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The primary challenge of agriculture and livestock production is to face the growing competition
between food, feed, fibre, and fuel, converting them from resource-intensive to resource-efficient. A cir-
cular economy approach, using agricultural by-products/co-products, in the livestock production system
would allow to reduce, reuse, and redistribute the resources. Former food products (FFPs), also named
ex-foods, could represent a valid option in strengthening resilience in animal nutrition. FFPs have a
promising potential to be included regularly in animal diets due to their nutritive value, although their
potential in animal nutrition remains understudied. A thorough investigation of the compositional and
dietary features, thus, is essential to provide new and fundamental insights to effectively reuse FFPs as
upgraded products for swine nutrition. Safety aspects, such as the microbial load or the presence of pack-
aging remnants, should be considered with caution. Here, with a holistic approach, we review several
aspects of FFPs and their use as feed ingredients: the nutritional and functional evaluation, the impact
of the inclusion of FFPs in pigs’ diet on growth performance and welfare, and further aspects related to
safety and sustainability of FFPs.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Livestock production is currently facing food insecurity, climate
change, and increased land and water scarcity. Consequently, alter-
native feed ingredients are required, such as former food products,
characterised by a high potential for enhancing livestock produc-
tion sustainability. Former food products allow to upgrade food
surplus to feed ingredients and reduce food losses in the agri-
food chain. Pigs are ideal for converting former food products
and other by-products unsuitable for human consumption into
high-quality animal proteins due to their intrinsic nature as omni-
vores and the nutritional profile of former food products.
Introduction

Livestock production must conciliate animal productivity and
welfare, feed safety, environment, and production costs. The effi-
ciency of animal feeding is crucial for livestock production, since
it represents up to 65–85% of the farm gate value of poultry and
pigs (Luciano et al., 2020). The production of feed relies on natural
resources that could be used for other purposes, such as food, fuel,
and fibre production, thus exacerbating the so-called 4-F competi-
tion (feed, food, fuel, and fibre). Further, the growing demand for
natural resources needed for energy production requires sustain-
able solutions to improve the land and water use (Govoni et al.,
2021 and 2022). For instance, water-saving strategies are waste
reduction, dietary shifts, crop redistribution, as well as crop and
water management (Govoni et al., 2021; Pinotti et al., 2021).

Owing to the high environmental impact, the livestock sector
must reduce its reliance on natural resources related to the amount
of animal product, expressed as footprint/product ratio (e.g., water,
mineral, and land footprint) (Flachowsky and Meyer, 2015; Govoni
et al., 2021 and 2022). Indeed, animal production generates a high
environmental footprint. Although animals can convert different
types of plant biomass (from grass for ruminants to cereals in
the case of poultry and pigs) into high-quality animal proteins, this
conversion leads to the loss of a certain amount of energy and pro-
teins (van Hal et al., 2019). For instance, around 32% of the global
grain yield is used for animal feeding, and this percentage is dou-
bled in developing countries (Pinotti et al., 2021). Given the growth
s in the
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of world population, it is necessary to find innovative and more
sustainable feed ingredients because feeding livestock with grain
might not be sustainable in the long term (van Zanten et al., 2015).

The great amount of food waste has raised the awareness of
recycling/reusing it as a feed ingredient (Food and Agriculture
Organization (FAO) and World Health Organization (WHO),
2019). Accordingly, the food recovery hierarchy is a valid solution
to decrease the environmental footprint of animal production
(Mourad, 2016). A starting point is the conversion of food losses
into feed ingredients, which indicates the potential use of former
food products (FFPs) as novel sources of feed materials (James
et al., 2022). The major benefit of converting food losses into feed
ingredients is to keep nutrients, micronutrients, and minerals in
the food chain.

The introduction of FFPs in animal production will help redis-
tributing resources between feed/food and energy sector. This
paper provides a holistic discussion of FFPs on multiple aspects
of their validity as innovative and sustainable feed ingredients. In
particular, we review the existing knowledge about FFPs, how they
are classified by European regulation, some aspects related to their
nutritional composition as well as their safety. We also provide
information on the life cycle assessment (LCA) of FFPs.
Food losses, food waste, ex-food or former food products

Food losses, food waste and FFPs are all terms referred to food
efflux. Food losses are related to a decreased quantity or quality
of food coming from the first part of the food supply chain, i.e., col-
lection, storage, and transport (Fig. 1), thus leading to a reduced
amount of food suitable for human consumption. In some cases,
farmers do not harvest as the transport and labour costs are higher
than the market price of the products or the market demand is not
high enough. Packaging is another factor that can increase food
losses. Indeed, a large amount of food is discarded because it does
not meet the aesthetic standards of the companies and/or the size
of the packages does not meet the expectations of the general pub-
lic. Food waste refers to the material remaining after or produced
during the processing, preparation, or sale as human food. This
material is intended for human consumption, coming from any
step of the food chain. Examples are restaurant, retail, and house-
hold food scraps. To distinguish between food losses and food
waste, the former is usually related to post-harvest activities lack-
ing infrastructural capacities, whereas the second typically comes
from the later stages of the food supply chain (Fig. 1, Gustafsson
et al., 2013). Undoubtedly, food waste is associated to human eat-
ing habits (Gustafsson et al., 2013). Based on the discussion above,
Fig. 1. How former food products (FFPs) fit into the food supply chain to be
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the use of FFPs in animal nutrition is different from swill feeding
(i.e., feeding food scraps/food waste to animals), which is not
allowed in many countries (EU, US, Australia, etc.). The use of FFPs
as feed ingredients could increase the sustainability of feed and
food production, whereas swill feeding could post the risks of dis-
ease transmission from farm animals to humans (Dame-Korevaar
et al., 2021).

The FFPs are food biomass destined for human consumption but
no longer suitable to be placed on the market due to practical or
logistical reasons, such as manufacturing and packaging errors
(Fig. 2). The FFPs do not present any risk when used as feed ingre-
dients since they are merely food that did not reach the human
food market due to the defects described above (Pinotti et al.,
2021). The European Former Foodstuff Processors Association
(EFFPA) estimates that approximately 5 000 000 tonnes of FFPs
are produced annually in the EU, thus indicating the high availabil-
ity of this biomass for the feed sector (EFFPA, 2022). An estimated
amount of 350 000–400 000 hectares of wheat can be saved by
replacing it with 3 500 000 tonnes of FFPs as feed (Mottet et al.,
2017). Nevertheless, only 3% of such biomass is currently reused
as feedstuffs (Luciano et al., 2020).
Nutrient composition of former food products

Principally, FFPs can be divided into two distinct categories:
leftovers derived from the confectionery industry (such as choco-
lates, biscuits, and sweet snacks) and leftovers derived from the
bakery industry (such as bread, pasta, salty snacks, and potato
chips), and/or high-quality baked products. The FFPs are generally
rich in carbohydrates, in particular starch and simple sugars.
Depending on where they come from, FFPs can also be rich in fats
(Luciano et al., 2020). The average starch content of FFPs reaches
levels of 50–60% on DM basis (Giromini et al., 2017). The average
10% protein content of FFPs does not lead them to be recognised
as a good protein source for livestock (Luciano et al., 2020). More-
over, FFPs are a mixture of different types and sources of ex-foods,
which makes a standardisation of their nutritional composition not
easily achievable. This is in line with our studies where 60 different
FFPs samples were analysed (Giromini et al., 2017; Luciano et al.,
2020; Ottoboni et al., 2019). A great variability in the nutritional
composition of FFPs, especially for ether extract, crude fibre, ADF,
and ash, was observed and is shown in Table 1. However, it should
be noted that the data reported above represent only certain types
of FFPs on the feed market.

Despite this, FFPs can still be considered an energy source with
high nutritional value (a ‘‘fat-fortified version of common cereal
potentially used as feed ingredients for pigs and post-weaning piglets.



Fig. 2. Examples of unpackaged former food products (FFPs) ready to be processed into feed ingredients for the diet of pigs and post-weaning piglets.

Table 1
Average nutritional value of 60 samples of former food products (FFPs) used for the
inclusion in the diet of pigs and post-weaning piglets.

Items (g/kg DM) Mean Min Max

CP 11.1 2.1 16.7
EE 8.0 0.3 15.0
CF 2.8 0.5 13.4
NDF 17.1 2.1 50.5
ADF 5.8 0.4 22.1
Ash 4.1 0.7 8.6
NSC 65.0 50.6 79.3
Starch 46.9 24.0 86.3
NFE 70.1 60.8 79.0
ME (MJ/kg DM) 15.4 11.4 19.0

Source: Pinotti et al. (2021).
Abbreviations: FFPs = former food products; EEs = ether extracts; CF = crude fibre;
NSCs = non-structural carbohydrates; NFEs = nitrogen-free extractives;
ME = metabolisable energy; min = minimum value; max = maximum value.
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grains”), suitable for feeding growing animals. Generally, these ex-
foods undergo various reprocessing procedures (mechanical and/or
heat treatments), thus giving FFPs higher nutrient availability and
altered digestive kinetics. To elucidate, industrial cooking can mod-
ify the chemical and physical characteristics of food (Klopfenstein,
1980), thus affecting the macro- and micro-nutrient bio-
accessibility and bio-availability (Pinotti et al., 2021). Additionally,
these processes affect the nutritional properties, in particular
through the protein denaturation and the altered digestibility of
the starch fraction (Giuberti et al., 2012). Indeed, the heat treatment
on FFPs could result in starch gelatinisation, damaged starch struc-
ture, reduced lipid oxidation due to enzyme inactivation, increased
soluble fibre content, together with a reduction in thermolabile
vitamins and/or microbial load (Klopfenstein, 1980).

Regarding the chemical composition of FFPs, the contents of
simple/free sugars and starch are of focus because they affect not
only the kinetics of carbohydrate digestion, but also the potential
glycemic index (GI; Ottoboni et al., 2019), which explains how
quickly carbohydrate-containing foods can release glucose in the
post-prandial bloodstream (Giuberti et al., 2012). FFPs are often
heat-treated and therefore tend to have a higher digestibility than
common cereals used in animal nutrition, since processed starch
can modulate its digestion kinetics (Ottoboni et al., 2019) and
the GI (Giuberti et al., 2012). Among the FFPs analysed in
Ottoboni et al. (2019), a higher hydrolysis index (HI) and predicted
GI were observed compared to unprocessed corn. Therefore, FFPs
are a source of highly digestible carbohydrates and ‘‘ready-to-
use” energy. These two elements must be considered when FFPs
are included in complete diets, since they might alter the
digestibility rate of the whole diet (Ottoboni et al., 2019).
Use of former food products in animal nutrition

According to some studies (Ottoboni et al., 2019; Tretola et al.,
2019a; Luciano et al., 2020; Pinotti et al., 2021), it is possible to par-
tially replace classic energy sources (cereal grains such as corn)with
3

a balanced amount of FFPs in the diet of post-weaning piglets, with-
out causing any changes in the chemical composition of the diet. It
was observed that the growth performance of post-weaning piglets
fed diets with a 30% FFPs replacement and of those fed a standard
diet were comparable (Pinotti et al., 2021). In addition, the results
showed that both in vitro and in vivo digestibility were higher in
diets with 30% FFPs inclusion than in control diets. There were two
major differences between the study conducted by Luciano et al.
(2021) andTretola et al. (2019b). First, thedurationof the in vivo trial
was 42 and 16 days, respectively. Second, the types of FFPs formu-
lated in the experimental dietswere sweet and salty FFPs separately
and a mixture of both, respectively. However, in both studies, the
inclusion level was the same (30%) and the experimental diets con-
taining FFPs were formulated to be iso-energetic and iso-
nitrogenous. In both studies, several indexes related to the growth
performance of pigs such as average daily gain (ADG), feed intake
(FI), and feed efficiency were not affected by integrating FFPs in
the diets. Luciano et al. (2021) also reported that replacing 30% of
standard ingredients with either sweet or salty FFPs did not affect
the apparent total tract digestibility. However, a more recent study
(Luciano et al., 2022) suggested that a complete substitution of corn
withbakerymeal (other names for FFPs) in the diet of newlyweaned
pigs could compromise the growth if the total inclusion level
exceeds 30% DM. That is, during the five-week nursery period,
increasing concentrations of bakery meal to replace corn tended to
reduce ADG and gain-to-feed ratio of pigs (Luciano et al., 2022).
The decline in growth performance may be dictated by the nature
of the FFPs themselves. The high content of simple sugars in FFPs
could raise the risk of osmotic diarrhoea in pigs aswhen the capacity
of intestine is overwhelmed, the absorption of sugars is incomplete
(Marks, 2013). Hence, depending on the inclusion level and the
amount of free sugar ingested, FFPs might negatively affect the
nutrient absorption in pigs.

To the best of our knowledge, no studies investigated the effects
of FFPs inclusion in pig’s diet on feed palatability. It has been
hypothesised that pigs offered sweetened feeds start eating sooner
after weaning and reduce the number of visits to the feeder (Sterk
et al., 2008). Therefore, taste modifiers are regularly added to the
feed to improve palatability and FI for weaned piglets. Our group
recently performed a trial in pigs from post-weaning to finishing
period fed a diet in which 30% of cereals were replaced by sugary
or salty FFPs. The feeding behaviour of these pigs was also moni-
tored. We observed that in the growing phase, pigs fed sugary
FFP-based diet significantly increased the number of feeder visits
per meal compared to those fed salty FFPs and standard diets.
However, the FI per day and the FI per visit were similar among
groups (Authors’ personal communication).

Besides growth performance and palatability, the evaluation of
general welfare and gastrointestinal health of pigs is also indis-
pensable when discussing the impacts of FFP-included diets. Con-
cerns regarding the use of FFPs on gut health arise from the
processed or ultra-processed nature of these ingredients. Starch
gelatinisation or protein denaturation can increase the digestibility
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of FFPs. Hence, the high digestibility and the high simple sugar
content of FFPs compared to the unprocessed cereals commonly
used in pig nutrition could affect the structure and biodiversity
of the host gut flora. This would lead to a reduced amount of undi-
gested nutrients reaching the large intestine, which are available
for microbial fermentation in the hindgut (Pinotti et al., 2021).
Eventually, possible consequences on commensal species could
lead to an overgrowth of harmful bacteria that induce oxidative
stress-associated pathways in enterocytes, which will increase
the production of reactive oxidative species and damage the
intestinal epithelium (Gresse et al., 2017). Such risks are especially
high in weaned piglets because of the weaning stress. Stressors
such as the sudden change of diet and the isolation from the sows
could create microbial dysbiosis in the piglets. A pilot study con-
ducted by our research group showed that within 16 days after
weaning, FFP diets reduced the richness and uniformity of the
intestinal flora but had slight effects on taxa composition in pigs
(Tretola et al., 2019a). A second study tested the effects of the FFPs
throughout a longer period (42 days), from post-weaning until the
end of the growing period (Tretola et al., 2022). When considering
a longer period, FFPs had no effects on the abundance and biodiver-
sity indexes of the microbial community. Only a few taxa, mainly
the Akkermansia genus that is generally attributed to a healthy
gut, increased with the partial replacement of traditional ingredi-
ents by FFPs (Tretola et al., 2022). These studies suggest that a
30% level of inclusion can be considered suitable for weaners, val-
ues in accordance with the European Food Safety Authority (EFSA)
that reported that FFPs can only be fed to animals when combined
with other conventional feed ingredients or with additives as FFPs
alone do not provide the full nutritional requirements for the ani-
mals (James et al., 2022).

In conclusion, FFPs can be considered a valid source of simple
sugar, processed starch, fat, and ready-to-use energy for the diet
of post-weaning piglets. However, the level of inclusion in the diets
must be carefully considered. For grower and finisher pigs, further
studies are needed to understand whether a greater FFP inclusion
level will affect their growth performance and meat quality.
Safety issues

The FFPs, unlike standard feed ingredients, are typically sub-
jected to mechanical and heat treatment (Luciano et al., 2020).
Safety aspects and the possible standardisation of the nutritional
qualities of these products are requirements to be monitored and
continuously improved (Amato et al., 2017; Tretola et al., 2017a;
2017b; Calvini et al., 2020). With regard to safety, the main issues
are bacterial contamination and possible packaging residues.
Undoubtedly, feed ingredients containing such residues are pro-
hibited in the markets and the bacterial load must be below the
levels established by the law to ensure animal well-being and
health (Pinotti et al., 2021). Several microorganisms (bacteria,
mould, and yeasts) are present in FFPs. The main hazard is patho-
genic organisms such as Salmonella spp., although none of the FFP
samples analysed in our previous studies had a detectable Sal-
monella ssp. load (Tretola et al., 2017a; 2017b). It is possible that
the drying and cooking processes on FFPs allow the prevention of
microbiological issues. In the same studies, microbiological load
under safety levels was also confirmed for other species of bacteria
through a total viable count (TVC). The values for TVC were found
to be below 5 log colony-forming unit per gram (CFU/g) for all the
FFP samples tested. This indicated high safety standards for bacte-
rial contamination, as a TVC value of 6 log CFU/g is the threshold
limit of spoilage. The authors reported values below the limit of
detection (�2 log CFU/g) for E. coli, and Staphylococci and B. cereus
showed very low values (�3 log CFU/g). The stability of these
4

materials was also confirmed by small amounts of yeasts and
moulds, which are the most critical organisms for the safety of FFPs
used as feed ingredients (Tretola et al., 2017a; 2017b).

Another safety issue for FFPs is the possible presence of animal
by-products. Indeed, FFPs containing products of animal origin
must meet the requirements of Commission Regulation (EC) No
1069/2009 as well as other products of animal origin. This means
that, in accordance with Commission Regulation (EC) No
999/2001, FFPs derived or containing milk products, egg products,
and non-ruminant gelatine are the only products that may be used
in feed for ruminant and non-ruminant farmed animals.

However, currently, there are no applicable analytical methods
already published in literature and validated for the species-
specific detection and quantification of animal protein in FFPs
(Lecrenier et al., 2021). The FAO also highlighted that there is cur-
rently no inventory in which the most prominent and relevant haz-
ards of FFPs are reported. Moreover, the presence and effects of
chemical compounds deriving from packaging materials need to
be monitored in relation to the final animal product (FAO and
WHO, 2019). Plastic is the major component of packaging rem-
nants, whereas paper, cellulose, and aluminium can be present to
a lesser extent (Luciano et al., 2020; Mazzoleni et al., 2023).
Regarding feed, a tolerance level of remnants was set at 0.125%
w/w (van Raamsdonk et al., 2011). Our previous studies stated
that, using different detection techniques, the same result was
obtained: all the FFP samples evaluated were below the levels of
tolerance. As a result, FFPs comply with feed regulation and are
safe from potential remnant contamination (Tretola et al., 2019c;
Luciano et al., 2022; Mazzoleni et al., 2023).
Sustainability issues and solutions

Agriculture, and livestock sector in particular, has become
resource-intensive with a negative impact on the environment.
Indeed, the growing global population and the higher incomes in
developing countries are two key factors driving the increase in
the demand for animal-source food in the last decades, in particu-
larly the monogastric sector (Mottet et al., 2017). For instance,
Govoni et al. (2022) estimated that pig meat production alone
requires more than 455 000 000 tonnes of feed (concentrates such
as grains and soybean, excluding co- and by-products), of which
70% are produced on arable land, thus creating competition of
available land and water with food production. The current struc-
ture is that more than 40% of all arable land and more than 30% of
cereal crop production are used for animal feeds, and approxi-
mately 23% of all captured fish are mainly destined for fish and
livestock feed production (Sandströmet al., 2022). In this scenario,
the circular economy and the 3R principles (reduce, reuse, recycle)
offer many opportunities to become more resource-efficient. Large
amount of crop residues and agricultural by-products such as
brans, dried distillers’ grains, and molasses could thus be used effi-
ciently to support the growth of the livestock sector.

One option could be the use of co-products that can no longer
be eaten by humans as livestock feed (Pinotti et al., 2020, Govoni
et al., 2021 and 2022). Food could be provided globally by imple-
menting a hypothetical scenario with no food-competing feed-
stuffs in animal diets, replaced by grass (for ruminants) and by-
products (for monogastric). This strategy potentially implies a
reduction in concentrate feed demand that could lead to savings
of up to 26 and 21% of harvested land and freshwater use for feed,
respectively, by 2050 (Schader et al., 2015). However, the use of
grassland-based systems and the use of by-products as animal feed
could also lead to reduced livestock efficiency and productivity.
Crop residues are generally fibrous ingredients, so characterised
by low digestibility and also poor protein quality, that could lead
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to reduced animal productivity (Sandströmet al., 2022). Conse-
quently, other innovative and alternative feed ingredients are
needed, such as FFPs (Luciano et al., 2020; Pinotti et al., 2021).

Food waste represents 23% of arable land, 24% of water used for
crop production, and around 625 kcal/cap per day of food, includ-
ing high amounts of macronutrients and micronutrients (Spiker
et al., 2017). However, the reduced environmental impact due to
the reuse of by-products (and so a reduced use of natural resources
for agricultural purposes) needs to be deeply studied by integrating
the concepts of water, mineral, and land (arable or total land) foot-
prints (Govoni et al., 2021 and 2022; Pinotti et al., 2021). So far,
several studies have considered the impact of different alternative
feed ingredients when used as feed ingredients (Kavanagh et al.,
2021; Pinotti et al., 2019; Rakita et al., 2021; Van Raamsdonk
et al., 2023) mainly based on the nutritional quality of these by-
products. From this perspective, the inclusion of energy-rich FFPs
in livestock up to 30% does not affect animals’ efficiency and pro-
ductivity in post-weaning piglets (Luciano et al., 2020). Based on
environmental impact perspective, the improvement in the effi-
ciency of land and water use, achievable with the use of FFPs,
may vary across countries and regions, with crop yields and cli-
mate being the main factors affecting this resource use efficiency.
However, no studies discussed the environmental impact of the
circular use of FFPs as feed ingredients. Instead, the impact of other
by-products has been discussed.

Of note are the results obtained from a study based on the use
of soy molasses as a by-product in animal nutrition (Sandströmet
al., 2022). Considering the different by-products available (crop
residues, by-products such as cereal bran and distiller’s grains,
livestock by-products from non-ruminant origins, and fisheries
and aquaculture processing by-products) and the potential for sub-
stitution according to the nutritional requirements of livestock, the
study highlighted how up to 72 000 000–103 000 000 tonnes of
cereals, up to 3 800 000–6 000 000 tonnes of vegetable oils from
oilseeds, 8 000 000–19 000 000 tonnes of pulses, and 2 900 000–
3 900 000 tonnes of fishmeal (corresponding to more than
17 000 000 tonnes of whole fish) could be saved and directed for
direct human consumption (Sandström et al., 2022).

The improvement in the efficiency of land andwater usemay vary
across countries and regions. For instance, the reuse of FFPs in the
livestock sector could also lead to land and water savings in distant
Fig. 3. Schematic representation of former food products (FFPs) as potential su
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areas of the world if the current international trade networks would
be directed from a more efficient to a less efficient country in terms
of crop production and/or FFPs processing could contribute to global
land or water savings if trade is directed from a relatively more effi-
cient to a less efficient country in crop production (Govoni et al., 2021
and 2022). Improving the sustainability of food-producing animal
production, however, entails calculating both the current use of nat-
ural resources and identifying the local and downstream effects that
such resource depletion is having on society and the environment.
Another important aspect related to the sustainable potential of FFPs
is their price. A competitive price would naturally increase the inten-
tion of replacing traditional ingredients with FFPs, which will conse-
quently increase the sustainability of pork production. To our
knowledge, there are no studies focusing on such aspects related to
FFPs. A life cycle cost (LCC) analysis would clarify the cost-
efficiency of the conversion of food leftovers into FFPs, for both the
livestock producers and former foodstuff processors.

The LCA considers the entire life cycle of a product to obtain the
impact categories to compare different scenarios, for example, in
the case of animal nutrition, different feeding strategies (van Hal
et al., 2019). So far, only a few studies have performed LCA to
assess at what extent food waste, FFPs in particular, used as feed
ingredients could mitigate the environmental footprint of livestock
production. Using food waste as pig feed would save 1 800 000 ha
of agricultural land, i.e., a 21.5% reduction in the current land use
for EU pork production (Ermgassen et al., 2016). This involves
replacing the 8 800 000 tonnes of grains currently used in pig diets,
which is the equivalent of 70 300 000 tonnes currently consumed
annually in Europe (Ermgassen et al., 2016). Compared to conven-
tional diets containing grains, FFPs led to a reduction in numerous
LCA impact categories such as natural land transformation, urban
and agricultural land occupation, marine eutrophication, as well
as freshwater and terrestrial ecotoxicity (Pinotti et al., 2021).
Another study by Vandermeersch et al. (2014) clearly indicated
that food losses have great potential to be converted into animal
feed ingredients. In this study, two food waste scenarios were pro-
posed: the first in which food waste was destined to an anaerobic
fermentation, the second one to the production of animal feed.
Food waste products with low moisture content (e.g., bread or
pasta) can be efficiently used to reduce the environmental impact
of feed production. In fact, the study demonstrated that in ten
bstitutes for common grains in the feed of pigs and post-weaning piglets.



L. Pinotti, L. Ferrari, F. Fumagalli et al. Animal xxx (xxxx) xxx
impact categories out of twelve (metal depletion, natural land
transformation, urban land occupation, agricultural land occupa-
tion, marine eutrophication, terrestrial acidification, freshwater,
terrestrial ecotoxicity, etc.), dry food waste could be a sustainable
solution for producing feed (Vandermeersch et al., 2014). By con-
trast, humid materials fit better for fermentation and other
energy-producing processes and uses. In the same direction,
Salemdeeb et al. (2017) stated that municipal food waste for ani-
mal nutrition purposes would lead to better environmental and
health impact than processing waste by composting or by anaero-
bic digestion, for example in terms of reduction of greenhouse
gases emissions (Salemdeeb et al., 2017).

This circular use of by-products such as FFPs could be extended
to other types of food waste, or to other livestock species such as
broilers, ruminants, or aquaculture, if combined with targeted
nutritional evaluations and in vivo tests to evaluate animal
response (Govoni et al., 2021 and 2022; Pinotti et al., 2021), with
the aim to increase the efficiency of livestock production (Fig. 3).

Conclusions

The main FFPs currently used in animal nutrition are leftovers
from the confectionery and bakery industry. These products have
a high-energy content in terms of sugars, oils and starch. Pigs, as
omnivorous animals, are ideally the most suited species to convert
several kinds of alternative ingredients, such as FFPs, into high-
quality animal protein.

In terms of safety, farmers, nutritionists, industries, and govern-
ments must pay serious attention to animal feedstuff production,
considering that the quality and safety of feed are essential prereq-
uisites for human food safety. Specifically, the level of packaging
residues in FFPs as well as the microbial load of pathogenic organ-
isms must be considered in compliance with the feed regulation.

Reducing food waste, increasing recycling, or above all enhanc-
ing ex-food management, would mitigate the environmental
impact of livestock and feed production by keeping nutrients in
the food chain with the production of high-quality animal protein
for human consumption. Feed production from FFPs fits perfectly
with the current circular economy concept. Recognising FFPs no
longer suitable for human consumption as a resource rather than
a waste product, the food industry could increase the amount of
ex-food recycled, reducing both the amount of waste sent to land-
fill and the resources that would be discarded. This would help to
reduce costs as well as the environmental impact of the food/feed
production chain.

Ethics approval

Not applicable.

Data and model availability statement

None of the data were deposited in an official repository. Data
are available upon request from the corresponding author.

Authors’ ORCIDs

L. Pinotti: https://orcid.org/0000-0003-0337-9426.
L. Ferrari: https://orcid.org/0000-0001-7464-2637.
F. Fumagalli: https://orcid.org/0000-0003-4384-0125.
A. Luciano: https://orcid.org/0000-0003-0600-9498.
M. Manoni: https://orcid.org/0000-0002-9785-4031.
S. Mazzoleni: https://orcid.org/0000-0002-8141-3442.
C. Govoni: https://orcid.org/0000-0002-1663-4193.
M.C. Rulli: https://orcid.org/0000-0002-9694-4262.
6

P. Lin: https://orcid.org/0000-0001-5351-2817.
G. Bee: https://orcid.org/0000-0002-6397-7543.
M. Tretola: https://orcid.org/0000-0003-3317-4384.

Author contributions

Luciano Pinotti: Conceptualisation, Writing – Review and Edit-
ing, Supervision, Project administration, Funding acquisition. Luca
Ferrari: Writing – Original Draft. Francesca Fumagalli: Writing –
Original Draft. Alice Luciano: Writing – Original Draft. Michele
Manoni: Writing – Review and Editing. Sharon Mazzoleni: Writ-
ing – Original draft, Writing – Review and Editing. Camilla Govoni:
Writing – Original draft. Maria Cristina Rulli: Conceptualisation,
Supervision. Peng Lin: Writing – Review and Editing. Giuseppe
Bee: Conceptualisation, Supervision. Marco Tretola: Conceptuali-
sation, Writing – Review and Editing, Supervision.

Declaration of interest

None.

Acknowledgements

None.

Financial support statement

The present work was carried out in the framework of the pro-
ject ‘‘One Health Action Hub: University Task Force for the resili-
ence of territorial ecosystems”, funded by the University of
Milan. This work was supported by Fondazione Cariplo (grant
number 2018-0887) and Regione Lombardia (Id code: RL_DG-
AGR20LPINO_01, grant number D44I20002000002).

Transparency Declaration

This article is part of a supplement entitled Selected keynote
lectures of the 73rd Annual Meeting of the European Federation
of Animal Science (Porto, Portugal) supported by the Animal
Consortium.
References

Amato, G., Desiato, R., Giovannini, T., Pinotti, L., Tretola, M., Gili, M., Marchis, D.,
2017. Gravimetric quantitative determination of packaging residues in feed
from former food. Food Additives and Contaminants - Part A Chemistry,
Analysis, Control, Exposure and Risk Assessment 34, 1446–1450. https://doi.
org/10.1080/19440049.2017.1337277.

Calvini, R., Luciano, A., Ottoboni, M., Ulrici, A., Tretola, M., Pinotti, L., 2020.
Multivariate image analysis for the rapid detection of residues from packaging
remnants in former foodstuff products (FFPs) – a feasibility study. Food
Additives and Contaminants – Part A Chemistry, Analysis, Control, Exposure and
Risk Assessment 37, 1399–1411. https://doi.org/10.1080/
19440049.2020.1769195.

Dame-Korevaar, A., Boumans, I.J., Antonis, A.F., van Klink, E., de Olde, E.M., 2021.
Microbial health hazards of recycling food waste as animal feed. Future Foods 4,
100062–100070. https://doi.org/10.1016/j.fufo.2021.100062.

Ermgassen, E.K.H.J., Phalan, B., Green, R.E., Balmford, A., 2016. Reducing the land use
of UK pork production: where there’s swill there’s way. Food Policy 58, 35–48.
https://doi.org/10.1016/j.foodpol.2015.11.001.

European Commission, 2001. Commission regulation (EU) No 999/2001 of 22 May
2001 laying down rules for the prevention, control and eradication of certain
transmissible spongiform encephalopathies. EU, Brussels, Belgium.

European Commission, 2009. Commission regulation (EU) No 1069/2009 of 21
October 2009 of 21 October 2009 laying down health rules as regards animal
by-products and derived products not intended for human consumption and
repealing Regulation (EC) No 1774/2002 (Animal by-products Regulation). EU,
Brussels, Belgium.

European Former Foodstuff Processors Association (EFFPA), 2022. Accessed on 18
January 2023 from https://www.effpa.eu/.

https://orcid.org/0000-0003-0337-9426
https://orcid.org/0000-0001-7464-2637
https://orcid.org/0000-0003-4384-0125
https://orcid.org/0000-0003-0600-9498
https://orcid.org/0000-0002-9785-4031
https://orcid.org/0000-0002-8141-3442
https://orcid.org/0000-0002-1663-4193
https://orcid.org/0000-0002-9694-4262
https://orcid.org/0000-0001-5351-2817
https://orcid.org/0000-0002-6397-7543
https://orcid.org/0000-0003-3317-4384
https://doi.org/10.1080/19440049.2017.1337277
https://doi.org/10.1080/19440049.2017.1337277
https://doi.org/10.1080/19440049.2020.1769195
https://doi.org/10.1080/19440049.2020.1769195
https://doi.org/10.1016/j.fufo.2021.100062
https://doi.org/10.1016/j.foodpol.2015.11.001
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0025
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0025
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0025
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0030
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0030
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0030
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0030
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0030
https://www.effpa.eu/


L. Pinotti, L. Ferrari, F. Fumagalli et al. Animal xxx (xxxx) xxx
Flachowsky, G., Meyer, U., 2015. Challenges for plant breeders from the view of
animal nutrition. Agriculture 5, 1252–1276. https://doi.org/10.3390/
agriculture5041252.

Food and Agricultural Organization and World Health Organization (FAO and
WHO), 2019. Hazards associated with animal feed. Report of the Joint FAO/
WHO expert meeting, 12–15 May 2015, FAO Animal Production and Health
Report No. 13. FAO headquarters, Rome, Italy.

Giromini, C., Ottoboni, M., Tretola, M., Marchis, D., Gottardo, D., Caprarulo, V., Baldi,
A., Pinotti, L., 2017. Nutritional evaluation of former food products (ex-food)
intended for pig nutrition. Food Additives & Contaminants: Part A 34, 1436–
1445. https://doi.org/10.1080/19440049.2017.1306884.

Giuberti, G., Gallo, A., Masoero, F., 2012. Plasma glucose response and glycemic
indices in pigs fed diets differing in in vitro hydrolysis indices. Animal 6, 1068–
1076. https://doi.org/10.1017/S1751731111002345.

Govoni, C., Chiarelli, D.D., Luciano, A., Ottoboni, M., Perpelek, S.N., Pinotti, L., Rulli,
M.C., 2021. Global assessment of natural resources for chicken production.
Advances in Water Resources 154, 103987–103997. https://doi.org/10.1016/j.
advwatres.2021.103987.

Govoni, C., Chiarelli, D.D., Luciano, A., Pinotti, L., Rulli, M.C., 2022. Global assessment
of land and water resource demand for pork supply. Environmental Research
Letters 17, 074003–074015.

Gresse, R., Chaucheyras-Durand, F., Fleury, M., Van De Wiele, T., Forano, E.,
Blanquet-Diot, S., 2017. Gut microbiota dysbiosis in postweaning piglets:
understanding the keys to health. Trends in Microbiology 25, 851–873.

Gustafsson, J., Cederberg, C., Sonesson, U., Emanuelsson, A., 2013. The methodology
of the FAO study: global food losses and food waste-extent, causes and
prevention” - FAO, 2011. SIK Institutet För Livsmedel Och Bioteknik, Göteborg,
Sweden.

James, K., Millington, A., Randall, N., 2022. Food and feed safety vulnerabilities in
the circular economy. EFSA supporting publication 2022:EN-7226, 112. doi: 10.
2903/sp.efsa.2022.EN-7226.

Kavanagh, I., Fenton, O., Healy, M.G., Burchill, W., Lanigan, G.J., Krol., D.J.,, 2021.
Mitigating ammonia and greenhouse gas emissions from stored cattle slurry
using agricultural waste, commercially available products and a chemical
acidifier. Journal of Cleaner Production 294,. https://doi.org/10.1016/j.
jclepro.2021.126251 126251.

Klopfenstein, T., 1980. Increasing the nutritive value of crop residues by chemical
treatment. In: Huber, J.T. (Ed.), Upgrading Residues and By-products for
Animals. CRC Press, Boca Raton, FL, USA, pp. 39–60.

Lecrenier, M.C., Marien, A., Veys, P., Belghit, I., Dieu, M., Gillard, N., Henrottin, J.,
Herfurth, U.M., Marchis, D., Morello, S., Oveland, E., Poetz, O., Rasinger, J.D.,
Steinhilber, A., Baeten, V., Berben, G., Fumiere, O., 2021. Inter-laboratory study
on the detection of bovine processed animal protein in feed by LC-MS/MS-based
proteomics. Food Control 125, 107944–107950. https://doi.org/10.1016/
j.foodcont.2021.107944.

Luciano, A., Tretola, M., Ottoboni, M., Baldi, A., Cattaneo, D., Pinotti, L., 2020.
Potentials and challenges of former food products (food leftover) as alternative
feed ingredients. Animals 10, 125–132. https://doi.org/10.3390/ani10010125.

Luciano, A., Tretola, M., Mazzoleni, S., Rovere, N., Fumagalli, F., Ferrari, L., Comi, M.,
Ottoboni, M., Pinotti, L., 2021. Sweet vs. Salty Former Food Products in Post-
Weaning Piglets: Effects on Growth, Apparent Total Tract Digestibility and
Blood Metabolites. Animals 11, 3315–3326. https://doi.org/10.3390/
ani11113315.

Luciano, A., Espinosa, C.D., Pinotti, L., Stein, H.H., 2022. Standardized total tract
digestibility of phosphorus in bakery meal fed to pigs and effects of bakery meal
on growth performance of weanling pigs. Animal Feed Science and Technology
284, 115148–115157. https://doi.org/10.1016/j.anifeedsci.2021.115148.

Marks, S.L., 2013. Diarrhea. In: Washabau, R.J., Day, M.J. (Eds.), Canine and Feline
Gastroenterology. Saunders, Elsevier Inc, St. Louis, MO, USA, pp. 99–108.

Mazzoleni, S., Magni, S., Tretola, M., Luciano, A., Ferrari, L., Bernardi, C.E.M., Lin, P.,
Ottoboni, M., Binelli, A., Pinotti, L., 2023. Packaging contaminants in former food
products: Using Fourier Transform Infrared Spectroscopy to identify the
remnants and the associated risks. Journal of Hazardous Materials 448,.
https://doi.org/10.1016/j.jhazmat.2023.130888 130888.

Mottet, A., de Haan, C., Falcucci, A., Tempio, G., Opio, C., Gerber, P., 2017. Livestock:
On our plates or eating at our table? A new analysis of the feed/food debate.
Global Food Security 14, 1–8. https://doi.org/10.1016/j.gfs.2017.01.001.

Mourad, M., 2016. Recycling, recovering and preventing ‘‘food waste”: competing
solutions for food systems sustainability in the United States and France.
Journal of Cleaner Production 126, 461–477. https://doi.org/10.1016/j.
jclepro.2016.03.084.

Ottoboni, M., Tretola, M., Luciano, A., Giuberti, G., Gallo, G., Pinotti, L., 2019.
Carbohydrate digestion and predicted glycemic index of bakery/confectionary
ex-food intended for pig nutrition. Italian Journal of Animal Science 18, 838–
849. https://doi.org/10.1080/1828051X.2019.1596758.

Pinotti, L., Giromini, C., Ottoboni, M., Tretola, M., Marchis, D., 2019. Review: insects
and former foodstuffs for upgrading food waste biomasses/streams to feed
ingredients for farm animals. Animal 13, 1365–1375. https://doi.org/10.1017/
S1751731118003622.
7

Pinotti, L., Manoni, M., Fumagalli, F., Rovere, N., Luciano, A., Ottoboni, M., Ferrari, L.,
Cheli, F., Djuragic, O., 2020. Reduce, reuse, recycle for food waste: A second life
for fresh-cut leafy salad crops in animal diets. Animals 10, 1082–1096. https://
doi.org/10.3390/ani10061082.

Pinotti, L., Luciano, A., Ottoboni, M., Manoni, M., Ferrari, L., Marchis, D., Tretola, M.,
2021. Recycling food leftovers in feed as opportunity to increase the
sustainability of livestock production. Journal of Cleaner Production 294,
126290–126303. https://doi.org/10.1016/j.jclepro.2021.126290.

Rakita, S., Banjac, V., Djuragic, O., Cheli, F., Pinotti, L., 2021. Soybean molasses in
animal nutrition. Animals 11, 514. https://doi.org/10.3390/ani11020514.

Salemdeeb, R., Vivanco, D.F., Al-Tabbaa, A., Zu Ermgassen, E.K., 2017. A holistic
approach to the environmental evaluation of food waste prevention. Waste
Management 59, 442–450.

Sandström, V., Chrysafi, A., Lamminen, M., Troell, M., Jalava, M., Piipponen, J.,
Siebert, S., van Hal, O., Virkki, V., Kummu, M., 2022. Food system by-products
upcycled in livestock and aquaculture feeds can increase global food supply.
Nature Food 3, 729–740. https://doi.org/10.1038/s43016-022-00589-6.

Schader, C., Muller, A., Scialabba, N., Hecht, A., Erb, K., Smith, P., Makkar, H., Klocke,
P., Leiber, F., Schwegler, P., Stolze, M., Niggli, U., 2015. Impacts of feeding less
food-competing feed-stuffs to livestock on global food system sustainability.
Journal of the Royal Society Interface 12, 20150891–20150902. https://doi.org/
10.1098/rsif.2015.0891.

Spiker, M.L., Hiza, H.A.B., Siddiqi, S.M., Neff, R.A., 2017. Wasted food, wasted
nutrients: Nutrient loss from wasted food in the United States and comparison
to gaps in dietary intake. Journal of the Academy of Nutrition and Dietetics 117,
1031–1040. https://doi.org/10.1016/j.jand.2017.03.015.

Sterk, A., Schlegel, P., Mul, A.J., Ubbink-Blanksma, M., Bruininx, E.M., 2008. Effects of
sweeteners on individual feed intake characteristics and performance in group-
housed weanling pigs. Journal of Animal Science 86, 2990–2997. https://doi.
org/10.2527/jas.2007-0591.

Tretola, M., Di Rosa, A.R., Tirloni, E., Ottoboni, M., Giromini, C., Leone, F., Bernardi, C.
E.M., Dell’Orto, V., Chiofalo, V., Pinotti, L., 2017a. Former food products safety:
Microbiological quality and computer vision evaluation of packaging remnants
contamination. Food Additives and Contaminants: Part A 34, 1427–1435.
https://doi.org/10.1080/19440049.2017.1325012.

Tretola, M., Ottoboni, M., Di Rosa, A.R., Giromini, C., Fusi, E., Rebucci, R., Leone, F.,
Dell’Orto, V., Chiofalo, V., Pinotti, L., 2017b. Former food products safety
evaluation: Computer vision as an innovative approach for the packaging
remnants detection. Journal of Food Quality 17, 1064580. https://doi.org/
10.1155/2017/1064580.

Tretola, M., Ottoboni, M., Luciano, A., Rossi, L., Baldi, A., Pinotti, L., 2019a. Former
food products have no detrimental effects on diet digestibility, growth
performance and selected plasma variables in post-weaning piglets. Italian
Journal of Animal Science 18, 987–996. https://doi.org/10.1080/
1828051X.2019.1607784.

Tretola, M., Luciano, A., Ottoboni, M., Baldi, A., Pinotti, L., 2019b. Influence of
traditional vs alternative dietary carbohydrates sources on the large intestinal
microbiota in post-weaning piglets. Animals 9, 516–530. https://doi.org/
10.3390/ani9080516.

Tretola, M., Ottoboni, M., Luciano, A., Dell’Orto, V., Cheli, F., Pinotti, L., 2019c. Tracing
food packaging contamination: An electronic nose applied to leftover food. Food
Additives and Contaminants: Part A 36, 1748–1756. https://doi.org/10.1080/
19440049.2019.1653498.

Tretola, M., Ferrari, L., Luciano, A., Mazzoleni, S., Rovere, N., Fumagalli, F., Ottoboni,
M., Pinotti, L., 2022. Sugary vs salty food industry leftovers in postweaning
piglets: effects on gut microbiota and intestinal volatile fatty acid production.
Animal 16, 100584–100593. https://doi.org/10.1016/j.animal.2022.100584.

van Hal, O., de Boer, I.J.M., Muller, A., de Vries, S., Erb, K.-H., Schader, C., Gerrits, W.J.
J., van Zanten, H.H.E., 2019. Upcycling food leftovers and grass resources
through livestock: impact of livestock system and productivity. Journal of
Cleaner Production 219, 485–496. https://doi.org/10.1016/j.
jclepro.2019.01.329.

Van Raamsdonk, L.W.D., Rijk, R., Schouten, G.P.J., Mennes, W., Meijer, G.A.L., van der
Poel, A.F.B., de Jong, J., 2011. A Risk Evaluation of Traces of Packaging Materials
in Former Food Intended as Feed Materials Report 2011.002. RIKILT-Institute of
Food Safety, Wageningen, The Netherlands.

Van Raamsdonk, L.W.D., Meijer, N., Gerrits, E.W.J., Appel, M.J., 2023. New
approaches for safe use of food by-products and biowaste in the feed
production chain. Journal of Cleaner Production 388, 135954. https://doi.org/
10.1016/j.jclepro.2023.135954.

van Zanten, H.H.E., Mollenhorst, H., Oonincx, D.G., Bikker, P., Meerburg, B.G., de
Boer, I.J.M., 2015. From environmental nuisance to environmental opportunity:
housefly larvae convert waste to livestock feed. Journal of Cleaner Production
102, 362–369. https://doi.org/10.1016/j.jclepro.2015.04.106.

Vandermeersch, T., Alvarenga, R.A.F., Ragaert, P., Dewulf, J., 2014. Environmental
sustainability assessment of food waste valorization options. Resources,
Conservation and Recycling 87, 57–64.

https://doi.org/10.3390/agriculture5041252
https://doi.org/10.3390/agriculture5041252
https://doi.org/10.1080/19440049.2017.1306884
https://doi.org/10.1017/S1751731111002345
https://doi.org/10.1016/j.advwatres.2021.103987
https://doi.org/10.1016/j.advwatres.2021.103987
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0065
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0065
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0065
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0070
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0070
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0070
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0075
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0075
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0075
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0075
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0075
http://10.2903/sp.efsa.2022.EN-7226
http://10.2903/sp.efsa.2022.EN-7226
https://doi.org/10.1016/j.jclepro.2021.126251
https://doi.org/10.1016/j.jclepro.2021.126251
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0090
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0090
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0090
https://doi.org/10.1016/j.foodcont.2021.107944
https://doi.org/10.1016/j.foodcont.2021.107944
https://doi.org/10.3390/ani10010125
https://doi.org/10.3390/ani11113315
https://doi.org/10.3390/ani11113315
https://doi.org/10.1016/j.anifeedsci.2021.115148
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0115
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0115
https://doi.org/10.1016/j.jhazmat.2023.130888
https://doi.org/10.1016/j.gfs.2017.01.001
https://doi.org/10.1016/j.jclepro.2016.03.084
https://doi.org/10.1016/j.jclepro.2016.03.084
https://doi.org/10.1080/1828051X.2019.1596758
https://doi.org/10.1017/S1751731118003622
https://doi.org/10.1017/S1751731118003622
https://doi.org/10.3390/ani10061082
https://doi.org/10.3390/ani10061082
https://doi.org/10.1016/j.jclepro.2021.126290
https://doi.org/10.3390/ani11020514
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0160
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0160
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0160
https://doi.org/10.1038/s43016-022-00589-6
https://doi.org/10.1098/rsif.2015.0891
https://doi.org/10.1098/rsif.2015.0891
https://doi.org/10.1016/j.jand.2017.03.015
https://doi.org/10.2527/jas.2007-0591
https://doi.org/10.2527/jas.2007-0591
https://doi.org/10.1080/19440049.2017.1325012
https://doi.org/10.1155/2017/1064580
https://doi.org/10.1155/2017/1064580
https://doi.org/10.1080/1828051X.2019.1607784
https://doi.org/10.1080/1828051X.2019.1607784
https://doi.org/10.3390/ani9080516
https://doi.org/10.3390/ani9080516
https://doi.org/10.1080/19440049.2019.1653498
https://doi.org/10.1080/19440049.2019.1653498
https://doi.org/10.1016/j.animal.2022.100584
https://doi.org/10.1016/j.jclepro.2019.01.329
https://doi.org/10.1016/j.jclepro.2019.01.329
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0220
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0220
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0220
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0220
https://doi.org/10.1016/j.jclepro.2023.135954
https://doi.org/10.1016/j.jclepro.2023.135954
https://doi.org/10.1016/j.jclepro.2015.04.106
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0230
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0230
http://refhub.elsevier.com/S1751-7311(23)00215-X/h0230

	Review: Pig-based bioconversion: the use of former food products to keep nutrients in the food chain
	Implications
	Introduction
	Food losses, food waste, ex-food or former food products
	Nutrient composition of former food products
	Use of former food products in animal nutrition
	Safety issues
	Sustainability issues and solutions
	Conclusions
	Ethics approval
	Data and model availability statement
	Authors’ ORCIDs
	Author contributions
	Declaration of interest
	Acknowledgements
	Financial support statement
	Transparency Declaration
	References


