud et al., 2018).

Variability was also found in the consideration of upstream processes of the poultry production
chain. Among these, an important reference flow in the case of poultry supply chains is the
production of one-day-old chicks (whether they are intended for future fattening or laying eggs).
LEAP guidelines recommend that the system boundaries should at least encompass the production
cycle starting from the great-grandparents generation. Actually, studies considering this amount of
parental generations are limited (Leinonen et al.,, 2012a; Leinonen et al.,, 2012b; Bengtsson &
Seddon, 2013; Giannenas et al., 2017) and most authors did not even specify it or only considered

breeding parents, which decreases the accuracy of impact estimation throughout the life cycle.

Also, a wide range of approaches can be observed in the consideration of capital goods and
infrastructures. Their inclusion (although not always explicit) in upstream processes starting from
raw materials extraction is common to most studies, for instance with regard to transport
operations, fuels and electricity consumption, agricultural machines involved in feed production.
This is done by means of background data from life cycle inventory databases. On the other hand,
virtual consumption and maintenance of capital goods related to the rearing (animal housing

infrastructures, warehouses, silos, tanks, etc.) and processing (slaughterhouse infrastructures, etc.)
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phases has almost always been excluded. Cleaning materials were included only sporadically within

system boundaries (e.g., by Aubin et al., 2018), while veterinary products were always excluded.

3.1.3. Allocation

In the case of poultry meat production, the main allocation issue concerns the carcass and
secondary slaughtering products (inedible organs, head, feet, blood, feathers, etc.), necessary to be
addressed for LCA studies which include the impacts relating to the slaughter phase. The studies
concerned can be mainly divided between those who considered secondary slaughter products as
residual product (i.e., a product with a possible subsequent use but zero economic value, LEAP,
2016), thus without loading any impact on them, and those who regarded them as a co-product,
practicing economic allocation. However, the value of these products is generally low, causing only
a small variation of meat environmental results when considered. Wiedemann et al. (2017) found
that the economic value of carcass weight represented 98.5-99.2% of the total slaughterhouse

outputs.

The egg production system always produces at least two co-products, namely eggs and spent hens
meat. LEAP guidelines recommend handling this co-production with the 'biophysical' method, that
is, based on energy requirements for growth and egg production (LEAP, 2016). However, this
method was applied only by Putman et al. (2017) and tested in a sensitivity analysis by Costantini et
al. (2020). Other cases where a physical relationship between the co-products was considered were
Pelletier et al. (2013), Pelletier et al. (2014), Pelletier (2017) and Pelletier (2018a), who considered
the mass-adjusted gross energy content of the various co-products, both between eggs and meat
and in the upstream crop production processes. The economic allocation was the most used type of
allocation instead. This confirms that economic allocation, despite its limitations, currently appears
to be the most consistently applicable method for quantifying the co-products relationships in

complex agricultural systems (Mackenzie et al., 2017). Anyway, spent hen meat represents a
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minimal part of the system's co-production, both in terms of quantity and value. In fact, Dekker et
al. (2011), Leinonen et al. (2012b) and Costantini et al. (2020) showed that economic allocation for
spent hens entails limited changes (in the order of 1%) in the environmental results of egg
production. Abin et al. (2018) practiced a system expansion, considering the spent hens meat
produced as an environmental credit for the replacement of the same amount of broiler meat
specifically produced. Although avoiding allocation through system expansion is theoretically a
priority practice according to the ISO 14044 standard, in this case it involves the assumption that
spent hens meat is an equal replacement for broiler meat, which is not actually the case given the
significant differences in physicochemical characteristics and nutritional properties between these
two products (Chen et al., 2016). Van Hal et al. (2019) made a comparison between the application
of two allocation methods to the feed used: an economic 'standard' and a method that instead
rewards the use of low-opportunity-cost feedstuff (crop residues and by-products). In this way, the
authors intended to weight the avoidance of the competition between feed and food production,
which is normally not taken into account by the common LCA indicators even if it represents a
criticality of livestock production systems, in particular for monogastric animals (Van Zanten et al,,
2018). With regard to the management of the poultry manure generated during the rearing cycle,
the main trend in revised studies is to consider it as a residual with zero economic value but with a
subsequent use (as fertilizer), therefore not receiving any allocation burden.

A good practice should be to verify the influence that different allocation choices can have on
environmental results with sensitivity approaches within individual studies (LEAP, 2016; Baldini et
al., 2017). However, only few studies have tested more than one type of allocation (Arroyo et al.,

2013; Lopez-Andrés et al., 2018; Van Hal et al., 2019; Costantini et al., 2020).

3.2. Inventory data
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In all studies, the inventory was made up of the integration of primary and secondary data. Primary
data were derived from personal communication and interviews with stakeholders involved in the
productive chain at different stages or from databases representative of certain territories (e.g.
regional/national or international inventories). Secondary data include both literature data (i.e.
from previous studies), model-based estimates, and so-called background data, which are normally
present on specific databases. Of the latter, Ecoinvent (Frischknecht et al., 2005; Wernet et al.,
2016) was the most cited, but several others were also employed, such as Agri-footprint (Blonk
Consultants, 2014), Feedprint (Vellinga et al., 2013), AgriBalyse (AgriBalyse, 2017), Carbon Trust
(Carbon Trust, 2010), AustLCl (Life Cycle Strategies, 2015), etc.

In general, a good practice should be reporting detailed and transparent information when
exposing the inventory analysis. Collection of data for setting up LCA studies on the poultry sector
should be as accurate as possible especially for all factors concerning the feed (origin, composition,
consumption, possibly digestibility), which in turn influence even the characteristics and quantity of
manure produced (LEAP, 2016). The management of the latter is also fundamental to consider.
With regard to animal-related emissions, most of the studies adopt the emission factors proposed
by the IPCC. However, these only concern manure-related emissions and do not provide for enteric
fermentation due to insufficient data for calculation. In fact, the vast majority of the revised studies
take methane emitted from enteric fermentations to be negligible, the only exceptions represented
by Taylor et al. (2013) and Giannenas et al. (2017), who included it among the system outputs. In
the first, the contribution of poultry enteric methane on the overall carbon footprint of the system
(free-range egg production) was actually limited to 0.6%, while in the second its contribution is not
specified. Nevertheless, LEAP guidelines urge the inclusion in LCA inventories of enteric methane
emission factors reported in the literature. In particular, reference is made to Wang & Huang (2005)

and Yusuf et al. (2012), according to which poultry would emit from 0.015 to 2 g of enteric
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methane/head/year. Hydrogen sulphide (H,S) emissions from manure were found to be explicitly

considered only by Ramedani et al. (2019).

3.3. Impact assessment

Variability was found with regard to the impact coverage. The most widely studied category is the
GWP, considered in almost all studies, some of which (9% of the total) focused exclusively on this

impact category. Figures 3 and 4 show the GWP results of the literature for meat and egg

production respectively.
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Figure 3 - Comparison between the GWP results per kg of live weight (farm gate), in blue, and per
kg of carcass weight (slaughterhouse gate), in red, of the different LCA studies focused on chicken

meat production.
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351 Some studies may present multiple GWP values due to the consideration of different rearing
352  systems for comparisons. In these cases, bars have been reported showing the minimum and
353  maximum values achieved. For the meat chain, results are reported to the farm gate (kg CO; eq - [kg
354  Live Weight]™") and, where available, to the slaughterhouse gate (kg CO, eq - [kg carcass]™). For
355  eggs, on the other hand, results refer to the production of 1 kg of eggs at the farm gate. The
356 observed variability includes both that due to methodological differences, as explained in the
357  previous sections, and that linked to different production contexts, management choices (feed

358  used, rearing system adopted, etc.) and animal performances.
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360  Figure 4 - Comparison between GWP results for kg of eggs of different LCA studies.
361
362 The only study that did not include the GWP impact focused on freshwater ecotoxicity in a

363 comparison between different food products, including chicken fillet, in Sweden (Nordborg et al.,

22



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

2017). Other emission-related categories widely analyzed were eutrophication and acidification
potentials (EP, AP), while the resource-related categories mainly taken into consideration were
energy use, water use and land occupation. For energy use assessment, the Cumulative Energy
Demand (CED) was the most common method. The impact assessment methods were also highly

variable.

3.4. Key trends identified

In all studies, feed production and supply were found to be major contributors to the impact of
poultry production for both GWP, AP and EP. Even if a wide variety of feed and feed components is
used, in the different LCA studies reviewed, the protein feeds are the most impacting one, both for
GWP (mainly due to LUC) than for the other environmental impact categories such as AP, EP and
particulate matter (mainly due to the emissions of nitrogen and phosphorous compounds during
cultivation). Soybean and its derived products are the feeds more frequently identified as
environmental hotspots even because they are the main source of protein. For organic production
in EU, the impact of soybean and derived products on GWP is usually lower because genetically
modified crops are not allowed and, consequently, feedstock locally produced are used instead of
imported one (usually cultivate in South America where LUC is not negligible).

Animal feeding is the main responsible of the environmental impact independently by the different
rearing systems (cage and non-cage; conventional and organic). In fact, the animal performances
linked to the feed, especially feed intake, daily weight gain or hen day egg production and,
consequently, the feed conversion ratio (FCR), have been identified as highly influencing factors on
the environmental impact of the final products of the supply chains. Therefore, the search for the
continuous on-farm improvement of all these parameters is always remarked as the first aspect to

pursue in order to obtain a more sustainable production. Nevertheless, by aggregating the GWP
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from all the studies in which the FCR was explicitly expressed, low correlation was found between
these (Tables S1 and S2, Supplementary materials). For broiler meat, the environmental results are
deeply affected by the age at slaughter (Tallentire et al., 2017). In addition to animal-related
parameters, Thévenot et al. (2013) also demonstrated that quality of buildings and equipment and
other farm characteristics partially influence the variability of environmental poultry performances.
As for poultry meat, the slaughtering, processing and packaging stages were found to have a limited
impact on most of impact categories except than for cumulative energy demand for which they
normally have a weight in the order of 10-15%. Seeking continuous improvement also in these
areas (e.g. by means of greater efficiencies in energy consumption, proper management of waste
and wastewater, adoption of recyclable packaging) can play a role in making the supply chain more
sustainable but it is clear that the priority mitigation must be sought on the agricultural phase, as it
would be the most incisive.

Mitigation scenarios with respect to existing systems have been widely evaluated in literature. Most
of these have been addressed to the feed area in various aspects, both feed production and diet
formulation. In this regard, some authors have focused their research exclusively on achieving
sustainable poultry feed production (e.g., Nguyen et al., 2012), while more frequently the variation

given from the use of several feeds have been explored on the finished poultry product.

The close relationship between the current global poultry production and soybean supply has been
discussed in the last years. In most European LCA studies, soybean products are environmental
hotspot due to its import from South America and to the cultivation. Regarding soybean cultivation,
the main concerns are related to LUC and massive use of pesticides. According to Tallentire et al.
(2018), there is no evidence that the efficiency of protein utilization has changed as a result of
selective breeding on broiler chickens. Therefore, mitigation interventions linked to the protein

requirements must be carried out on diet formulation and/or on the protein source itself to have
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the greatest influence. According to Leinonen et al. (2016), the partial soybean replacement (both
at feasible and extreme levels) in the diet of broiler and laying hens with other protein crops (bean,
pea and sunflower) results in a GWP reduction trends even if with a great uncertainty. This
uncertainty is due to the LUC accounting methods and the diets changes (i.e., to maintain the
energy and nutrient balance, the replacement of soybean with other protein crops often requires a
greater inclusion in the diets of synthetic amino acids or vegetable oils, which involve relatively high
unitary GHG emissions).

Beyond the environmental impact, the poultry sector consumes more soybean than all other
livestock systems in Europe, and low self-sufficiency for this protein source exposes the continent
to serious food security risks (Tallentire et al., 2018). The use of alternative protein sources is
currently very little widespread for large-scale animal feeding, and it is still partially or totally limited
by the regulations in force in many countries. However, Tallentire et al. (2018) indicated novel
ingredients such as microalgae, yeast protein concentrate, bacterial protein meal, leaf protein
concentrate and insect meal valid solutions to contain both GWP and agricultural land occupation
related to conventional broiler diets, although they may cause increased nitrogen excretion.
Earthworm meal was also indicated as a possible ingredient capable of improving the sustainability
of poultry systems (Kahn et al., 2018; Parolini et al., 2020). Further research is needed on these
ingredients which present good prospects but, beyond regulatory barriers, do not yet have
characteristics and efficiency (economic and environmental) such as to justify their large-scale
diffusion on the feed market, especially if considered in competition with soybean.

Manure management is another important environmental hotspot, very influential on AP and EP, in
particular for the volatilization of ammonia, which affects every phase of manure management
(housing stage, storage, handling, field spreading), and for the loss of nutrients, nitrates and

phosphates above all, in surface and groundwater that occurs after the field application. The energy
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valorization of poultry manure was explored as a mitigation option both as feedstock for anaerobic
digestion (Thévenot et al., 2013; Mainali et al., 2017) and fuel for biomass-burning power stations
(Williams et al., 2016). Indeed, under certain digestion conditions, poultry manure is known to have
a high biogas production potential, yet it is currently under-exploited in this sense. As for the use of
poultry litter as a fuel, Williams et al. (2016) have highlighted how this can bring environmental
benefits especially for AP, EP and energy demand, while for the GWP it is only slightly mitigated,
considering that the loss of soil organic carbon given by the non-spreading of litter on land
counterbalances the environmental benefit from the production of renewable energy. The emission

of combustion gases from burning plants is also an environmental trade-off of this practice.

As for the comparison between different farming systems, it is difficult to draw unambiguous
conclusions. Regarding eggs, conventional systems presented lower environmental burdens than
organic in the comparative LCA studies conducted by Dekker et al. (2011) and Leinonen et al.
(2012b). For GWP, the cage farming system appeared less impacting, while the difference between
organic, barn and free-range systems is lower and, according to Leinonen et al. (2012b), not
statistically significant. In both studies, organic production also showed higher land use per kg of
eggs than conventional systems. Pelletier (2017), in Canada, obtained completely opposite results,
due to the use of animal derived products as feed components in conventional systems . With
regard to chicken meat, conventional rearing systems were found to have slightly less impact on
GWP than organic by both Leinonen et al. (2012a) and Martinelli (2020). The difference is more
marked with the standard indoor system, while free-range system is on the middle between the
latter and the organic one (Leinonen et al., 2012a). AP, EP and land use impacts are significantly
higher for organic systems, especially due to a greater feed consumption and manure production

linked to a longer cycle duration.
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The variation under different stocking densities, evaluated by Leinonen et al. (2014) and by Cesari

et al. (2017), has a minor role on the environmental performance of the system. This is interesting

considering that in many developed countries the poultry industry is increasingly moving towards

systems with lower stocking densities to meet customers' expectations for animal welfare. Indeed,

this is regarded as a possible indicator for social LCA (Tallentire et al., 2019).

3.5. Future perspectives

This review highlighted broad aspects related to the environmental impact of poultry farming, and

in particular of its evaluation using the LCA approach. Despite the attention that poultry sector

received in this regard over the last ten years, many gaps are still to be filled. The main critical

points on which it is possible to set up future research activities are the following:

There is a need to further unify the application of the LCA method as some methodological
choices. These mainly concern the system boundaries (e.g., consideration of manure
management with system expansion or not; LUC inclusion within system boundaries and its
accounting method), which in any case should always be clearly defined and present
concordance with the FU adopted, and the allocation of environmental burdens.

Future studies should take into greater consideration the adoption of more food-oriented
functional units, e.g. by considering the nutritional value of products. The selection of FUs
based on mass (or volume) is a debated issue regarding agri-food LCA studies. These are
easily understandable and comparable, but do not reflect the true function of food
commodities, which is to provide human nutrition (McAuliffe et al., 2020). For this reason,
FUs should also keep quality and not just quantitative aspects into account to avoid
misinterpretations and allow consistent comparisons with other food products. Only a few
of the reviewed studies made considerations beyond the mass of animals or food produced
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The poultry sector is very dynamic and multifunctional; productions are continuously
evolving and growing, and associated by-products and waste streams are expected to
increase as well. This sector should be explored also by means of consequential LCA, which
would allow to understand the environmental impact of the poultry in a broader cause-
effect chain perspective.

In the revised literature, the LCA approach has been used mainly to investigate the life cycle
from an environmental point of view. This tool should be more frequently coupled with
economic considerations, because these are necessary in order to implement feasible
mitigation strategies. Moreover, social aspects of sustainability, including the macro-topic of
animal welfare, appear almost totally neglected by current LCA studies. As sustainability is a
multi-layered concept, the integration between these different aspects should be greater in
the future.

There are important shortcomings in the current literature geographical coverage. Asia is
the largest producer (in particular China) of both eggs and poultry meat (FAOSTAT, 2020),
but studies are relatively few and not representative of large areas. Furthermore,
continental Africa is not addressed by any study despite the fact that this sector is
experiencing a development in the continent, slowly passing from being mainly family-run
towards more organized and intensive structures (Mattiello et al., 2018).

The potential of using alternative protein sources as an environmental mitigation strategy
for poultry production is still poorly documented compared to the expected vyet
unexpressed potential mentioned in the literature.

Competition between feed and food ingredients in poultry diets should be increasingly

considered and weighed from an environmental perspective.
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Finally, it is important to underline that some environmental effects related to poultry farming still
remain almost completely unexplored by the LCA studies carried out to date. Among these, it is
important to mention the odor impact (Conti et al., 2020), consequences on biodiversity (Crenna et
al., 2019) and also those given by antimicrobials, estrogens and heavy metals release through
manure (Hu et al.,, 2017). Each of these has methodological limits and ongoing debates on its
accounting, but the fact remains that they represent serious environmental concerns for livestock
productions, including poultry.

This study did not deepen the possible valorization pathways of by-products of the poultry
production chain. These, which have recently been reviewed by Kanani et al. (2020), would deserve

a separate environmental assessment review study.

4. Conclusions

A literature review was performed with the aim of analyzing the state of art of LCA applied to the
poultry sector. There have been several studies focused on this sector in the last decade. Most of
the studies focused on the agricultural phase (i.e. cradle-to-farm gate perspective), for which feed
consumption was consistently found as an environmental hotspot. Studies that also included egg or
meat processing show that such processes have little influence on the total impact for most
categories. The results variability found in the literature has been large; greater unification should
be needed in methodological choices. In general, the possibilities of reducing the environmental
impact of this sector are still wide and, in this regard, many mitigation strategies have been
explored in the literature, including the efficient management of the supply chain and above all of
the poultry housing conditions and rearing parameters, diet formulation and feeding strategies,
among which particular interest and perspectives cover the use of alternative protein sources and

feeds that do not involve food competition, reduced age at slaughter for poultry meat and best
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management of manure, possibly also enhanced energetically. However, more research is needed
as understanding of the environmental performance of this sector is still limited in some respects,
which were highlighted in the discussion. Also, economic and social aspects will have to be

increasingly taken into consideration in the life cycle perspective.

References
Abin, R,, Laca, A., Diaz, M., 2018. Environmental assessment of intensive egg production: A
Spanish case study. Journal of Cleaner Production, 179, 160-168.

AgriBalyse, 2017. AgriBalyse life cycle inventory (LCI). ADEME.

https://nexus.openlca.org/database/Agribalyse.

Andersson K., Ohlsson T., Olsson P., 1994. Life cycle assessment (LCA) of food products and
production systems. Trends in Food Science & Technology, 5 (5), 134-138.

Arroyo J., Fortun-Lamothe L., Auvergne A., Dubois J.P., Lavigne F., Bijja M., Aubin J., 2013.
Environmental influence of maize substitution by sorghum and diet presentation on goose foie gras

production. Journal of Cleaner Production, 59, 51-62.

Baldini C., Gardoni D., Guarino M., 2017. A critical review of the recent evolution of Life

Cycle Assessment applied to milk production. Journal of Cleaner Production, 140, 421-435.

Bare, J., 2012. Tool for the Reduction and Assessment of Chemical and Other Environmental

Impacts (TRACI): Version 2.1 User’s Manual. EPA. United States Environ. Prot. Agency.

Bengtsson J., Seddon J., 2013. Cradle to retailer or quick service restaurant gate life cycle
assessment of chicken products in Australia. Journal of Cleaner Production, 41, 291-300.

Benoit-Norris, C.; Vickery-Niederman, G.; Valdivia, S.; Franze, J.; Traverso, M.; Ciroth, A,
Mazijn, B., 2011. Introducing the UNEP/SETAC methodological sheets for subcategories of social

LCA. International Journal of Life Cycle Assessment, 16, 682—690.

Blonk Consultants, 2014. Agri-footprint - LCA Food database (http://www.agri-

footprint.com).
Carbon Trust. 2010. FPX database version 3.2 using data from: Renewable transport fuels
obligation  (RTFo). The Carbon Trust London, Omnitech International, DEFRA.

(http://www.renewablefuelsagency.gov.uk/aboutthertfo).

30



558
559
560

561
562

563
564
565

566
567
568

569
570
571

572
573
574

575
576

577
578

579
580
581

582
583
584

585
586

587
588

Boggia A., Paolotti L., Antegiovanni P., Fagioli F.F.,, Rocchi L., 2019. Managing ammonia
emissions using no-litter flooring system for broilers: Environmental and economic analysis.

Environmental Science and Policy, 101, 331-340.

BPIC (Building Products Innovation Council), 2010. Methodology Guidelines for the Materials

and Building Products Life Cycle Inventory. In: Building Products Life Cycle Inventory.

Castellini C., Boggia A., Cortina C., Dal Bosco A., Paolotti L., Novelli E., Mugnai C., 2012. A
multicriteria approach for measuring the sustainability of different poultry production systems.

Journal of Cleaner Production, 37, 192-201.

Cesari V., Zucali M., Sandrucci A., Tamburini A., Bava L., Toschi I., 2017. Environmental
impact assessment of an Italian vertically integrated broiler system through a Life Cycle approach,

2017. Journal of Cleaner Production, 143, 904-911.

Chen Y., Qiao Y., Xiao Y., Chen H., Zhao L., Huang M., Zhou G., 2016. Differences in
physicochemical and nutritional properties of breast and thigh meat from crossbred chickens,

commercial broilers and spent hens. Asian-Australasian Journal of Animal Science, 29(6), 855-864.

Cimini A., Moresi M., 2018. Are the present standard methods effectively useful to mitigate
the environmental impact of the 99% EU food and drink enterprises? Trends in Food Sciente &

Technology, 77, 42.53.

Clune S., Crossin E., Verghese K., 2017. Systematic review of greenhouse gas emissions for

different fresh food categories. Journal of Cleaner Production, 140, 766-783.

Conti, C., Guarino, M., Bacenetti, J. (2020) Measurements technigues and models to assess

odor annoyance: A review. Environment International, 134, 105261.

Costantini M., Lovarelli D., Orsi L., Ganzaroli A., Ferrante V., Febo P., Guarino M., Bacenetti
J., 2020. Investigating on the environmental sustainability of animal products: the case of organic

eggs. Journal of Cleaner Production, 274, 123046.

Costantini, M., Vazquez-Rowe, |., Manzardo, A., & Bacenetti, J. (2021). Environmental impact
assessment of beef cattle production in semi-intensive systems in Paraguay. Sustainable Production

and Consumption, 27, 269-281.

Crenna E., Sinkko T., Sala S., 2019. Biodiversity impacts due to food consumption in Europe.

Journal of Cleaner Production, 227, 378-391.

De Vries M., De Boer |.J.M., 2010. Comparing environmental impacts for livestock products:

A review of cycle assessments. Livestock Science, 128, 1-11.

31



589
590

591
592
593

594
595
596

597
598

599
600
601

602
603
604

605
606

607
608

609
610
611

612
613
614

615
616
617
618

De Vries M., Van Middelaar C.E., De Boer |.J.M., 2015. Comparing environmental impacts of

beef production systems: A review of life cycle assessments. Livestock Science; 178, 279-288.

Dekker S.E.M., de Boer |.J.M., Vermeig |., Aarnink A.J.A., Groot Koerkamp P.W.G., 2011.
Ecological and economic evaluation of Dutch egg production systems. Livestock Science, 139, 109-

121.

Dekker S.E.M., de Boer I.J.M., van Krimpen M., Aarnik A.J.A., Groot Koerkamp P.W.G., 2013.
Effect of origin and composition of diet on ecological impact of the organic egg production chain.

Livestock Science, 151, 271-283.

Djekic I., Tomasevic I., 2016. Environmental impacts of the meat chain — current status and

future perspectives. Trends in Food Science and Technology, 54, 94-102.

Duarte da Silva Lima N., de Alencar Naas |., Gardfallo Garcia R., Jorge de Moura D., 2019.
Environmental impact of Brazilian broiler production process: Evaluation using life cycle

assessment. Journal of Cleaner Production, 2019, 117752.

Estrada-Gonzalez |. E., Taboada-Gonzdlez P.A., Guerrero-Garcia-Rojas H., Marquez-
Benavides L., 2020. Decreasing the environmental impact in a egg-producing farm through the
application of LCA and lean tools. Applied Sciences, 10, 1352.

FAO (Food and Agriculture Organization of the United Nations), 2013. Poultry Development
Review. Rome, Italy.

FAOSTAT, 2020. FAO online statistical database (http://faostat.fao.org), accessed on January
2020.

Fantke, P.E., Huijbregts, M.AJ., Margni, M., Hauschild, M.Z., Jolliet, O., Mckone, T.E.,
Rosenbaum, R.K., van de Meent, D., 2015a. USEtox 2.0 User Manual. (Version 2), 30 pp, Available:
http://usetox.org.

Frischknecht R., Jungbluth N., Althaus H.-J., Doka G., Dones R., Heck T., Hellweg S., Hischier
R., Nemecek T., Rebitzer G. and Spielmann M., 2005. The ecoinvent database: Overview and
methodological framework. International Journal of Life Cycle Assessment 10, 3-9.

Frischknecht R., Jungbluth N., Althaus H.-J., Bauer C., Doka G., Dones R., Hellweg S., Hischier
R., Humbert S., Margni M. and Nemecek T. (2007) Implementation of Life Cycle Impact Assessment
Methods. ecoinvent report No. 3, v2.0. Swiss Centre for Life Cycle Inventories, Dibendorf, CH,

retrieved from: www.esu- services.ch/data/ecoinvent/.

32



619
620

621
622
623
624

625
626
627

628
629
630

631
632
633

634
635
636

637
638
639

640
641
642

643
644
645

646
647

Ghasempour, A., Ahmadi, E., 2016. Assessment of environment impacts of egg production

chain using life cycle assessment. Journal of Environmental Management, 183, 980-987.

Giannenas 1., Bonos E., Anestis V., Filioussis G., Papanastasiou D.K., Bartzanas T.,
Papaioannou N., Tzora A., Skoufos I, 2017. Effects of Protease Addition and Replacement of
Soybean Meal by Corn Gluten Meal on the Growth of Broilers and on the Environmental

Performances of a Broiler Production System in Greece. PLoS ONE, 12(1), e0169511.

Goedkoop, M., Spriensma, R., 2001. The Eco-indicator 99: a Damage Oriented Method for
Life Cycle Impact Assessment. Methodology Report. third ed. Product Ecology Consultants,

Plotterweg, Netherlands.

Goedkoop M.J., Heijungs R., Huijbregts M., De Schryver A., Struijs J.,, Van Zelm R., 2009.
ReCiPe 2008, a life cycle impact assessment method which comprises harmonised category
indicators at the midpoint and the endpoint level, first ed. Report |: Characterisation.

Gonzalez-Garcia, S., Gomez-Fernandez, Z., Dias, A.C., Feijoo, G., Moreira, M.T., Arroja, L.,
2014. Life Cycle Assessment of broiler chicken production: a Portuguese case study. Journal of
Cleaner Production, 74, 125-134.

Guinée JB, Gorrée M, Heijungs R, Huppes G, Kleijn R, Koning A, et al. Handbook on life cycle
assessment. Operational guide to the ISO standards. |: LCA in perspective. lla: Guide. llb:
operational annex. lll: scientific background. Dordrecht: Kluwer Academic Publishers; 2002 [692pp].

Hanserud O.S., Cherubini F., @gaard A. F., Miller D.B., Brattebg H., 2018. Choice of mineral
fertilizer substitution principle strongly influences LCA environmental benefits of nutrient cycling in

the agri-food system. Science of the Total Environment, 615, 219-227.

Hu Y., Cheng H., Tao S., 2017. Environmental and human health challenges of industrial
livestock and poultry farming in China and their mitigation. Environment International, 107, 111-
130.

Jolliet O., Margni M., Charles R., Humbert S., Payet J., Rebitzer G., et al., 2003. IMPACT
2002+: a new life cycle impact assessment methodology. International Journal of Life Cycle
Assessment, 8(6), 324-330.

Kahn S. H., 2018. Recent advances in role of insects as alternative protein source in poultry

nutrition. Journal of Animal Research, 46 (1), 1144-1157.

33



648
649
650

651
652

653
654
655

656
657

658
659
660

661
662
663

664
665
666

667
668

669
670

671
672
673

674
675

676
677

Kanani F., Heidari M.D., Gilroyed B.H., Pelletier N., 2020. Waste valorization technology
options for the egg and broiler industries: A review and recommendations. Journal of Cleaner

Production, 262, 121129.

Kheiralipour K., Payandeh Z., Khoshnevisan B., 2017. Evaluation of environmental impacts in

turkey production system in Iran. Iranian Journal of Applied Animal Science, 7 (3), 507-512.

LEAP, 2016. Greenhouse gas emissions and fossil energy demand from poultry supply
chains: guidelines for quantification. Livestock Environmental Assessment and Performance

Partnership. FAO, Rome, Italy.

Leinonen, I., & Kyriazakis, I. (2016). How can we improve the environmental sustainability of

poultry production?. Proceedings of the Nutrition Society, 75(3), 265-273

Leinonen, ., Williams, A.G., Wiseman, J., Guy, J., Kyriazakis, I., 2012a. Predicting the
environmental impacts of chicken systems in the United Kingdom through a life cycle assessment:
broiler production systems. Poultry Science, 91, 8-25.

Leinonen, I., Williams, A.G., Wiseman, J., Guy, J., Kyriazakis, |., 2012b. Predicting the
environmental impacts of chicken systems in the United Kingdom through a life cycle assessment:
egg production systems. Poultry Science, 91, 26-40.

Leinonen 1., Williams A.G., Waller A.H., Kyriazakis I., 2013. Comparing the environmental
impacts of alternative protein crops in poultry diets: the consequences of uncertainty. Agricultural

Systems, 121, 33-42.

Leinonen ., Williams A.G., Kyriazakis |., 2014. The effects of welfare-enhancing system

changes on the environmental impacts of broiler and egg production. Poultry Science, 93, 256-266.

Leinonen 1., Williams A.G., Kyriazakis |, 2016a. Potential environmental benefits of

prospective genetic changes in broiler traits. Poultry Science, 95, 228-236.

Leinonen |., Williams A.G., Kyriazakis |., 2016b. Comparing the environmental impacts of UK
turkey production systems using analytical error propagation in uncertainty analysis. Journal of

Cleaner Production, 112, 141-148.

Life Cycle Strategies, 2015. Australasian LCI Database 2015. Life Cycle Strategies Pty Ltd, VIC,

Australia.

Lépez-Andrés J.J., Aguilar-Lasserre A.A., Morales-Mendoza L.F., Azzarro-Pantel C., Pérez-

Gallardo J.R., Rico-Contreras J.0., 2018. Environmental impact assessment of chicken meat

34



678
679

680
681
682

683
684
685

686
687

688
689
690
691

692
693
694
695

696
697

698
699
700

701
702
703

704
705

706
707
708

production via an integrated methodology based on LCA, simulation and genetic algorithms. Journal

of Cleaner Production, 174, 477-491.

Mackenzie S.G., Leinonen |., Kyriazakis 1., 2017. The need for co-product allocation in the life
cycle assessment of agricultural systems—is “biophysical” allocation progress? International Journal

of Life Cycle Assessment, 22, 128-137.

Macleod, M., Gerber, P., Mottet, A., Tempio, G., Falucci, A., Opio, C., Vellinga, T., Henderson,
B., and Steinfield, H. 2013. Greenhouse gas emissions from pig and chicken supply chains - A global

life cycle assessment. FAO, Rome, Italy.

Mainali B., Been Emran S., Silveira S., 2017. Greenhouse gas mitigation using poultry litter

management techniques in Bangladesh. Energy, 127, 155-166.

Martinelli, G., Vogel, E., Decian, M., Farinha, M. J. U. S,, Bernardo, L. V. M., Borges, J. A. R., ...
& Ruviaro, C. F. (2020). Assessing the eco-efficiency of different poultry production systems: an
approach using life cycle assessment and economic value added. Sustainable Production and

Consumption.

Mattiello S., Caroprese M., Crovetto G. M., Fortina R., Martini A., Martini M., Parisi G., Russo
C., Severini C., Zecchini M. (ASPA Commission ‘Animal productions in development cooperation
projects’) (2018) Typical edible non-dairy animal products in Africa from local animal

resources, ltalian Journal of Animal Science, 17:1, 202-217.

McAuliffe G., Chapman D.V., Sage C.L., 2016. A thematic review of life cycle assessment

(LCA) applied to pig production. Environmental Impact Assessment Review, 56, 12-22.

McAuliffe G., Takahashi T., Lee M.R.F., 2020. Applications of nutritional functional units in
commodity-level life cycle assessment (LCA) of agri-food systems. The International Journal of Life

Cycle Assessment, 25, 208-221.

Minkov N., Schneider L., Lehmann A., Finkbeiner M., 2015. Type Il Environmental
Declaration Programmes and harmonization of product category rules: status quo and practical

challenges. Journal of Cleaner Production, 94, 235-246.

Nguyen T.T.H., Bouvarel I., Ponchant P., van der Werf H.M.G., 2012. Using environmental

constrains to formulate low-impact poultry feeds. Journal of Cleaner Production, 28, 215-224

Nordborg M., Davis J., Cederberg C., Woodhouse A., 2017. Freshwater ecotoxicity impacts
from pesticide use in animal and vegetable foods produced in Sweden. Science of the Total

Environment, 581-582, 448-459.

35



709
710

711
712

713
714
715

716
717
718

719
720
721

722
723
724

725
726

727
728

729
730

731
732

733
734
735

736
737
738

Notarnicola B., Tassielli G., Renzulli P.A., Castellani V., Sala S., 2017. Environmental impacts

of food consumption in Europe. Journal of Cleaner Production, 140 (2), 753-765.

OECD/FAO (2019), OECD-FAO Agricultural Outlook 2019-2028, OECD Publishing, Paris/Food

and Agriculture Organization of the United Nations, Rome.

Paolotti L., Boggia A., Castellini C., Rocchi L., Rosati A., 2016. Combining livestock and tree
crops to improve sustainability in agriculture: a case study using the Life Cycle Assessment (LCA)

approach. Journal of Cleaner Production, 131, 351-363.

Parolini M., Ganzaroli A., Bacenetti J., 2020. Earthworm as an alternative protein source in
poultry and fish farming: Current applications and future perspectives. Science of the Total

Environment, 734, 139460.

Payandeh Z., Kheiralipour K., Karimi M., Khoshnevisan B., 2017. Joint data envelopment
analysis and life cycle assessment for environmental impact reduction in broiler production

systems. Energy, 127, 768-774.
Pelletier, N., Ibarburu, M., Xin, H., 2013. A carbon footprint analysis of egg production and

processing supply chains in the Midwestern United States. Journal of Cleaner Production, 54, 108-

114.

Pelletier, N., Ibarburu, M., Xin, H., 2014. Comparison of the environmental footprint of the
egg industry in the United States in 1960 and 2010. Poultry Science, 93, 241-255.

Pelletier, N., 2017. Life cycle assessment of Canadian egg products, with differentiation by
hen housing system type. Journal of Cleaner Production, 152, 167-180.

Pelletier, N., 2018a. Changes in the life cycle environmental footprint of egg production in
Canada from 1962 to 2012. Journal of Cleaner Production, 176, 1144-1153.

Pelletier, N., 2018b. Social sustainability assessment of Canadian egg production facilities:

methods, analysis, and recommendations. Sustainability, 10, 1601.

Pishgar-Komleh, S.H., Akram, A., Keyhani, A., van Zelm, R., 2017. Life cycle energy use, costs,
and greenhouse gas emission of broiler farms in different production systems in Iran - a case study
of Alborz province. Environmental Science and Pollution Research, 24, 16041-16049.

Prudéncio da Silva V., van der Werf H.M.G., Soares S.R., Corson M.S., 2014. Environmental
impacts of French and Brazilian broiler chicken production scenarios: An LCA approach. Journal of

Environmental Management, 133, 222-231.

36



739
740

741
742
743

744
745
746

747
748

749
750
751
752

753
754

755
756

757
758

759
760
761

762
763
764
765
766

767
768
769

Putman B., Thoma G., Burek J., Matlock M., 2017. A retrospective analysis of the United
States poultry industry: 1965 compared with 2010. Agricultural Systems, 157, 107-117.

Ramedani Z., Alimohammadian L., Kheialipour K., Delpisheh P., Abbasi Z., 2019. Comparing
energy state and environmental impacts in ostrich and chicken production systems. Environmental

Science and Pollution Research, 26, 28284-28293.

Rocchi L., Paolotti L., Rosati A., Boggia A., Castellini C., 2019. Assessing the sustainability of
different poultry production systems: A multicriteria approach. Journal of Cleaner Production, 211,
103-114.

Rodi¢, V., Peri¢, L., Duki¢-Stojci¢, M., & Vukeli¢, N. (2011). The environmental impact of
poultry production. Biotechnology in Animal Husbandry, 27(4), 1673-1679.

Roma R., Corrado S., De Boni A., Forleo M. B., Fantin V., Moretti M., Palmieri N., Vitali A., De
Camillis C., Live Cycle Assessment in the livestock and derived edible products sector, In:

Notarnicola B. et al. (eds.), Life Cycle Assessment in the Agri-food Sector. Springer International

Publishing Switzerland, 2015. 251-332.

Skunca, D., Tomasevic, I., Djekic, I. (2015). Environmental performance of the poultry meat
chain—LCA approach. Procedia Food Science, 5, 258-261.

Skunca D., Tomasevic |., Nastasijevic |., Tomovic V., Djekic |., 2018. Life cycle assessment of
the chicken meat chain. Journal of Cleaner Production, 184, 440-450.

Tallentire C.W., Mackenzie S.G., Kyriazakis |., 2017. Environmental impact trade-offs in diet
formulation for broiler production systems in the UK and USA, Agricultural Systems, 154, 145-156.

Tallentire C.W., Mackenzie S.G., Kyriazakis 1., 2018. Can novel ingredients replace soybeans
and reduce the environmental burdens of European livestock systems in the future? Journal of
Cleaner Production, 187, 338-347.

Tallentire, C.W., Edwards, S.A., Van Limbergen, T., Kyriazakis |., 2019. The challenge of
incorporating animal welfare in a social life cycle assessment model of European chicken
production. International Journal of Life Cycle Assessment, 24, 1093—-1104.

Taylor R.C., Omed H., Edwards-Jones G., 2013. The greenhouse emissions footprint of free-
range eggs. Poultry Science, 93, 231-237.

Thévenot A., Aubin J.,, Tillard E., Vayssieres J., 2013. Accounting for farm diversity in Life

Cycle Assessment studies — the case of poultry production in a tropical island. Journal of Cleaner

Production, 57, 280-292.

37



770
771

772
773

774
775

776
777
778

779
780
781

782
783
784

785
786
787

788
789
790
791
792
793

794
795
796

797
798

799
800

UNEP/SETAC. Guidelines for Social Life Cycle Assessment of Products. In The UNEP/SETAC
Life Cycle Initiative; UNEP/SETAC: Paris, France, 2009.

Usubharatana P., Phungrassami H., 2017. Greenhouse gas emissions of one-day-old chick
production. Polish Journal of Environmental Studies, 3, 1269-1277.

Vaarst, M., Steenfeldt, S., & Horsted, K. (2015). Sustainable development perspectives of
poultry production. World's Poultry Science Journal, 71(4), 609-620.

Van Hal O., Weijenberg A.A.A., de Boer I.J.M., van Zanten H.H.E., 2019. Accounting for feed-
food competition in environmental impact assessment: towards a resource efficient food-system.
Journal of Cleaner Production, 240, 118241.

Van Zanten, H.H.E., Mollenhorst, H., Klootwijk, C.W., van Middelaar, C.E., de Boer, 1.J.M,,
2016. Global food supply: land use efficiency of livestock systems. International Journal of Life Cycle

Assessment, 21, 747-758.

Van Zanten, H.H.E., Herrero, M., Van Hal, O., Roos, E., Muller, A., Garnett, T., Gerber, P.J.,
Schader, C., De Boer, |.J.M., 2018. Defining a land boundary for sustainable livestock consumption.
Global Change Biology, 24, 4185-4194.

Vazquez-Rowe |, Hospido A, Moreira MT, Feijoo G (2012). Best practices in life cycle
assessment implementation in fisheries. Improving and broadening environmental assessment for
seafood production systems. Trends Food Sci Technol 28:116-131.

Vellinga, T.V., Blonk, H., Marinussen, M., Van Zeist, W., Starmans, D., 2013. Methodology
Used in Feedprint: a Tool Quantifying Greenhouse Gas Emissions of Feed Production and
Utilization. Wageningen UR Livestock Research, Wageningen. Report 674,
http://edepot.wur.nl/254098.

Wang, S., Huang, D., 2005. Assessment of Greenhouse Gas Emissions from Poultry Enteric

Fermentation. Asian Australasian Journal of Animal Sciences, 18, 873—878.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The
ecoinvent database version 3 (part |): overview and methodology. International Journal of Life Cycle

Assessment, 21(9), 1218-1230.

Wiedemann S.G., McGahan E.J., Murphy C.M., 2017. Resource use and environmental

impacts from Australian chicken meat production. Journal of Cleaner Production, 140, 675-684.

Williams A.G., Leinonen |., Kyriazakis I., 2016. Environmental benefits of using turkey litter as

a fuel instead of a fertilizer. Journal of Cleaner Production, 113, 167-175.

38



801 Wolf MA, Pant R, Chomkhamsri K, Sala S, Pennington D. ILCD handbook- Towards more
802  sustainable production and consumption for a resource efficient Europe. JRC Reference Report;

803  2012.

804 Yusuf, R., Noor, Z., Abba, A., Abu Hassan, M.A., Mohd Din, M.F., 2012. Greenhouse gas
805 emissions: quantifying methane emissions from livestock. American Journal of Engineering and

806  Applied Sciences, 5, 1-8.

39



Highlights

- The review focuses on the environmental impact of poultry productions

- 155 LCA (Life Cycle Assessment) studies were identified, 47 reviewed in detail

- Functional unit, system boundary and multifunctionality management were identified
- The agricultural phase weighs heavily on the impact of the finished food product

- Feed consumption and manure management are the main impact contributors



