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Food loss is a major concern from both environmental and social point of view. Life Cycle Assessment
(LCA) has been largely applied to quantify the environmental impact of food and to identify pros and
cons of different options for optimisation of food systems management, including the recovery of po-
tential waste occurring along the supply chain. However, within LCA case studies, there is still a general
lack of proper accounting of food losses. A discrepancy both in food loss definition and in the approaches
adopted to model the environmental burden of food loss has been observed. These aspects can lead to
misleading and, sometimes, contrasting results, limiting the reliability of LCA as a decision support tool
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Food loss for assessing food production systems. This article aims, firstly, at providing a preliminary analysis on
Food waste how the modelling of food loss has been conducted so far in LCA studies. Secondly, it suggests a defi-

LCA nition for food loss to be adopted. Finally, the article investigates the consequence of using such defi-
nition and it proposes potential paths for the development of a common methodological framework to
increase the robustness and comparability of the LCA studies. It discusses the strengths and weaknesses
of the different approaches adopted to account for food loss along the food supply chain: primary
production, transport and storage, food processing, distribution, consumption and end of life. It is also
proposed to account separately between avoidable, possibly avoidable and unavoidable food loss by
means of specific indicators. Finally, some recommendations for LCA practitioners are provided on how
to deal with food loss in LCA studies focused on food products. The most relevant recommendations
concern: i) the systematic accounting of food loss generated along the food supply chain; ii) the
modelling of waste treatments according to the specific characteristics of food; iii) the sensitivity analysis
on the modelling approaches adopted to model multi-functionality; and iv) the need of transparency in

describing the modelling of food loss generation and management.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction chronic undernourishment (FAO, 2014a). Wasting food means

wasting all the inputs consumed along the entire food supply chain

The Food and Agriculture Organization of the United Nations
(FAO) has estimated that each year approximately 1.3 billion tons of
edible food are wasted throughout global food supply chains (FSCs),
corresponding roughly to one-third of all food produced for human
consumption (FAO, 2011a). Food loss (FL) represents a major
concern from both an environmental and social point of view. On
the one hand, by tackling FL in FSC, there is a great opportunity to
reduce major environmental burdens related to FL generation and
management, especially in developed countries; while on the other
hand, about 800 million people on the planet are suffering from
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(energy, natural resources, human labour, etc.) and contributes
directly to the depletion of some already scarce resources, such as
phosphorous used to produce fertilisers, or land and water. FAO
(2013) has estimated that the total water used to produce the
food currently lost within global food supply chains is equivalent to
3 times the size of the lake of Geneva (about 80,000 m?) whereas
the land use needed accounts for 1.4 billion of hectare. Food pro-
duced and not eaten at global level is responsible for the emissions
of 3.3 GtCOz¢q equal to more than 30 times the greenhouse gas
emissions associated to domestic final demand in Switzerland in
2005 (Jungbluth et al., 2011).

Moreover, food production is expected to increase in order to
satisfy the needs of the raising world population, which may reach
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9.5 billion by 2050 (United Nation - Department of Economic and
Social Affairs (2015)). Reducing FL can play an important role in
addressing this challenge, since - together with closing yield gaps,
increasing cropping efficiency, and changing diets - it is one of the
key actions to increase the availability of food for human con-
sumption while reducing the environmental impact per unit of
product (Foley et al., 2011). In the European context, tackling FL is
one of the objectives of the European Commission. The Roadmap to
Resource Efficient Europe (EC, 2011) has identified food production
and FL as key areas where resource efficiency can be improved. Two
interventions are foreseen: setting targets for FL reduction for each
EU member state and improving industrial symbiosis practices
recovering waste and by-products (EC, 2014). Furthermore, the
recent communication on circular economy, a system where the
products, materials and resources value is maintained in the
economy for as long as possible and waste production is minimised,
has identified food waste (FW) as one of the priority areas of
intervention (EC, 2015; UNEP, 2006).

To achieve these objectives at international as well as at lower
scale of intervention, integrated assessment methodologies and a
full supply chain perspective are needed. Indeed, it is crucial that
the envisaged actions for a reduction of FL and its better manage-
ment are assessed through a life cycle perspective to avoid the
shifting of burdens amongst different life cycle stages along the
supply chain or different environmental compartments (EC-JRC,
2011). Given that FL occurs all along the supply chains, Life Cycle
Assessment (LCA) represents a valuable tool for assessing: i) the
environmental burdens associated to FL, ii) the benefits associated
to FL reduction as well as iii) the preference among the possible
recovery options.

The available scientific literature on LCA and food is rather wide
(Arvanitoyannis et al., 2014; Chen et al., 2016). Currently, the most
remarkable study estimating the impact of FL at global level,
applying LCA, is a recent report from FAO (2013). In this report FL
has been estimated in all regions of the world for both developing
and developed countries.

Within the published LCA studies on food, the assessment of FL
along the supply chain is often performed partially or inconsis-
tently (Cerutti et al., 2014), limiting the effectiveness of LCA as a
decision support tool in this context.

In order to contribute to the current debate on FW assessment
and accounting, the present article has a triple purpose. Firstly, it
aims to summarise the terms related to FL currently used to address
the topic and to enhance their harmonised use in the LCA context.
The use of shared terminology is, indeed, fundamental to achieve a
harmonised approach (FAO, 2014b; Ostergren et al., 2014; Williams
et al.,, 2015). Secondly, it aims to analyse and classify the different
approaches observed in the scientific literature to assess the envi-
ronmental burdens of FL, highlighting strengths, criticalities and
possible inconsistencies. While conducting this analysis, the article
discusses some relevant studies in the literature which can be
considered as “exemplary” of different modelling approaches used
by LCA practitioners. Finally, recommendations for the harmo-
nisation of these approaches within LCA studies have been pro-
vided, fostering the effectiveness of LCA as a decision support tool
to achieve FL reduction.

2. Materials and methods

A selection of recent scientific articles, reviews and reports was
analysed in order to shed light on the terminology currently
adopted when referring to FL as well as to depict a classification of
approaches to account for FL.

The assessment of FL was performed only from an environ-
mental perspective, whereas the economic and the social

dimension of sustainability were not taken into consideration.
Relevant documents have been identified through search engines
(e.g. Scopus and Google Scholar) using the key words “food loss”,
“food waste”, “food wastage”, “food + LCA”, “vegetables + LCA”,
“fish + LCA”, “meat + LCA".

Furthermore, the reference list of these articles was analysed
and additional references considered relevant were included in the
survey.

In particular, 82 articles published in peer review journals, 1
published in conference proceedings and 17 scientific reports have
been analysed. All the documents are written in English and pub-
lished starting from 1998. Among these, more than 70% of the
documents have been published after 2010. The selected docu-
ments cover different themes: production of vegetables food ori-
gins (25 documents), production of meat, dairy and eggs (7
documents), fish production (7 documents), the assessment of the
environmental burden of dietary choices and meals (10 docu-
ments), waste treatments (5 documents), industrial ecology (14
documents), methodological aspects related to the application of
LCA (14 documents) and other themes related to the topic (18
documents).

The present work investigated the use of the terms “food loss”
and “food waste” and the definitions provided. These were
compared and, when necessary, combined in order to provide some
recommendations about their clear application within the LCA.

Furthermore, the documents were reviewed in order to analyse
the approaches adopted to account for FL in LCA studies focused on
food products. In order to support such analysis, some articles were
taken as example. However, since the present article is not inten-
ded as an extensive literature review, the list of mentioned articles
should not be considered as exhaustive.

Accordingly to FAO (2011), five stages of the FSC were consid-
ered: (1) primary production, (2) transport and storage, (3) food
processing, (4) distribution and (5) consumption. Furthermore, the
end of life of FL generated within all the FSC stages was also
considered. Food items were classified according to their origin as:
(1) fruit and vegetables; (2) meat, dairy and eggs; and (3) fish.

“Primary production” includes the agricultural stage for fruit
and vegetables, breeding, aquaculture or fishing for animals and
animal products and, when pertinent in case of fishing, it includes
also first processing on fishing boat (Vazquez-Rowe et al., 2012).
“Transport and storage” includes the activities between the pri-
mary production and the processing of the food. “Processing” in-
cludes a variety of options and treatments according to the food
output. The “distribution” stage refers to both wholesale and retail
distribution and it involves transport and storage activities. “Con-
sumption” represents the last stage of the FSC and it includes
household consumption or consumption in restaurants or can-
teens. Finally, the analysis covers the “end of life” stage. This in-
cludes the treatments performed in dedicated plants for the
disposal or recovery of the waste derived from FL generated along
the FSC. As an alternative to waste treatments for FL, it was dis-
cussed the recovery of FL in industrial ecology (IE) applications, in
which FL are used as raw materials in downstream production
processes.

As results of the analysis performed, some recommendations for
LCA practitioners were derived to foster the systematic inclusion of
FL within their studies.

3. Results

The establishment of a possible common framework to account
for FL in LCA should consider, among others, relevant elements, as:
i) the definitions to be used; ii) accounting of FL in LCA; and iii) the
modelling of FL recovery processes. An overview of these elements
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is presented in the following sections.

3.1. Definition of food loss and food waste: characterisation and
contextualisation for LCA applications

Different definitions FL and FW are reported in the scientific
literature limiting the comparability of studies and the integration
of their results into a common strategy for reducing FL (FAO, 2014b;
Ostergren et al., 2014; Williams et al., 2015).

Parfitt et al. (2010) and Papargyropoulou et al. (2014) agreed
that three main definitions of FW could be found in the literature at
the time of their studies. Firstly FAO (1981) defined FW as the
wholesome edible material intended for human consumption,
arising at any point of the FSC that is discarded, lost, degraded or
consumed by pests. Stuart (2009) included to the cited FAO defi-
nition the fraction of edible food that is intentionally fed to animals
and the by-products of food transformation that are diverted away
from human consumption. Smil (2004) added to the aforemen-
tioned definition of FW the over-nutrition, intended as the gap
among energetic consumption and human needs.

WRAP (2008) proposed a further distinction among avoidable,
possibly avoidable and unavoidable FW with the aim of analysing
FW at households in the United Kingdom.

FAO was a pioneer in proposing to harmonise the definitions
and the terms related to FL and FW within the Global initiative on
food loss and waste reduction (FAO, 2011b) through a Definitional
framework of food loss (FAO, 2014b). This document was intended to
improve data collection, data comparability, evidence-based regu-
latory and policy decisions for FL prevention and reduction. Ac-
cording to FAO (2014b), FL is “the amount of food intended for human
consumption that, for any reason is not destined to its main purpose”.

A considerable effort towards an harmonised definition of FW
was also made by the Fusions project that aimed to improve
resource efficiency of Europe by reducing FW (Ostergren et al,,
2014). According to Ostergren et al. (2014) FW is food produced
to be addressed to humans that is disposed or recovered, excluding
the fractions that are fed to animals and sent to bio based material
production or biochemical processing.

Within LCA studies, FL definition has been rarely reported, apart
from studies where the focus was specifically on FL (e.g. Eberle and
Fels, 2015; Heller and Keoleian, 2014). It is suggested to adopt the
FAO (2014b) as basis for LCA studies. However, this definition was
conceived to be generic enough to be applied to a broad range of
contexts. Therefore, it is necessary to analyse additional aspects of
FL in order to move towards a systematized use of this definition
within LCA and to avoid problems of interpretation. These addi-
tional aspects are hereunder discussed.

3.1.1. Differences among “food loss” and “food waste”

FL may occur at each stage of the FSC. The non-food parts of food
plants (straw, leaves, roots, branches, etc.) and animals (bones,
horns, etc.) are not included in the FL definition. In a LCA context,
these parts can be, for example, considered as farming residues and
left on the field or processed by established waste treatments (i.e.
aerobic or anaerobic digestion, landfill, etc.) (FAO, 2014b).

The terms FL and FW have been used to reference different kind
of losses generated along the FSC (Parfitt et al., 2010). FL is used to
describe the losses that occur in the production, post-harvest,
processing and distribution stages of the FSC. Main drivers of FL
generation, depending where in the world FL is generated, could
be: i) poor storage infrastructure and logistics; ii) lack of technol-
ogy; iii) insufficient skills, weak knowledge and management ca-
pacity of FSC actors; iv) no access to markets; and v) bad weather
conditions. FW, instead, describes the losses that take place at retail
and consumers stages, mainly due to: i) marketing consideration;

ii) economic forces; iii) regulatory measures (“best before” or
expiration date); iv) poor stock management; and v) consumer
attitudes (FAO, 2011a; Parfitt et al., 2010). In the framework pro-
posed by FAQ, all kinds of food that is lost along the FSC are named
“food loss”, considering FW as part of FL (Fig. 1).

To improve consistency, it is suggested to LCA practitioners to be
compliant with the differentiation adopted by FAO (2014b), as re-
ported in Fig. 1.

3.1.2. “Avoidable”, “unavoidable” and “possibly avoidable” food loss

Many food products have parts which are not edible (e.g. egg
shell, some fruits skin, animal bones). These correspond to what is
called “unavoidable FL”. In contrast, “avoidable FL” is the amount of
food thrown away because it is no longer wanted or has been
allowed to go past its “best before” or “expiration” date
(Papargyropoulou et al., 2014). The distinction between avoidable
and unavoidable FL is not always sharp and the subjectivity in food
use as well as cultural specificity may play an important role in
setting the boundaries. In some countries, for example, animal hide
can be eaten while in others it is a by-product used in the leather
industry or just considered as waste (The Daily Meal, 2015).
Therefore, the definition of what is considered edible and what is
not in the specific context is essential in LCA studies trying to ac-
count for impacts within the food supply chains.

A further distinction between avoidable and unavoidable FL has
been proposed in the report “Household food and drink waste in
the UK” (WRAP, 2009). The concept of “possibly avoidable” FL is put
forward as the amount of food that some people eat and others do
not, or food that can be eaten when it is prepared in some particular
ways. Although the distinction was initially thought only for FL at
household level, this can also be applied to food processing in
which an edible part of food is discarded due to specific process
characteristics. For example, the production of olive oil generates
pomace (Fantozzi et al., 2015), a possibly avoidable loss that would
have not been generated if the olives were consumed fresh. Hence,
possibly avoidable FL is within the scope of the present work.

It is recommended to make the distinction among ‘avoidable’,
‘not avoidable’ and ‘possibly avoidable’ FL in LCA studies, especially
when results are used to analyse decisions about a decrease in FL
and FW. Indeed, the reduction of the three kinds of losses should be
obtained by different kind of interventions. The ‘avoidable’ FL, for
example can be reduced by increasing consumer awareness,
whereas the decrease of ‘possibly avoidable’ FL for a given product
can be realised by improving the efficiency of the transformation
process and gastronomical habits. Furthermore, this classification is
crucial when analysing FW prevention scenarios (Bernstad and
Canovas, 2015). Different components of FL are summarized in
Fig. 2.

3.1.3. “Prevented” food loss

Within the European Waste Framework Directive (EU, 2008),
waste prevention is the most preferable option for waste man-
agement. In LCA studies, very few examples included an assess-
ment of the impacts and benefits of waste prevention (e.g. Gentil
et al,, 2011; Nessi et al., 2012). Cleary (2010) proposed a model to
include waste prevention in the LCA of municipal solid waste
management systems, but there is still no consolidated approach to
include waste prevention in LCA studies on products. A possible
way to account for FL prevention at a product level could be to
compare different scenarios for FL prevention with a baseline (see
e.g. Nessi et al., 2012). However, the inclusion of waste prevention
in LCA is still at an embryonic phase and it implies the adoption of a
different approach compared to “generated” FL.

Furthermore, FL prevention was not considered as part of the FL
definition, therefore, it was out of the scope of the present analysis.
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Primary
production

Transport and

Processing
storage

Distribution Consumption

Food loss = Food wastage

Food waste

Fig. 1. Correspondence between the FSC stages and the definitions of “food loss”, “food waste” and “food wastage” according to FAO (2013) and FAO (2014b).

Part lost through the
supply chain (skin)
>FL

Not edible, non part
of the fruit
- Notincluded in
FL

Apple peel >
possibly
avoidable FL

Destined for animal feeds or

other usages (core)

—>possibly avoidable FL

Pomace from
apple juice =
possibly
avoidable FL

Not edible part of the fruit
-unavoidable FL

Fig. 2. Representation of different types of FL applied, as example, to an apple. Each food category will have a different split. Splits may also change based on local cultural and/or

consumer habits.

3.1.4. “Over-eaten” food

Smil (2004) reported that in high-income countries part of the
food produced in excess is consumed beyond human needs. If not
combined with a proper physical activity, it can lead to obesity,
already known as an important social and health concern. Over
nutrition, i.e. food eaten beyond nutritional needs, is a rather
controversial subject and FAO (2014b) decided not to retain this
possibility in its accounting. No methodological consolidated
approach currently exists to include over nutrition in LCA appli-
cations. As for waste prevention, over-nutrition was considered
outside of definition of FL and therefore out of scope of the present
study.

3.1.5. “Qualitative” food loss

Qualitative FL consists in a decrease of food attributes such as
nutritional value, economic value, food safety and consumers'
appreciation. According to (FAO, 2014b), “qualitative FL” should be
considered when accounting for the total FL. From an LCA
perspective, the quality of the food can be related to the function of
the system analysed and to the choice of the functional unit.
However, not all the food attributes can be measured objectively
and there is a vivid discussion for the choice of the most appro-
priate functional unit for food products (e.g. Sonesson et al., 2015).

For these reasons the assessment of qualitative FL was excluded
from the present analysis. However, it is highlighted that some
qualitative aspects of food can be relevant in the LCA for the defi-
nition of the functional unit or in the modelling of co-products (e.g.
via system expansion).

3.2. Accounting of food loss in LCA

The generation of FL can be considered as an “inherent”
component of the FSC. Indeed, over-production is a current practice
since producers have to cope with adverse weather conditions or
with fluctuant market demand. Up to 30% overproduction con-
tributes to guarantee food security, however the current level of
food overproduction in high-income countries is far more higher,
threatening in fact global food security (Papargyropoulou et al.,
2014).

FL happens in all life cycle stages and varies greatly according to
different elements, e.g. the type of food, the specific socio-cultural
and economic contexts, the technological availability, the
geographical location etc (FAO, 2011a). Table 1 reports a summary
of the main FL that can occur within the FSC. The table can be used
by LCA practitioners in the identification of the most important FL
according to the specific context of their study.
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The generation of FL within the FSC influences the potential
impact of a food product for two reasons: the increase of food
production in order to deliver the same amount of food and the
generation of an additional environmental burden due to FL
treatments (FAO, 2013). Different elements characterise the inclu-
sion of FL in LCA and can lead to the adoption of inhomogeneous
methodological approaches among LCA studies. In the next sec-
tions possible approaches to account for FL occurring at the
different stages of the FSC are presented. The modelling of FL re-
covery processes will be discussed separately (section 3.3) since
this transversally affects different stages of the FSC.

3.2.1. Food loss at the primary production stage

In conventional open-field agriculture, a part of marketable
(intended over production to cope with market fluctuation) and
non-marketable food (e.g. not fitting marketing standards) can be
left on the field (Strid and Eriksson, 2014) or incorporated into the
soil (e.g. Romero-Gamez et al., 2014). This practice is not common
for crops cultivated into greenhouses, in which the excess of food
has to be removed from the soil (Battistel, 2014; Cellura et al., 2012).

It was observed that in some LCA studies on agricultural prod-
ucts the environmental burden of discarded rotten fruit and veg-
etables was charged to the functional unit, referring to the net yield
(e.g. Mogensen et al., 2015) or to the marketable yield (e.g. Romero-
Gamez et al., 2014). Over-production was discussed just in a few
studies (e.g. Romero-Gamez et al., 2014; Strid and Eriksson, 2014).
As highlighted by Lal (2008) crop residues can contribute to cycle
nutrients and enhance the soil quality. These elements can be
relevant from an LCA perspective, in terms, for example, of addi-
tional inputs that has to be provided to the field. However, only few
evidence of this accounting in LCA studies was found. For example,
Cerutti et al. (2014) confirmed in their literature review on LCA
applied to the fruit sector that FL at the agricultural stage was not
addressed in the papers they analysed. Blengini and Busto (2009)
reported that benefits associated with the incorporation of agri-
cultural residues into the soil were indirectly taken into account
since the crop under study was cultivated on a soil with better
properties. A reduction of the input of nutrients to be provided to
the soil due to residues left on the field, instead, was considered in

Table 1

the datasets referred to European agricultural production systems
of the database Ecoinvent (Nemecek and Schnetzer, 2011a).
Furthermore in the databases Ecoinvent and Agrifootprint the
emissions due to crop residues decomposition was assessed (Blonk
Agri-footprint BV, 2014; Nemecek and Schnetzer, 2011b).

Alternative destinations for FL at the primary production stage
can be the composting or the anaerobic digestion, especially for FL
generated into greenhouses (Cellura et al., 2012). This will be dis-
cussed in detail in section 3.3.2.

Concerning the manufacturing of meat and livestock-derived
products, no evidence was found on the inclusion of FL at the pri-
mary stage in LCA. However, the amount of this FL can potentially
become significant. FL could be associated with animal's mortality
and diseases and refuse of animals' products due to quality stan-
dards. The world organisation for animal health estimated that
mortality and morbidity due to animal diseases caused the loss of at
least 20% of livestock and livestock-derived production globally
(World Organisation for Animal Health, 2015). Therefore, the
exclusion of animal loss from the breeding system could lead to an
underestimation of its environmental burden.

In case of fisheries in open sea, by-catch may represent a sig-
nificant cause of FL. By-catch is catch that is either unused or un-
managed and it is therefore discarded after sorting. It includes
fishes that are fit for human consumption and could be sold, but
also fishes that, for regulatory or economic reasons, are not sold
(Davies et al., 2009). Different options exist to account for by-catch,
affecting the comparability of data (Davies et al., 2009; FAO, 2013).
Furthermore, the amount of discard is dependent from the context,
namely: the season, the type of fishing method, the target species
and the fisherman behaviour (Hornborg et al., 2012). These aspects
make it difficult to obtain detailed data (Vazquez-Rowe et al., 2012).
Discarded by-catch fish is an important environmental concern for
fisheries since, together with the overfishing of a target specie,
represents a threat for the equilibrium of aquatic ecosystems
(Davies et al., 2009; Emanuelsson et al., 2014; Eyjélfsdéttir et al.,
2003). So far, different LCA studies have included the by-catch
(e.g. Almeida et al., 2014; Ziegler et al., 2003). Besides, commonly
used life cycle impact assessment methods are not addressing
comprehensively the impact on the environment of fishing

Possible food loss (FL) per food supply chain (FSC) stage. Built from FAO (2013) and Parfitt et al. (2010) and complemented with other information in literature.

Crops

Animals and animal products

Primary production - Not-harvested edible products

- Edible products left in the field
Edible product harvested but not sold
Rotten fruit or vegetables
Product damaged by machines
Spilled product
Product damaged due to bad handling
Product damaged by machineries
Product store at a wrong temperature

Transport and storage

- Dead animals during breeding
- Milk lost due to animal diseases
Discarded fishes

Food lost during transport to slaughterhouse
Food lost due to bad storage

Processing - Process FL (e.g. inefficiencies, contaminations ...) - Process FL (e.g. inefficiencies, contaminations, etc.)

- Possibly avoidable FL
- Unavoidable FL (e.g. skins, seeds, etc.)

Food damaged by inappropriate packaging

- Possibly avoidable FL
- Unavoidable process FL (e.g. bones, leather, etc.)
Food damaged due to inappropriate packaging

Distribution - Food damaged due to lack of cooling, storage facilities, As for Crops
- Expired food
- Unsold food
- Rejected food after quality controls

Consumption - Food damaged due to the lack of storage facilities As for Crops

Due not eaten due to the preparation of excess of food

- Food not eaten due to passed expiration date
- Food not eaten due to inappropriate packaging size

(more food than the quantity wanted)

Food not eaten due to low consumers' appreciation
Unavoidable FL (e.g. fruit kernels, bones etc.)
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activities. Hence, LCA practitioners have developed some specific
indicators to account for the impacts of discards during fishing.

An example of an indicator is the amount of discarded by-catch
(Davies et al., 2009). However, this indicator can underestimate the
real impact on the marine biotic resources. For example, juveniles,
often discarded after being by-caught, have a small mass but may
have a large ecological relevance. Other indicators have been
developed to capture the complexity of this aspect, taking into
account specific geographical and temporal aspects (e.g.
Emanuelsson et al., 2014. Hornborg et al., 2013). Table 2 provides a
description of these indicators, including a description of their
strengths and weaknesses.

3.2.2. Food loss at transport and storage stage

In the analysed LCA studies, there was no evidence of account-
ing for FL during transport of food from the production place to the
storage and during storage.

However, FAO (2011a) reported that this contribution can
potentially be relevant — especially in developing countries — and
that it depends from the food categories. For example, FL during
postharvest handling and storage of roots and tubers in South and
Southeast Asia was estimated to be 19% of the food produced. FL of
meat in the same FSC stage and in the same geographical area,
instead, was estimated to be equal to 0.3% (FAO, 2011a).

Consequently, the exclusion of FL at the transport and storage
stage, in some context, could lead to an underestimation of the
environmental burden of food products.

3.2.3. Food loss at the food processing stage

The processing stage can potentially generate three kinds of FL,
mainly due to: (1) inefficiencies of the processing stage or over-
production (avoidable FL); (2) specific production processes of the
commodity (possibly avoidable FL); (3) parts discarded because not
edible (unavoidable FL).

Avoidable FL was explicitly reported only in a few studies.
Koroneos et al. (2005), for example, reported beer losses during
bottling and Kim et al. (2013) accounted for food loss at each stage
of the FSC of cheese. Possibly avoidable and unavoidable FL, instead,
were reported in a higher amount of studies in which they implied
a relevant reduction of the output compared to the raw ingredient
used (e.g. Coltro et al., 2006; Manfredi and Vignali, 2014; Rajaeifar
et al., 2014; Roos et al., 2011). These kinds of losses are strictly
related with the type of food and the type of processing and are less
dependent from the efficiency of the process. Depending on the
process, the amount of losses can be relevant and the modelling
approach adopted to account for the environmental burden can
considerably influence the LCA results, as highlighted in section 3.3.
Indeed, according to the specific process, different destinations can

Table 2
Indicators used to account for the impact of discards in LCA studies on fisheries.

be planned for FL at the processing stage: FL may undergo a re-
covery in another industrial process or may be treated as a waste
with the potential recovery of resources or energy. A common re-
covery option for process losses is animal feeding (e.g. Gronroos
et al, 2006; Jensen and Arlbjern, 2014; Koroneos et al., 2005).
Other possible destinations are fertilisation (e.g. Coltro et al., 2006)
or other industrial ecology (IE) applications (e.g. Nucci et al., 2014).
FL can be also recovered in downstream with human feeding pur-
poses (e.g. Svanes and Aronsson, 2013). In some cases, FL at the
processing stage is disposed without any recovery (e.g. Gonzdlez-
Garcia et al., 2013).

3.2.4. Food loss at distribution stage

FL at the distribution stage can be generated both at the
wholesale, due to handling and rejections after quality controls,
and at the retail, due to unsold products (Strid and Eriksson, 2014).
As for previous stages of the FSC, FAO (2011) highlighted that the
type of food and the country where it is distributed have a relevant
influence on the amount of FL generated.

A large number of the analysed LCA case studies adopted an
approach from cradle to gate, therefore FL generated in the distri-
bution stage was not considered (e.g. Cordella et al., 2008; Fantozzi
et al., 2015; Humbert et al., 2009; Roos et al., 2011). Others, instead,
accounted for FL at the distribution stage: primary data (e.g. Svanes
and Aronsson, 2013), specific assumptions (e.g. Andersson et al.,
1998) and national statistics (e.g. Meier and Christen, 2013) were
the sources of data used for the amount of FL at distribution.
Adopting a cradle to grave perspective allows LCA practitioners to
have a complete overview of possible consequences of choice taken
within the FSC.

In this stage of the FSC, FL was generally assumed to be managed
as waste and, consequently, to be sent to waste management
treatments (e.g. De Menna et al., 2014; Jensen and Arlbjgrn, 2014).

3.2.5. Food loss at the consumption stage

FL at consumption stage is a major environmental issue in
industrialised countries whereas is relatively limited in developing
ones (FAO, 2013). Vanham et al. (2015), for example, showed that in
Europe the quantity of food wasted is directly correlated with the
total expenditure of the household: rich countries waste more food
(e.g. UK with 190 kg/cap/year) while poorer countries waste less
(e.g. Romania with 55 kg/cap/year). Besides, FL generation at con-
sumption is also influenced by cultural aspects, due to e.g. different
preparations and different eating habits of consumers (Parfitt et al.,
2010).

Among analysed studies, some LCA focused on diets and meals
considered the generation of FL at the consumption stage (e.g.
Davis and Sonesson, 2008; Meier and Christen, 2013). Sometimes

Indicator Description

Strengths

Weakness

Total Discard (TD) Ratio between the mass of the

discarded fishes and the functional unit

Primary Production
Required (PPR) of discards

Fraction of carbon, used by
photosynthesis to produce a kilogram
of biomass in the population of a species
at a certain tropic level, associated with
the discarded fish

Threatened fish species
in discards (VEC)

Amount of threatened fish species in
discards

Gives a general idea
of the amount of
discarded fish

Representative of
the amount of
nutrients wasted

Proxy of the impact
on the ecosystem

Mass is not representative of the ecological value of
discarded fishes. Juveniles or rare species, for example,
could represent a small contribution in term of mass but
play a fundamental role in the function of the ecosystem.
(Davies et al., 2009)

In highly eutrophic ecosystems it could be not very
significant (Emanuelsson et al., 2009). Furthermore it does
not account for the ecological value of the discards due to its
trophic level (the lower is the trophic level, the lower is the
PPR, but the higher may be the ecological value) (Hornborg
et al., 2013)

Difficult to have primary information on the composition of
discards (Emanuelsson et al., 2009)
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FL is estimated as difference between per capita agricultural supply
data and consumption data of actual intake level (e.g. Hallstrom
et al.,, 2015). However, this approach does not distinguish among
the contribution of the different FSC stages. Studies focused on
single food products, instead, seldom considered the consumption
stage within the system boundaries (e.g. Andersson et al., 1998;
Jensen and Arlbjern, 2014).

Data for waste generation in the LCA studies analysed were
mainly derived from national data (e.g. Meier and Christen, 2013;
Schmidt Rivera et al., 2014; Svanes and Aronsson, 2013). WRAP
reports were frequently cited (WRAP, 2013, 2009). Although they
reported FW generation per category of food commodity in the UK,
data therein were also used in studies that considered consumption
elsewhere (e.g. Svanes and Aronsson, 2013). Other sources of data
were national statistics (e.g. Meier et al., 2014) or assumptions,
when specific local data were not available (e.g. De Menna et al.,
2014).

At EU level, a recent study (Vanham et al., 2015) has accounted
for both total and avoidable waste per country - based on data of
some representative countries -, as well as the water and nitrogen
footprint associated with the consumer FW. It could be an inter-
esting source of data for LCA practitioners to account for FL.

At this stage of the FSC, FL are generally managed as organic
waste, collected separately or with municipal solid waste according
to the specific waste management systems. Analogously to other
previously considered stages, FL at the consumption stage can be
addressed to different processes, such as composting or incinera-
tion (e.g. Berlin, 2002).

3.3. Modelling of food loss recovery in LCA

FL generated at different stages of the FSC can be processed for
different purposes, depending on the type of loss and the context.
FL can be recovered in other production processes, generally
defined as IE applications, or it can be disposed or recovered
through waste treatment technologies (e.g. composting, incinera-
tion, anaerobic digestion or landfilling) (FUSIONS EU Project, 2015).

From an LCA perspective, the modelling of IE applications can be
considered analogous to the modelling of waste treatments.
Indeed, both these systems treat FL and produce useful outputs. FL
represents therefore a co-product of the system and this has to be
modelled with the common approaches dealing with multi-
functionality, namely system expansion and substitution, and
allocation (Pelletier et al., 2015).

Fig. 3 illustrate a summary of the approaches adopted in the
analysed studies.

3.3.1. Recovery of food loss in industrial ecology applications

IE is a set of principles, tools, and perspectives derived from
ecology and adapted to industrial systems (Lowenthal and
Kastenberg, 1998). The principles of IE are applied to design or
redesign industrial systems to create more efficient interactions
both within industrial systems and between industrial systems and
natural systems (Leigh and Li, 2015). IE applications are generally
based on the interrelationships of firms that exchange a variety of
materials — including residues and waste - and energy flows to feed
different production processes (Ardente et al., 2009; Niutanen and
Korhonen, 2003).

The quantification and characterisation of FL and FW along the
FSC have been proved to be crucial for the identification of potential
new IE applications (Mirabella et al., 2014). Moreover, Svanes and
Aronsson (2013) illustrated that IE applications can be used to
recover FL into innovative food productions, e.g. baby food. In this
case, recovered materials do not represent anymore a FL since
destined to human consumption.

However, the benefits of FL recovery should not be undermined
by the environmental impact caused by IE production processes
(Mirabella et al., 2014). To such purpose, LCA can be applied with
different aims, for example to (Mattila et al., 2012): assess the
benefits of realising IE applications (e.g. Chiusano et al., 2015; San
Martin et al., 2016; Simboli et al., 2015); assess existing IE appli-
cations to improve them (e.g. Contreras et al., 2009); communicate
to third party the performance of IE systems (e.g. Schau and Fet,
2008); compare IE applications with traditional industrial pro-
cesses (e.g. Duchin, 2005; Iribarren et al., 2010).

Several LCA practitioners analysed the recovery of FL in different
industrial sectors, mainly: animal feeding (e.g. Cordella et al., 2008;
Koroneos et al., 2005; San Martin et al., 2016); cosmetics produc-
tion (Nucci et al, 2014; Secchi et al, 2016); fertilisation (e.g.
Fantozzi et al., 2015; Notarnicola et al., 2011; Salomone and loppolo,
2012). Examples of IE applications are however very wide,
including that some authors discussed some applications without
specifically mentioning these as IE (e.g. Secchi et al., 2016).

As mentioned in section 3.3., critical aspects concerning the
modelling of FL in IE applications are: i) the definition of the system
boundaries; and ii) the modelling of multi-functionality.

The definition of the system boundaries is crucial to assess what
is included or excluded from the LCA. This is particularly the case of
assessment of IE applications, since two or more industrial subjects,
generally very different in processes and characteristics, are
involved. In turn, these industrial subjects could have other by-
products utilised by other industries, in a complex network that
have to be truncated at a certain point. According to Mattila et al.
(2012) supply chain impacts are usually excluded from the anal-
ysis of IE, hence introducing the risk of transferring impacts from
the studied system to elsewhere in the supply chain. On the other
hand, the enlargement of the system boundaries implies higher
uncertainties, data availability and data quality issues. For example,
this is the case of industrial symbiosis application in which a system
of two or more entities exchanges energy and materials for the
mutual benefit (Chertow, 2000). Few examples of LCA applied to
industrial symbiosis systems have been discussed in the literature
(e.g. Eckelman and Chertow, 2009.; Mattila et al., 2010; Sokka et al.,
2011) but none specifically focused on food industries has been
identified in our analysis. Applications of hybrid and Input-Output
LCA have been proposed as worth of note to capture the complexity
of industrial symbiosis systems (Mattila et al., 2012, 2010).

The application of system expansion to solve multi-functionality
problems implies the selection of a “reference case” for the sub-
stitution, in which emission credits are given from the substitution
of alternative production processes than those in the IE application
(Mattila et al., 2012). Criteria for substitution are not always univ-
ocal, meaning that different approaches can be applied for the same
case-study. For example, apple residues can be used for different IE
applications, such as fuel production, pectin extraction, cattle feed,
biotransformation and sources of fibres (Mirabella et al., 2014).
Substitution criteria should be carefully investigated and discussed
considering all the possible applications. However, the description
of the approach used for the substitution is sometimes not suffi-
ciently detailed or lacking (Mattila et al., 2012; Pelletier et al., 2015).
The selection of a not representative “reference case” for the sub-
stitution implies the risk of overestimating the benefits of by-
product exchange (Mattila et al., 2012). Moreover, substitution
could be improperly applied to lower ‘artificially’ the impacts of the
studied product. On the other hand, it is recognised that the
application of system expansion implies some advantages, as being
this able to assess indirect land use changes due to some avoided
agricultural production (Schmidt et al., 2015).

The allocation of impacts among co-products can be performed
according to different approaches: physical allocation (e.g.
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Fig. 3. Approaches adopted in the analysed studies to model the treatments of the FL. The graph refers to both industrial ecology applications and waste treatments.

Gonzalez-Garcia et al., 2013; Rajaeifar et al., 2014), economic allo-
cation (e.g. Ayer et al., 2007; Hospido et al., 2003), or impact allo-
cated entirely to the functional unit (e.g. Mila i Canals et al., 2006).
The allocation procedures can have a relevant influence on the
results of the study (Cederberg and Stadig, 2003). Despite the ISO
14040 (ISO, 2006a) hierarchy suggests the selection of physical
criteria as the preferred option for allocation, economic allocation is
often applied to LCA, especially for those related to the agro-food
sector where a large quantity of low-value by-products are gener-
ated (Ardente and Cellura, 2012). For example, cow slaughtering
produces meat and animal by-products (e.g. innards, fat, skin), the
latter normally utilised in IE applications for various productions.
By applying physical allocation (e.g. with criteria as mass or energy
content) these by-products could have a high impact. On the con-
trary, the application of economic allocation would imply by-
products to have a low share of the impacts due to their limited
economic value. Recently the FAO (2016) suggested to perform
economic allocation to partition the environmental burden be-
tween meat and animal by-products. In this sense, the application
of economic values to allocate impacts has been recognised as a
driving force for the promotion of new IE applications for the re-
covery of FL (Weinzettel et al., 2012). On the other hands economic
allocation is affected by limitations, mainly that it produces results
that reflect existing market relationships that can potentially
change (via price ratios) rather than the physical relationships
(Pelletier et al., 2015) and that economic values are affected by a

multitude of factors not strictly related to the effective emission of
the studied system (Ardente and Cellura, 2012).

3.3.2. Treatment of food loss in waste plants

Several articles accurately analysed the environmental perfor-
mance of different options for the waste treatment (e.g. Laurent
et al,, 2014a; Bernstad and la Cour Jansen, 2011). In some articles
with the focus on food, instead, it was observed a low detail pro-
vided for the modelling of FL and FW recovery and/or disposal (e.g.
Gonzalez-Garcia et al., 2014; Meier and Christen, 2013). This can be
explained by the prejudice that the end-of-life stage is of relatively
low relevance compared to the environmental impacts generated
along the FSC. However Manfredi et al. (2015) suggested that de-
cisions, choices and assumptions related to the waste treatment
(e.g. the decision context and the choice of the impact assessment
indicators), can exert an important influence on the results of the
LCA.

FL occurring at the different stages of the FSC can be treated by
incineration, composting, anaerobic digestion and landfill. Ac-
cording to the ILCD Handbook for LCA (EC-JRC, 2010) waste are part
of the ‘technosphere’ and, therefore, they should not be considered
as elementary flows leaving the analysed product system. This
means that the system boundaries of the studied system should
include the waste treatment, accounting all the processes until
elementary flows cross the system boundaries as emissions to the
ecosphere. However, not all LCA practitioners followed these
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recommendations. Some authors did not account for the environ-
mental burden of FL management treatments either because they
excluded them from the system boundaries (e.g. Ardente et al.,
2006; Gonzalez-Garcia et al., 2014) or because they considered FL
management treatments as a negligible source of emissions (e.g.
Saarinen et al., 2012).

Other studies accounted for the environmental burdens of waste
treatments, however they adopted different modelling approaches.
For example, Svanes and Aronsson (2013) referred to IPCC to ac-
count for emissions of methane from the landfilling of banana FL,
whereas Jensen and Arlbjern (2014) referred to a combination of
information derived from different sources to model the incinera-
tion of uneaten food.

A high detail in the characterisation of the waste it is also
necessary for a precise modelling of the waste treatments. Waste
composition may greatly influence the performance of the waste
plant regarding, for example, the quality and quantity of nutrients
recovered through anaerobic digestion or the amount of energy
recovered by the incinerators (Bernstad and la Cour Jansen, 2012).
The use of generic or unspecified data for the modelling of waste
treatments can lead to misleading results. For example, Gruber
et al. (2014) modelled the incineration of unconsumed with data
concerning the incineration of mixed municipal solid waste. Suc-
cessively Gruber et al. (2014) concluded that incineration was
preferable than composting, concerning the eutrophication, acidi-
fication and primary demand impact categories. However, this
result is in contrast to other specific studies, as in Arafat et al.
(2015), which reported that incineration was not the best envi-
ronmental option for FW management. Conclusions by Gruber et al.
(2014) could be affected by the assumption concerning the
modelling of waste with not representative data.

As for [E applications, the modelling of FL treated in waste plants
implies multi-functionality problems to be solved through alloca-
tion or system expansion. Laurent et al. (2014) highlighted a general
confusion about this distinction and found several inconsistencies
among LCA studies on waste management systems. This applies
also to LCA of food products, which did not model the multi-
functionalities consistently with the overall modelling approach
(i.e. attributional or consequential).

It has been also observed that the modelling approach adopted
for the waste treatment is not always explicitly reported (e.g. in
Fantozzi et al., 2015). Moreover the present analysis of the literature
did not identify any application of allocation criteria to the
modelling of FL, with the exception of the environmental burdens
of the waste treatment entirely allocated to the functional (e.g.
Svanes and Aronsson, 2013).

On the other hand, system expansion was the modelling option
most commonly observed in the literature. These applications
accounted the impacts of waste treatments together with credits due
to the avoided production of certain substituted commodities. For
example, energy outputs from incineration or anaerobic digestion
plants were credited as energy from fossil fuels (e.g. Davis and
Sonesson, 2008; De Menna et al., 2014); nutrients from anaerobic
digestion or composting were credited as fertilisers from conven-
tional production plant (e.g. De Menna et al., 2014; Salomone and
loppolo, 2012). However, the reasons for the avoided production
and the detail of credited impacts are sometimes lacking or not
sufficiently discussed (e.g. how credits are assigned for avoided
production associated with the use of by-products as fertilisers).
More importantly, assumptions related to the system expansion can
largely affect the LCA results. Indeed, secondary datasets modelling
the same products can lead to highly different environmental bur-
dens (Peereboom et al.,, 1998). On the other hand, it is recognised that
in some cases it is difficult or even impossible to provide a detailed
analysis of the substituted system, since it is not known in advance

where and how waste will be treated. This is recognised as a limit of
the system expansion approach.

4. Discussion

The analysis of the relevant literature on the inclusion of FL and
FW within the LCA studies highlighted some shortcomings, which
can potentially affect the LCA results. Indeed, Manfredi et al. (2015)
reported that the lack of homogeneity among key factors and as-
sumptions can justify differences among LCA results, rather than
differences among the environmental performance of waste
treatments. In order to strengthen the use of LCA for the assessment
of initiatives aimed at FL minimisation and sustainable manage-
ment, it is necessary to have a shared framework on how to account
for FL. Based on the analysis of the relevant literature, some rec-
ommendations for LCA practitioners were derived to open the way
towards a harmonisation of the approaches to account for FL in LCA.

A first general recommendation is to use a transparent reporting
of the key assumptions for the modelling. Indeed, the lack of a clear
description generally represented a limit for the studies analysed,
nevertheless of their robustness. This recommendation can be seen
as general enough to be applied to all type of LCA studies and to all
phases. However, according to the present analysis this is particu-
larly critical for the modelling of FL and for the correct interpreta-
tion of results. The lack of transparency, in fact, negatively affects
the reproducibility and comparability of the presented results.

Moreover, it is suggested to LCA practitioners to consider as-
pects related to FL within all the FSC, starting from the preliminary
phases of the LCA study, e.g. already during the definition of the
system boundaries and the product system to be analysed. Also this
can be seen as a general LCA recommendation, since cut-offs should
be avoided or, at least, clearly motivated. However, a general ten-
dency of LCA practitioners to underestimate the potential burdens
of FL was observed. The discussion of FL aspects in the LCA and the
explicit accounting of FL generated at each stage of the FSC would
allow a more transparent picture of the impact of the analysed
product.

The environmental burden of FL generation and management,
especially in the primary production stage, can only partially be
considered through the analysis of the commonly considered
impact categories. Indeed, elements such as the enhancement of
soil quality due to residues left on the field and by-catch during
fishing are only partially captured by “traditional” impact cate-
gories. Therefore, LCA practitioners are recommended to identify
and select indicators and impact categories that can be important
according to the specific context, also trying to go beyond common
LCA categories.

The distinction between avoidable, possibly avoidable and un-
avoidable FL can help in defining a comprehensive overview of all
the FL that happen within the FSC and can be useful to support
actions aimed at FL reduction and prevention. LCA practitioners are
therefore recommended to systematically account in their LCA
studies on food, three additional indicators as:

1) Avoidablep, = 3 ['Avoidable food loss; (with i’ lifecycle stage)

2) Unavoidabler, = Y"7Unavoidable food loss; (with ‘i’ lifecycle
stage)

3) Totalp, — Avoidableg; + Unavoidableg.

It is suggested to report transparently the amount of each in-
dicator, the sources of data and the related assumptions. These
indicators do not represent per se an index of the potential impact
of FL generated along the supply chain. However, since LCA aims to
provide exhaustive information on impacts along the life cycle, this
information could be crucial for decision-makers in taking
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Summary of the critical aspects observed in the present study and of potential recommendations for LCA practitioners to handle them.

LCA stage®  Critical aspects Rationale for criticality Recommendation(s) Strengths of recommendation(s)

GS,R Systematic exclusion of food Partial assessment of the Include FL in LCA studies Comprehensive analysis of the product
loss (FL) from LCA environmental burden of food system analysed

GS, LR Exclusion of some FL generated - Possible exclusion of relevant losses Introduce in the LCA framework - Comprehensive analysis of the
within the FSC - Limited knowledge of the relevance three indicators for each stage product system

of FL generated at different FSC stages  of the FSC including: “avoidable - Possible to perform a detailed
FL”, “unavoidable FL” and “total contribution analysis (interesting e.g.
FL” when LCA is used as a decision
support tool for food production
strategies)

GS,R “Traditional” impact categories Possible exclusion of relevant Choose impact categories Comprehensive analysis of the potential
capture only partially the environmental impact of FL according to the specific environmental consequences of FL
effects of FL generation and context generation and management
management overall in primary
stage production

GS,R Definition of edible part of food  The distinction of edible and inedible Clearly define which parts of Allows possible comparison among
is strictly context —specific part of food is at the basis of the food are considered inedible in product systems delivering the same

distinction among the different the specific study function
categories of FL

GS,R Approach from cradle to gate Possible exclusion of correlations Prefer a cradle to grave - Holistic analysis of the product

between the generation of FL and the approach system analysed
products design (e.g. choice of - Wider knowledge of the FL
packaging) generation dynamics

GS,R Exclusion of waste treatments Exclusion of potentially relevant Include waste treatments Holistic analysis of the product system
from the system boundaries burdens within system boundaries analysed

IR Use of secondary data to model  Different characteristics of the waste Check the representativeness of ~ Avoidance of having misleading results
waste treatments can influence relevantly the the data used to model the related to improper waste modelling

performance of the waste treatment waste treatment

M, R Unclear description of the - Limited reproducibility of the study - Report clearly allocation - Improved transparency of the study

allocation procedure adopted to
model FL and outputs of waste
treatments

(ISO requirement)
- Allocation procedures can have a
strong influence on LCA results

procedures. Particularly, in
case of allocation:
Allocation criteria

and reproducibility of the results
- Better understanding of the influence
of modelling choices on the results of

Allocations factors

In case of system
expansion:

Substitution criteria
Amount of product
substituted

Accurate description of the
product system substituted
Assess the representativeness
of the substitution criteria
Perform a sensitivity analysis
(including also the
"pessimistic scenario”
without any credits from the
waste treatments)

the study

4 GS = goal and scope definition; I = inventory or data collection; M = modelling approach; R = reporting.

informed choices to optimise FSC and finding sustainable solutions
to “feed the planet”.

In order to calculate the aforementioned indicators, it is essen-
tial to clearly define which part of food has to be considered edible,
according to the specific context. It is suggested that LCA practi-
tioners specify the amount of edible food and indicate whether it is
included or not in the functional unit. Indeed, a certain amount of
some kind of food, such as melon, bananas, or cheese with crust,
can include a large inedible fraction that will become unavoidable
FL or possibly avoidable FL in the processing or consumption stage.
The information on the edible parts can be particularly relevant for
comparative studies among different kinds of food, or among
different studies of the same food product but with different
characteristics.

A cradle to grave approach should always be preferred since
studies limited to the company gate can miss some important as-
pects (e.g. choice of packaging), which can influence the FL gener-
ation and their consequent impacts in the following FSC stages.

Despite the destination of FL, LCA practitioners are recom-
mended to set the system boundaries in such a way that emissions

from FL treatments are accounted within the environmental
burden of the functional unit. Multi-functionalities should be
modelled coherently with the specific decision context (attribu-
tional or consequential). If primary data on the waste destinations
are not available, the most representative data should be consid-
ered, according to the specific geographical and technological
context. Moreover, impacts of the waste treatment plants generally
refer to processes where heterogeneous waste is treated. As dis-
cussed for the modelling of the waste management treatments by
Bernstad and la Cour Jansen (2012) and Laurent et al. (2014), the
characteristics of FW can importantly influence the performance of
the waste treatment in terms of potential nutrients or energy re-
covery and in terms of environmental emissions. Consequently, LCA
practitioners are recommended to check the representativeness of
secondary inventory data used to model the treatment of FL and to
model waste treatments coherently with the characteristics of the
specific FL they are considering. This can be particularly relevant,
for example, when using average data about incineration or
anaerobic digestion.

If the waste treatment delivers more co-products, the way in
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which multi-functionality is dealt should be transparently
described (allocation or system expansion). In particular, when
allocation is applied, practitioners should clearly state i) the allo-
cation criteria and ii) the allocation factors; when the system
expansion is applied, practitioners should report i) the substitution
criteria, ii) the amount of product substituted, and iii) the accurate
description of the product system substituted (e.g. sources of data).
This recommendation can be seen as very general, since applicable
to all LCA applications. However, it was observed that this is
particularly crucial for food products, since these generally have a
large number of outputs, including FL.

Since the modelling of multi-functionality has a relevant influ-
ence on the results and a single criteria is generally not represen-
tative of all the complex characteristics of the co-products (Ardente
and Cellura, 2012), it is suggested to LCA practitioners to perform a
detailed analysis of the representativeness of the adopted substi-
tution criteria. Although ISO standards (ISO, 2006a, 2006b) on LCA
recommend the sensitivity analysis of allocation procedures, it was
observed that this was generally missing for studies on food.
Therefore, it is suggested that LCA practitioners should consider in
their study at least a “pessimistic” scenario for the sensitivity
analysis of the FL modelling. In this scenario the burdens of the
waste treatments could be entirely allocated to the functional unit,
without accounting for any potential credits due to substituted co-
product.

A final recommendation on the waste treatment modelling is,
whenever possible, to model multi-functional processes with
commonly agreed procedures, as for example, procedures adopted
by the large majority of studies in the literature, or as recom-
mended by product category rules, as those recommended by the
EU Product Environmental Footprint (EC, 2013). This would largely
improve the comparability among several studies about the same
product.

All the recommendations here illustrated have been summar-
ised in Table 3. This table firstly introduces the critical methodo-
logical aspects observed in the present analysis, i.e. aspects that can
generate mistakes or problems of interpretation and comparability
of the results. For each identified critical aspect the rationale for it
being critical is clarified. Successively, for each critical aspect, some
recommendations for LCA practitioners and the reasons why those
recommendations are considered important to move towards the
definition of a common framework to account for FL in LCA are
listed.

As final remark, it is highlighted that over-eating aspects were
not considered in the present study due to lack of inclusion in LCA
studies. However, over-eating can represent a hotspot from an
economic and social point of view. Therefore, it is suggested to
further explore this aspect, especially in studies dealing with the
evaluation of the economic and social sustainability of food
systems.

5. Conclusions

The clear definition and transparent accounting and the
modelling of FL within LCA are essential for a comprehensive and
detailed assessment of the environmental burden associated with
the production of food products. This clarification is crucial espe-
cially when results of LCA studies are used to define policies and
initiatives aiming at reducing the environmental impact of the
agro-food system and, finally, aiming at achieving a sustainable
supply of food.

According to the present analysis, so far FL has not been defined
nor included systematically in LCA studies. When included,
different approaches have been adopted, leading to potentially
misleading consideration or non-comparable results. Therefore, in

order to reinforce the reliability of LCA as a decision support tool,
there is the need to develop a common modelling framework to
account for FL within LCA.

The analysis of the relevant literature was firstly intended to
identify some shortcomings in the modelling of FL and to draw
some recommendation to foster the systematic inclusion of FL
generation and management within the boundaries of LCA studies
and to move towards a common approach to account for FL. LCA
practitioners are recommended to account for all the FL generated
along the FSC stages. Other recommendations include: the defini-
tion of what is considered edible for the studied product, the in-
clusion of the waste treatments within the system boundaries and
their modelling to be coherent with the specific composition of
waste. It is highly recommended to perform a sensitivity analysis of
the different approaches to model multi-functionalities derived
from waste treatment, since these approaches can have a relevant
influence on the LCA results. Moreover, a transparent description
and discussion of the FL generated along the food FSC and of the
related modelling approaches adopted is recommended, especially
for the modelling of multi-functionalities. A systematic assessment
of FL and FW is crucial also in light of identifying and applying IE
principles and improving resource efficiency among different pro-
duction chains and life cycle stages.
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