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Abstract

Recently, the problem of food waste management has attracted the attention of producers,
processors, retailers, and consumers due to economic, environmental, food safety, and
sustainability consequences, affecting the entire food supply chain. This article reviews data
on food waste of animal origin at different stages along the production and transformation
systems, from an environmental, economic, or social perspective. Results show differences
between developed and developing countries. While in developed countries, most waste
occurs at the end of the food chain, in developing countries, most waste occurs in primary
production and transportation. Food waste is very expressive in production and retail, but
also in final consumption in households and food services. Mitigating measures include
upcycling, i.e., recovering valuable food components for industrial use with economic
and environmental benefits, and alternatives for food waste reutilization. The role of
the consumer is unquestionable, particularly when shopping for food for the household
or when consuming food in restaurants or canteens. Hence, it is crucial to understand
the behaviours leading to food waste as a way to reduce it and implement strategies to
effectively reduce food waste at various levels. The role of education, regulation, and
policies is pivotal in achieving minimal food waste.

Keywords: food waste; primary production; food processing; consumption; leftovers

1. Introduction

According to the Food and Agriculture Organization of the United Nations (FAO),
food loss encompasses a decrease in the quantity or quality of food in the initial stages of
the food supply chain, reducing the amount of food available for human consumption.
By definition, “Food loss is the decrease in the quantity or quality of food resulting from
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decisions and actions by food suppliers in the chain, excluding retailers, food service
providers and consumers”; it may be related to the overproduction or problems at primary
production, storage, and distribution [1]. In contrast, “Food waste refers to the decrease
in the quantity or quality of food resulting from decisions and actions by retailers, food
service providers and consumers” [1]. Hence, food losses and food waste occur across the
whole food supply chain, from production to consumption and discard [2]. Food waste
(FW) is a term broadly used to refer to any discard or loss at the various stages of the food
supply chain, namely, production, storage, processing, distribution, and leftovers/discards
from households and businesses [3,4].

In developing regions, most FW occurs during the early stages of the food supply
chain, particularly in primary production, processing, and manufacturing. In developed
regions, however, FW is more prevalent at later stages, especially in retail, distribution, and
consumption sectors [5].

It has been reported that around 90% of FW in Australia comes from primary pro-
duction, processing, households, and businesses [3]. FW has not only economic but also
environmental consequences, representing a misapplication of resources within the food
system, which translates into environmental pollution (emission of gases that contribute to
the greenhouse effect) and depletion of natural resources, namely water [3]. Each year, this
waste results in a massive carbon footprint, corresponding to the production of 3.3 billion
tonnes of CO; equivalent [6]. The world population, currently around 8 billion people,
is projected to reach 9.8 billion by 2050, increasing food demand and placing additional
pressure on the global food supply system [7].

The increase in FW has been associated with economic growth, urbanisation, and
income levels [7]. In addition to depleting natural resources and deteriorating ecosystems,
FW will be the main reason for food deficiency in the future, with more than half a billion
people going hungry every year [7,8].

Waste of animal products depletes valuable resources such as water, land, and feed
beyond caloric loss, further amplifying environmental impacts, namely GHG emissions. In
particular, producing meat and dairy products requires intensive resource inputs, making
the waste of these products particularly problematic to environmental sustainability. In
addition, livestock production contributes to greenhouse gas emissions, and when animal
products are wasted, their associated carbon footprint is increased [9]. Addressing waste
in the animal product supply chain is therefore critical to food security, environmental
protection, and economic sustainability.

Understanding the factors that contribute to FW along the animal product supply chain
is a key aspect in finding solutions to minimise the problem. Issues such as poor livestock
management, processing inefficiencies, inadequate storage and transport infrastructures,
and consumer behaviour all play a role in exacerbating the problem [10].

Animal products, including meat, fish, dairy, and eggs, are particularly vulnerable
to waste due to their perishable nature and the complexity of their supply chains. Losses
occur at multiple stages, from production and processing to distribution and consumption,
leading to significant inefficiencies [11]. According to the estimates of the FAO, 1.3 billion
tonnes of food are lost or wasted every year, representing approximately 33% of global food
production intended for human consumption. In the case of the meat sector, it is estimated
that 20% of the 263 million tonnes produced are lost or wasted, while for fish and seafood,
the percentage of loss is higher, 35%, with 8% of fish captured being thrown back into the
sea, not being able to survive anymore. In the dairy products sector, 20% is wasted, with
the European region alone accounting for 29 million tonnes of dairy products being lost or
wasted in a single year. These losses represent a misutilization of resources (water, land,
energy, human labour, and capital), with harmful environmental impacts and excessive
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emission of gases with greenhouse effects, contributing to global warming and climate
change [12]. Given the current problem of FW and the consequences it entails, this review
examines FW related to animal products across the entire food supply chain, from primary
production to household consumption, addressing key challenges, mitigation strategies,
and their economic and environmental impacts.

2. Bibliometric Analysis of the Sources

Figure 1 illustrates the flowchart with the different phases of the review and their
respective screenings.

Identification of studies via databases and registers

S
Records identified from databases (n=565):
= “food waste AND primary production™(n=211) )
2 "food waste AND transformation process™ (n=178) ;R;g:ﬁigr-gmoved before
-] . - L
o food waste AND transportand sale ™ (n=6) —» -
bS] “food waste AND restaurants and canteens ™ (n=2) DUPI":atE records remaved
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E theme, conference abstracts or
2 posters, casereports and
- published abstracts)
b (n=298)
Yy

Scientificworks includedin review
(n=125)
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—

Figure 1. Flow diagram illustrating the different phases of the review.

After conducting the bibliographic search, 565 distinct references were obtained. Due
to overlap between the different keywords used in the search, 142 of the publications found
were duplicates. Thus, 423 publications were submitted to the first screening phase for
reading the abstract. After the first phase, 298 studies were excluded according to the
exclusion criteria. The remaining 125 publications were submitted to the second screening
phase and, after a complete reading of each publication, were all included in this study.
Hence, this review is based on a total of 136 sources, of which 125 are scientific articles and
9 are other sources (books, chapters, reports, articles in journals, or conference papers).

Figure 2 presents the articles by year of publication, showing a great increase in the
number of works on this theme over time, expressing the great interest of the scientific
community in conducting research related to the topic of FW. The abundance of works in
2025 is expressive, and, although we are still in 2026, there are already some publications in
this domain.
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Figure 2. Publication trends of the scientific articles used as sources according to publication year,
2001-2025 (n = 114).

Figure 3 presents the number of articles according to the scientific journal title, in-
cluding the most frequent journals, such as Resources, Conservation and Recycling. All other
journals had only one or two publications.

Resources, Conservation and Recycling e 10
Bioresource Technology I 6
Journal of Cleaner Production I 6
Waste Management I 6
Food Policy N 4
Sustainability N 4
Trends in Food Science & Technology N 4
Foods N 4
Frontiers in Nutrition I 3

0 5 10 15
Number of occurences

Figure 3. Number of articles according to the scientific journal title.

The 125 scientific articles were analysed with the software VOSviewer (Version 1.6.20),
based on the keywords of each publication. Figure 4 presents a diagram resulting from the
analysis of co-occurrence links between the 413 keywords. A co-occurrence threshold of
>2 was applied, reducing the initial set to 59 keywords; only 51 of them were connected to
at least one other keyword, and therefore, those were included in the final diagram. The
nodes in Figure 4 have sizes proportional to the relative number of keywords, and the
proximity of circles/labels is indicative of sources in which the keywords occur jointly. The
most frequent keywords were ‘food waste” (n = 42 occurrences, with a link strength of 61),
‘sustainability’ (n = 8, with a link strength of 19), ‘food loss’ (n = 4, link strength of 12), and
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‘household” (n = 4, link strength of 10). The 51 keywords were grouped into 9 clusters, with
122 links and a total link strength of 157.

consumenifipod waste

Y

foodjpolicy
consumeripreferences
circular bigeconomy
biorefinery food safety
palicy leftovers
consumer behavior .
consumeribehaviour
fOOd waste household behaviodr change
waste mapagement waste food waste prevention
L
foodlosses
environfgptal hpact © / f@od
¢ b P food security
lead
“ nutrition
sustajpability Ica
foodoss ¢ circulari@gonomy
platelivaste - -
- by-prigdlucts

Figure 4. Diagram of co-occurrence links between keywords that occurred at least twice.

3. Food Waste in Primary Production

Distinguishing between the edible and inedible parts of a food is not always easy, and
sometimes it can even be subjective. This concept is also related to the different cultures
of the world, as what is considered edible in some countries may not be so in others [13].
Thus, it can be difficult to define what is considered FW [13].

Waste generated by livestock farming represents a component of the overall waste
stream. However, isolating and quantifying the fraction specifically related to animal
products, such as meat, dairy products, and eggs, remains challenging. For some foods,
waste generation is unavoidable at certain stages of the supply chain, as in the case of
eggshells and animal bones [14,15]. Nevertheless, the amount of waste associated with
by-products may be reduced through the implementation of reuse strategies [16]. The
reuse of animal-derived food waste as livestock feed has been identified as a promising
circular strategy. However, recent evidence suggests that its environmental benefits should
be carefully evaluated, as spillover effects may partially offset the expected sustainability
gains [17].

Meat production needs have been increasing due to increased consumption related to
changes in diet and population growth. Given this increase, it was postulated that by 2020,
developed countries would have consumed 107 Mt more meat compared to over 2 decades
ago. Likewise, these countries would be responsible for 63% of world meat production [18].
However, in European countries such as the United Kingdom, Sweden, Denmark, Germany,
and the Netherlands, a trend towards alternatives to animal protein has developed [19]. In
Iran, the per capita meat consumption is around 35.5 kg per year (23 kg of poultry meat
and 12.5 kg of red meat), which corresponds to around 100 g/person/day, with the largest
meat production being associated with small ruminants such as sheep, followed by cattle
production [18]. In contrast, in Turkey, 88% of the red meat produced (3,602,115 tonnes)
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comes from cattle farming [20]. India is one of the countries that produces and exports the
highest amount of beef in the world (10.5 Mt annually), just after China, the United States,
and Brazil [21], although this production is almost entirely water buffalo meat (known as
carabeef) and not cow beef.

It is estimated that 1.4 billion hectares of agricultural land will produce goods that
will end up in waste, with 78% of this wasteful occupation being due to meat and milk
waste. Approximately 20% of the meat produced for human consumption ends up being
wasted, which has a cost of 750 billion to 1.0 trillion USD in economic losses every year.
In Iran alone, an estimated 300,000 tonnes of meat are wasted annually, which is still 15%
less than the amount wasted globally [18]. Despite this, meat waste represents only 7% of
total FW, less than grains or fruits and vegetable waste, even though this percentage results
in a 20% GHG impact [18]. Recent analyses of livestock systems further confirm that beef
and dairy production are among the largest contributors to greenhouse gas emissions in
animal-based food systems [22]. In fact, the livestock sector is responsible for 70% of land
use for pasture, 80% of agricultural land occupation, and 18% of greenhouse gas emissions.
Therefore, this sector causes more environmental problems compared to chicken farming,
which emits fewer greenhouse gases [23].

Most meat waste generated is produced during slaughter in slaughterhouses, although
it can also occur in the early stages of production in animals that are unsuitable for slaughter
or that have died [21,24]. During slaughter, waste is generated, such as tendons, skin, bones,
blood, internal organs, and gastrointestinal contents, which cannot be sold either as meat
or as meat products [21]. Waste in slaughterhouses can also be generated by excessive or
unnecessary trimmings, poorly adjusted equipment, or inadequate technical practices [18].
Meat by-products represent around 68% of live weight in lambs, 52% in pigs, and 66% in
cattle; although part of these by-products is reused, increasing the profitability of meat
(more than 11.4% in cattle and more than 7.4% in pigs), another part (approximately
50%) is not suitable for human consumption given its characteristics [21]. In a bovine
slaughterhouse, 275 kg of waste is produced per ton of live weight (27.5% of the animal’s
total weight). In just one year, 35 Mt of meat and 14 Mt of by-products were produced in
the European Union [19]. Also, in Turkey, in 2020, approximately 18 kt of blood and 41 kt
of bones were generated as by-products from meat production [20]. In the United States of
America, these by-products are divided into edible and inedible. Edible products are then
processed under controlled sanitary conditions and include blood, meat trimmed from
the head, and edible fats obtained during slaughter, which include fat from the bonnet,
back, or rumen [21]. On the other hand, in the United Kingdom, the head, liver, tail,
tongue, lungs, fat, viscera and bladder, rumen, feet, and trimmings are considered edible
by-products. In the case of poultry, the necks, heart, liver, and gizzards are also edible
by-products [21]. Blood is a by-product of meat production that has also been consumed
over the years. In Europe, it is used to make bread, biscuits, blood sausages, and blood
pudding, while in Asia, it is used to make blood cake and blood curd, in addition to blood
pudding [25]. Blood is rich in proteins and can be considered sterile when obtained from
a healthy animal. Therefore, this by-product is also used in feed, blood meal (for cattle),
fertilisers, and binders [21]. Blood plasma has an excellent ability to bind water and fat
and form a gel. Additionally, it can form foam, which is used in the baking industry as a
substitute for egg whites [21]. Gelatin can be extracted from the skin and leather of animals
and can be used for various food purposes, including transformation into jellies, gelatinous
desserts, frozen desserts, ice cream stabiliser, yoghurt, or meat pies. Pig skin can also be
used in the production of cracklings after being soaked, boiled, dried, and fried. Bones
can also have other uses. Different animals have different percentages of bones; 16% of the
weight of a lamb, 11% of the weight of a pig, and 15% of the weight of a cow correspond
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Meat
Products

to bones, and sometimes, there is still some meat attached to these [21]. For many years,
bones were used to extract gelatin; however, currently, attempts have been made to obtain
the largest quantity of mechanically deboned poultry meat (MDPM), which is approved for
consumption in meat products such as hamburgers, ground meat, and sausages, although
with some restrictions [21]. In Australia, MDPM in exported products must display on the
label the quantity present, moisture, protein, and calcium content. In the United States of
America, this product cannot be used in baby food, minced meat, burgers, or meat pies.
In Denmark, if MDPM is present in an amount greater than 2%, it must be stated on the
label [21].
Figure 5 summarises the different meat wastes generated in the sector.

Primary Production we \Vaste in livestock farming ~ -
v -
L

50% reused 1n food industry or as edible by-products >
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< Tendons
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Internal organs
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Figure 5. Waste from the meat sector.
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In addition to meat, there are other products of animal origin that also end up being
wasted. Eggs are a product that is widely consumed worldwide and has several applica-
tions in food production and cooking [13]. About 540,542 t/year of eggs are consumed
in Korea [13]. Given their widespread use, large amounts of waste are also produced
worldwide [13]. In North America, around 31.4% of eggs produced were wasted along
the supply chain [26]. Also, in Switzerland, a significant number of eggs are wasted [27].
The largest percentage of this waste occurs on the part of consumers (64%), but 9% occurs
during retail, and 18% during production [27]. In fact, eggs are physically vulnerable
products and are also vulnerable to attack by microorganisms, which are present in the
faecal traces that sometimes remain on the shell. If the shell is not quickly and properly
cleaned, these microorganisms may spread [28]. Eggshell residues do not yet have any
implemented alternative application; however, studies suggest that they could be used as
immobilising agents for heavy metals, namely Cr(III) /Pb [29,30].

Another animal product that generates some waste is milk. This product is of great
global importance, but its production also has some impact on the environment [13]. In
Mexico, between 3.74 and 11.22 million m? of milk waste is generated annually. Even so,
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it is expected that the agricultural stage is where the greatest production of milk residues
occurs [31,32].

Figure 6 shows the food waste in the primary production of animal-derived foods,
including meat products, dairy, and eggs, and focuses on wastes occurring on farms
before slaughter or collection, i.e., from raising animals and producing feed to obtaining

animal-derived foods.
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Figure 6. Food waste in the primary production of animal-derived foods.

Fish is a highly sought-after food and one of the most traded in international mar-
kets [13]. Fish is a source of protein, contributing around 17% of the consumption of protein
of animal origin worldwide, and 6.5% of all its consumption, i.e., including all sources
of protein. Additionally, fish is a source of other macromolecules such as cholesterol,
carbohydrates, and micronutrients (vitamins, minerals, and polyunsaturated omega-3)
and has a low content of saturated fats [13]. Therefore, since several health benefits are
associated with the consumption of fish and seafood, their consumption has been increasing
worldwide [13]. In Australia, an average of 25 kg of seafood was consumed per capita in
just one year. This data indicates that demand and consumption of these foods have been
increasing, given that in the 1970s, an average of 13.6 kg was consumed [33]. However, this
increased demand raises sustainability concerns, as inherent to this increase is increased
waste [13]. Waste associated with fish and seafood and their mismanagement can reach
a cost of 50 billion USD each year [34,35]. Various types and quantities of fish waste are
produced throughout the supply chain, with fishing and aquaculture alone accounting for
130 Mt of waste per year globally [36]. Waste produced during fishing mainly results from
the accidental or unintentional capture of a certain species and is subsequently discarded.
However, there is no effective solution to this problem, with an estimated 17.9-39.5 Mt/ year
of whole fish being discarded [36]. However, studies indicate that this waste can be greatly
reduced if appropriate and sustainable changes are implemented [37]. It should be noted
that there are still many fishing activities that are not monitored, so the amount of waste
generated may be underestimated [37]. Therefore, strategies to minimise harm associated
with FW are important. In fact, recent studies have highlighted the importance of circular
bioeconomy approaches and improving resource efficiency across all agri-food systems to
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minimise waste generation and increase the recovery of by-products throughout the supply
chain [38].

Figure 7 shows the food waste in the primary production of marine foods of animal
origin, including fish and shellfish, and focuses on wastes occurring in the wild capture
fisheries and aquaculture before landing /harvest, from input provisioning to animals ready
for human consumption.
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Figure 7. Food waste in the primary production of marine foods of animal origin.
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4. Food Waste in Food Processing

Waste associated with the transformation and processing of animal products, including
meat, dairy, eggs, fish and seafood, is produced by increased industrialisation [39]. In
the meat industry, parts of the animal that are not commonly consumed, such as offal,
hooves, and certain fats, are often wasted unless they are reused for animal feed, fertiliser,
or biofuels. Research shows that slaughterhouse waste consists of the parts of an animal
that cannot be sold as meat or used in meat products, including bones, tendons, skin,
gastrointestinal contents, blood, and internal organs [40].

Industrial processing generates primary (organic) and secondary (packaging) wastes.
Primary waste is composed of proteins, carbohydrates, and lipids, among others, originat-
ing from the various processing sectors [41]. Primary waste is obtained in the form of bones,
blood, intestines, feathers, or other animal organs [42,43]. On the other hand, secondary
waste includes wastewater or packaging material [44]. Another problem is related to the
leaching of nutrients that harm aquatic ecosystems, altering the taste and odour of drinking
water or promoting the deoxygenation of water that culminates in the death of aquatic
beings [41].

The amount of waste produced worldwide by different sectors of the food industry
is high [45]. In the European Union, waste generated in food manufacturing amounts
to around 367 Mt/year, and the food processing market is expected to reach 4.1 trillion
USD by 2024 [46,47]. Countries such as Germany, the United Kingdom, Italy, France, and
Spain contribute the most to the generation of these quantities [48]. Also in India, around
600 tonnes of agro-industrial waste are produced annually [41].
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Food processing allows for extending shelf life and offers consumers alternative food
products. There is also a wide variety of foods that cannot be consumed raw, requiring
some processing before they are suitable for human consumption. Thus, during processing,
a preservation process is induced in food, increasing its shelf life [46].

One of the transformation sectors that generates high levels of waste is the fish pro-
cessing sector. Some recoverable compounds from fish waste streams include protein from
fish muscles, skin, fins, bones, heads, viscera, and scales (49-58%) and collagen from fish
skin and scales (5-51%) [49]. Also, the dairy industry produces streams that can be used to
recover some valuable compounds, like protein (0.6-0.8%) and lactose (4-5%), both from
milk whey [50].

Table 1 shows some works focusing on FW during the processing of animal-based food
products. Strategies such as upcycling and recovering components and substances from
FW for high-value industrial applications in a circular economy context are highlighted as
the most suitable to mitigate the impact of FW, while also generating economic value.

Table 1. Food waste at the processing stages.

Study Focus Main Outcomes

Animal by-products constitute a rich
source of various functional enzymes that
can be recovered and purified to be used
in transformation industries, contributing

Valorisation of enzymes
Luoetal. [51] recovered from animal

by-products to economic and environmental
sustainability.
It is important to upcycle many food
. waste sources (like milk, eggs, fish, or
Upcycling FW to

Dou et al. [52] meat residues) to produce animal feed as
a strategy to support sustainable

production.

animal feed

Laws and regulations vary according to
regions, and they either promote or
restrict the use of FW in animal feeds. A
greater utilisation of safe FW in animal
feed involves revising existing
regulations.

Regulations regarding
the utilisation of FW as
animal feed

Shurson
etal. [53]

Slaughterhouse waste can be transformed

Recovery of livestock
Jiaetal. [54]  processing waste to
obtain bioplastics

into high-value bioplastics, promoting the
circular economy and increasing the
sustainability of meat

production systems.

Recovery of products

Livestock blood waste can be used to
obtain valuable products, including

eBtu ;i(o[\év;]k a from livestock blood biogas, proteins, haem iron, and bioactive
' waste peptides, reducing the negative
environmental impact of the blood.
. The shell, exoskeleton, and cephalothorax
Arena et al. Valorisation of
. of crabs have valuable compounds that
[56] Mediterranean crabs . 3
can be extracted for industrial use.
Crab meat is a rich source of important
Nanda et al. Valorisation of crab nutrients, and its processing wastes can be
[57] wastes valorised for application in many fields,

including the crab shells.
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Recent studies further highlight the diverse and promising approaches to the sustain-
able valorisation of food waste, including biological, thermal, chemical, and mechanical
processes designed to recover high-value compounds and reintegrate them into industrial
production systems [58]. A recent systematic review further emphasises that the conversion
of food loss and waste into livestock feed represents one of the most promising valorisa-
tion pathways, particularly due to its potential environmental benefits and contribution
to reducing feed—food competition [59]. Microbial and enzymatic recovery approaches
have also received considerable attention in recent years as sustainable alternatives to
conventional disposal methods. Several microorganisms and enzymes have been used at
an industrial level for the conversion of animal-derived food waste into biofuels, biosurfac-
tants, bioplastics, and biofertilizers, simultaneously contributing to waste reduction and
greenhouse gas mitigation [60].

4.1. Processing of Foods of Animal Origin

The meat processing industry generates a variety of wastes in considerable quanti-
ties [46]. In the European Union, during 2016, 14 Mt of by-products were produced during
the processing of 70 Mt of beef [41]. Australia produces waste during meat processing
that represents about 4% of the animal’s mass. In the United States of America, animal
processing results in the production of waste worth 69 billion USD in poultry and 83 billion
USD in meat [41]. In Denmark, meat processing produces 34,000 tonnes of waste, some of
which is inedible [24]. Indeed, Europe has large amounts of wasted meat. In the United
Kingdom, 56% of meat and fish is wasted during processing; in Portugal, Spain, France,
the Netherlands, Belgium, Finland, Denmark, Sweden, Germany, Poland, Hungary, Italy,
and Greece, that percentage varies between 35% and 42% [13].

Waste during meat processing raises many economic, profitability, food safety, and
sustainability concerns [13]. Industrial meat waste occurs mainly due to mismanagement,
inappropriate use or faulty machinery, poor production methods, and inexperienced or
unskilled workers. Additionally, meat is also exposed to biological risk, namely contami-
nation by pathogenic microorganisms such as Escherichia coli, Salmonella enterica, Listeria
spp., Campylobacter spp., and Yersinia enterocolitica, as well as prions [61]. Despite constant
technological advances, many slaughterhouses remain non-mechanised or only partially
mechanised, which also contributes to meat losses [18].

The main poultry waste is generated by mechanically deboning meat, consisting of
losses from the neck, back, and meat attached to the bones, which represents 88.33% of
total poultry losses [62]. On the other hand, the most generated by-products in red meat
processing are skin and contents of the gastrointestinal tract, blood, bones, tendons, and
internal organs [13]. Other waste products such as feathers, hooves, and horns have also
been described [46]. However, the use of by-products from meat processing is not always
possible, since there are regulatory requirements, which vary between countries, that
restrict this use for reasons of quality and food safety or require the declaration on the label
of the by-products used. This is the case with sausages and mortadella, when they include
mechanically separated poultry meat or heart meat. Although not always approved for
consumption, meat by-products such as lung, kidney, brain, spleen, blood, liver, and tripe
have good nutritional value [21]. By-products such as cattle tail, ears, feet, and liver have a
significant amount of collagen and a protein content similar to that present in lean meat [63].
On the other hand, brain and adipose tissue have lower protein values [21]. Regarding
the quantities of amino acids, ears, feet, lungs, stomach, and tripe have lower quantities
of tyrosine and tryptophan and higher quantities of proline, hydroxyproline, and glycine.
Regarding vitamins, some waste has appreciable values, namely riboflavin (kidney and
liver), niacin (liver), vitamin B12 (kidney and liver), B6 (kidney and liver), folacin (liver),
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ascorbic acid (liver), and vitamin A (liver) [21]. Some offal also has good levels of iron,
copper, manganese, phosphorus, potassium, and sodium. Polyunsaturated fatty acids,
cholesterol, and phospholipids are also present in the viscera, and monounsaturated fatty
acids are present in small quantities [21]. The presence of cholesterol and the possibility
of pesticides, drug residues, and toxic heavy metals are reasons why consumption is
recommended to be limited [21]. In addition to viscera and offal, animal fats are also
by-products obtained during meat processing, the most common being lard and tallow.
These two products come from the adipose tissue of animals and can be used as edible fat.
Traditionally, they were used for frying, although there are now alternative options. They
can also be used in the production of emulsified products and sausages. Blood has good
potential in the pharmaceutical industry, which is why it has also been reused and used for
this purpose [21].

Livestock blood waste, which is rich in proteins, can be used to recover biogas as well
as other valuable by-products through anaerobic digestion. Advanced techniques allow for
the mitigation of the environmental impact of blood waste while promoting the circular
bioeconomy. Additionally, the possibility of using blood waste from slaughterhouses for
the recovery of valuable products such as proteins, heam iron, and bioactive peptides has
both economic and environmental advantages [55].

Meat processing is not the only process that generates waste. Large amounts of
wastewater are generated, containing residues of fat, protein, or blood, which are therefore
rich in organic matter [46]. Poultry production also involves the use of antibiotics and
additives, which are then excreted by the animals, contaminating the soil. Thus, some
adverse effects on human and animal health and the environment are related to poultry
production, since chicken litter contains contaminants such as viruses, growth hormones,
antibiotics, heavy metals, parasites, and bacteria [64].

Industrial egg production, particularly in the production of frozen, liquid, and pow-
dered eggs, generates a considerable amount of eggshells [47]. This waste must be managed
efficiently, since the growth of this sector of the industry depends on good waste manage-
ment [13,21]. Egg processing by-products contain a quantity of flavoprotein, which can be
used as a good food ingredient [21].

Another product of animal origin that is highly processed at an industrial level is
milk. This product is transformed into other products that are in high demand, namely
cheese, butter, powdered milk, drinking milk, condensed milk, yoghurt, and ice cream [65].
Australia is a major milk processor, exporting a number of dairy products [3]. Also, in
Mexico, milk processing generates between 3.74 and 11.22 million m® of waste annually,
and in Denmark, 71,000 tonnes of dairy waste are produced each year [13,41]. Also,
in Portugal, Spain, France, the Netherlands, Belgium, the United Kingdom, Denmark,
Germany, Sweden, Finland, Poland, Italy, Hungary, and Greece, between 43% and 48% of
waste was generated during the industrial processing of milk [13]. This processing results
in a large quantity of lactose-rich whey (in Australia alone, around 1.6 Mt), resulting from
the coagulation of milk proteins [3,47].

The dairy industry generates large amounts of wastewater (2.5 L to 3 L for each litre
of milk processed), which is rich in organic compounds, namely protein, fat, sugars, and
traces of detergents [46]. This waste may also contain additives and preservatives with
nitrogen concentrations of up to 830 mg/L [46].

Fish processing generates a large amount of waste, which mainly consists of the head,
fins, scales, bones, and internal organs of the fish [3]. After capture, this is the stage where
most fish waste occurs [13]. In the fish industry, only fillets are used, with the remaining
66% being thrown away [66]. Seafood also generates a considerable amount of waste in
the form of shells, shrimp shells, and crustacean endoskeleton [46]. Thus, the seafood
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industry produces between 6 and 8 Mt of waste every year [46]. This amount of waste
corresponds to between 50% and 70% of the initial product, with the seafood processing
industry being responsible for 20% of the world’s food supply [46]. In Australia, this
sector of the industry produced 20,000 tonnes of fish waste annually, with each ton costing
150 USD to dispose of [13]. Also, in East Africa, large volumes of waste are produced
annually from the processing of Nile Perch [13]. In the United Kingdom, on the other hand,
around 50% of cod is wasted during processing. Although each ton of this fish costs the
processor 3.129 USD, only 63 USD is generated as a by-product, and its disposal can cost
94 USD [13]. In the case of shellfish, only 43% is consumed, with the remainder being
discarded [34]. In Portugal, Spain, France, the Netherlands, Belgium, the United Kingdom,
Finland, Sweden, Denmark, Poland, Germany, Hungary, Greece, and Italy, the waste of
shellfish varies between 40% and 70% [13].

In fact, processing is the largest contributor to waste generation [13]. In East Africa,
36,000 tonnes of solid waste and 1,838,000 m? of wastewater are produced annually [13].
These two waste products are rich in valuable nutrients [67]. Oil from fish waste is also a
waste rich in omega-3 fatty acids, and fish skin and scales are rich in collagen [3]. Waste
from seafood processing also has a significant content of organic constituents, namely
chitin [68]. The disposal of this waste, in addition to having a high monetary cost, also
has a major environmental impact [13]. Therefore, more sustainable alternatives must be
adopted. Fish waste can be transesterified to generate biodiesel [3]. Likewise, the collagen
present in the waste can be used as a food additive or biomaterial [49].

4.2. Problems Generated by the Incorrect Disposal of Industrial Food Waste

The industrial processing of food products generates a significant amount of waste [46].
This waste comprises high quantities of biodegradable organic substances such as proteins,
fat, or carbohydrates [69].

One of the most significant environmental impacts of improper disposal is the emission
of greenhouse gases, particularly methane (CH,), which is released when organic waste
decomposes in landfills. Methane is a greenhouse gas with a global warming potential more
than 25 times that of carbon dioxide (CO;) [40]. Beyond emissions resulting from waste
decomposition, food waste also represents a substantial loss of embedded energy through-
out the food supply chain. For example, the U.S. food system was estimated to consume
7130 TBTU of primary energy and generate 970 million metric tonnes of CO,-equivalent
emissions annually, with on-farm production, food consumption, and food manufacturing
accounting for the largest shares. These figures illustrate the broader environmental burden
associated with inefficiencies in food production and waste generation [70]. In addition,
leachate from decomposing animal waste can infiltrate soil and water sources, contaminat-
ing groundwater and surface water with harmful pathogens and nutrients such as nitrogen
and phosphorus. This can cause eutrophication, which depletes oxygen levels in aquatic
ecosystems, leading to fish kills and reduced biodiversity [71].

Waste from the food industry can cause health complications, including diarrhoea,
drowsiness, tremors, rapid heartbeat, nausea, kidney, respiratory and immunological
complications, decreased sperm quality, and changes in the nervous system that can
lead to permanent brain damage [46]. This is because contaminants such as mercury,
trichloroethylene, arsenic, and benzene are present in this waste [72]. Pollutants present in
industrial waste affect marine life, interfering with the reproductive physiology of fish and
the sex ratio in embryos, and may even cause death [73,74].
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Considering the diverse negative impacts of the misuse of industrial FW, it is necessary
to apply and manage this waste, redirecting it for recycling and the production of value-
added products [75]. Some residues, namely those from fish, can be used in the production
of dietary products, natural pigments, or cosmetics [21]. Figure 8 summarises FW from

different food sources, as well as its environmental, economic, and health impacts.
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Figure 8. Food waste of animal origin at food processing stage.

5. Food Waste in Transportation and Sale

FW in transportation and sale occurs due to improper handling, inadequate storage
conditions, and inefficiencies in the supply chain, leading to significant amounts of perish-
able food being discarded before reaching consumers [76]. A large amount of meat loss
occurs in developed countries due to standardisation of expiration dates and defects in
supply organisation and packaging [18].

It is estimated that worldwide, 263 Mt of meat is lost or wasted, which is equivalent
to 75 million cows. Raising awareness of the causes of these losses will help reduce them
significantly. In some countries, such as Iran, fresh meat is sold in local markets without
packaging, labelling, or processing [18]. In these situations, meat exposed to air tends to
dehydrate, discolour, and spoil. Therefore, meat losses occur due to microbial, chemical,
and physical causes. In Iran, the cold storage capacity for meat is not uniform; while some
provinces have this facility, other, poorer provinces do not have access to such facilities.
This is one of the main causes of loss in developing countries [18].

Uhlig et al. [5] report that the retail and distribution sectors are major contributors
to food loss and FW along the supply chains. Foods like meat, for example, have a great
environmental impact, even when at relatively low wastage volumes, due to the release of
gases with a greenhouse effect and intensive use of resources for their production. Figure 9
shows the losses in the retail sector for various types of meat, highlighting that this sector is
responsible for 9%, 11%, and 10% losses in relation to live weight for beef, pork, and chicken
meats, respectively. However, when looking at local values of input and output weights,
the percentages nearly double to 20% for both beef and pork, and 17% for chicken meat.
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Figure 9. Estimates of losses in the retail sector for some types of meat. Adapted from Pinto et al. [77].

The expiration date system, although intended to ensure consumer food safety, can
also contribute to FW. Consumers often interpret the approaching date on the label as
indicating unqualified or unsafe food, leading to waste. The arrangement of products by
date on supermarket shelves also leads to waste, as consumers prefer fresher products to
the detriment of less recent ones, which are still good for consumption [18]. Waste can
also arise from buying in excess due to discounts, for a specific recipe or occasion, without
specifying quantities [78]. Consumers may also sometimes fail to understand the concepts
of expiration and other information on labels, ending up wasting meat that is still of eating
quality, which is why these concepts should be standardised [79]. Since meat has a shelf
life of between 7 and 26 days, once the expiration date has passed, unsold products are
immediately thrown away, which is the main reason for waste in retail [80]. Another reason
is related to the size of the packaging [13]. Recently, new, more technological strategies
have been implemented to combat food waste. The creation of smart labels and sensors
that indicate product freshness based on colour changes is one of them. There are also
smartphone apps that allow for label reading and subsequent analysis of food freshness,
making the process more efficient [81].

In order to commercialise beef products in a timely and profitable manner, it is im-
portant to successfully manage the beef colour in retail. While a vivid cherry red colour is
associated with freshness and quality, discolouration can lead to consumer rejection [82].

Eggs are a food item that suffers from waste if the environment during transport, dis-
tribution, and storage is not suitable [13]. In the United States of America and Switzerland,
9% of all egg waste is produced in the retail sector [14,27].

Dairy products are another animal product that can generate some waste at this stage
of the supply chain due to a lack of appropriate environment and support, and a lack of
refrigeration during transportation. Also, slow sales can contribute to the waste of these
perishable and fragile products [13]. In the United States, retailers waste 9% of all dairy
products [14]. Studies carried out in Spain and the United Kingdom describe that expiration
dates, poor product quality during the summer, poor forecasts, slow sales, refrigeration
problems during transport, packaging errors, and breakages that occur at the retail stage
are the main causes of milk and dairy product waste [80,83].
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Over the years, retailers have made efforts to reduce FW and to demonstrate this
interest to the public. In the first six months of 2013, one United Kingdom retailer reported
that 28,500 tonnes of food was wasted, corresponding to 0.87% of sales volume [83]. The
most common reasons for food loss during retail are apparent defects, expiration of the shelf
life, breakage or damage to packaging (caused by customers or employees), inadequately
prepared items, or excessive stock [16,83]. Failure to meet strict visual and quality standards,
namely shape, weight, and appearance, all contribute to the occurrence of waste during
retail [16]. Food loss also appears to be influenced by urban or rural environments and
geographic regions.

Donating food to social services is a measure to prevent FW; however, only a small
portion is donated for this purpose [83]. Data collected from a group of supermarkets
showed that 7% of the food that would otherwise have been wasted was donated. Of the
donated food, 16.4% was dairy products. On the other hand, 25% of these outlets donated
10% of the lost food to social services, with 17% donating 40% of dairy products [83].

Price reductions for products that would otherwise be discarded, such as approaching
expiry dates or minor visual defects, also provide an alternative to FW generated during
retail. Dairy products discarded after price reduction had an expired expiration date, unlike
those with a normal price, which were discarded due to damage to the packaging [83].

6. Food Waste in Food Service Providers

In developed countries, the number of meals eaten in restaurants, whether for con-
sumption on the spot or to take away, has been increasing [16]. The population has been
increasingly turning to factories, supermarkets, and restaurants for meals. Thus, the quan-
tities and types of FW generated have also changed [84]. In the catering sector, the main
animal FW consists of eggs, seafood, or dairy products [3]. However, the hospitality in
some restaurants generates substantial organic waste, including leftover meals and plate
waste, which often ends up in landfills [18,85]. The type and amount of waste generated,
through leftovers for example, is variable according to food type, although typically, foods
such as meat are rarely wasted [86].

In restaurants and hotels, FW can arise from the over-purchase of food items based on
inaccurate forecasts [80,87]. In addition, health and safety regulations prevent restaurants
and canteens from reusing or recycling food once it has been served. Expired ingredi-
ents, unused prepared food, and leftovers often have to be discarded to meet hygiene
standards [88].

The main measure that can be applied to surplus food is donation [89]. However,
in the case of restaurants, food donation is limited, since only food suitable for human
consumption can be donated, so there are biosafety and food hygiene requirements that
must be met [88]. This way, leftovers can be taken away by the customer so that they can
be consumed later. Additionally, unused food can be donated to charities to be distributed
to homeless people and other people in need [18]. In the United States, since the 1960s,
there have been food rescue programmes and food banks that collect surplus food from
restaurants and supermarkets and distribute it [89]. This is a measure to combat FW that
is currently implemented throughout the world, but could still be expanded widely [89].
Food donation combats food poverty by enabling poorer people to access foods such as
meat, which are sometimes considered a luxury [18]. Despite this positive action and the
existence of these charitable organisations that raise public awareness about the increase
in poverty and FW, it is not a solution for all food needs [89]. Although food donation
remains one of the most widely adopted strategies for managing surplus food in the food
service sector, recent studies emphasise that source prevention remains largely neglected
by food system actors and is still insufficiently integrated into public policies addressing
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food waste. While food redistribution can generate important social and environmental
benefits, some authors argue that it should not be viewed as a standalone solution, but
rather as a temporary measure that does not address the structural causes of food surplus
generation [90]. Despite the solution presented and the social aspects involved, FW must
be reduced as much as possible, among other reasons, because of the environmental impact
of greenhouse gas emissions [91].

To provide a clearer overview of food waste in food service providers, Figure 10
presents a conceptual framework summarising its main sources, key drivers, associated
impacts, and potential mitigation strategies. This includes food waste in restaurants, hotels,
canteens, and catering services.

1. MAIN SOURCES OF FOOD WASTE } 2. COMPOSITION BY FOOD TYPE [ 3. WHERE DOES IT OCCUR?
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Figure 10. Schematic overview of food waste generation, impacts, and mitigation strategies in food
service providers.

Abreu et al. [92] analysed FW in a Portuguese canteen and observed high FW values
(due to surpluses and leftovers), varying from 22.1% to 43.6% depending on the school
level, preschool or basic school, respectively. In the same work, the authors registered
that percentages of waste for meat were 36.4%, for fish were 41.6%, and for eggs were
40.8%, representing a huge loss of important nutrients, like protein, fat, carbohydrates,
and fibre. Additionally, these losses represent around 40% of the money spent to produce
the food in one day. Many studies were conducted to address the problem of FW in
canteens and restaurants (Table 2), confirming that this sector encompasses huge challenges
in implementing effective strategies to diminish FW, as well as its economic impact, in
addition to social and environmental impacts. Reducing FW at school and university
canteens, as well as in hotels and restaurants, is pivotal to ensure proper utilisation of
resources, while promoting the preservation of the environment and at the same time
contributing to economic gains.
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Table 2. Food waste in collective catering and restaurants.

Study

Focus

Main Outcomes

Abreu
etal. [92]

Analysis of the nutritional
and economic impact of
FW in a school canteen

Children in the 1st to 9th year of school
wasted more food than preschool
children, discarding both soup and the
main dish. Fish and eggs showed
higher percentages of losses than meat.

Lietal. [93]

Reducing FW at
university canteens

Results showed that the economic
impact and understanding of FW have
a major effect on FW among university
students. It was further shown that
increasing awareness and positive
attitudes toward FW is a valuable
strategy to reduce FW.

Asefi et al. [94]

Reduction in FW in a
Chinese university canteen

The results demonstrated that
strategies to reduce FW can bear
notable economic benefits by reducing
direct food costs while also decreasing
expenses associated with waste
management and energy costs.

Pizzo et al. [95]

Reducing FW in
a restaurant

The results showed that emphasising
the problem of waste before ordering
food reduces leftovers in restaurants.
However, it was observed that
providing portion size information did
not particularly affect plate waste.

Sigala et al. [96]

Reducing FW in the
HORECA sector using
Al tools

A total FW of 76-152 g/meal was
observed for the HORECA (hotels,
restaurants, cafés) under study,
representing between 45% and 73% of
avoidable FW. The use of the Al tool
KITRO allowed FW to be reduced

by 23 (51%).

Kostensalo
etal. [97]

Proposition of a
monitoring program for
FW in the Finnish food
service sector

The results indicated that food service
type is unquestionably the most
important factor, explaining both
edible and total FW. Other factors of
importance were found to be monthly
variation, municipal-level variation,
and weekday variation, while the
outlet size was relatively unimportant.

Basit et al. [98]

Measuring FW from hotel
restaurants and caterers
in Pakistan

The study evidences that customer
plate leftovers are the primary source
of FW, being quantified as 58g per
customer in restaurants and 150 g

in hotels.

Lévesque
etal. [99]

Analysis of factors that
influence the
implementation of FW
reduction strategies

in restaurants

Several factors are evidenced that
affect FW reduction strategies. Also,
the adoption of the most suitable FW
reduction strategies can lead to higher
eco-efficiency in restaurants, although
the factors vary according to each
restaurant’s characteristics.
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7. Food Waste at the Household Level

Developed countries have the highest levels of FW associated with end consumers [13].
Household FW accounts for the largest share of total waste and is associated with envi-
ronmental problems and monetary losses worldwide [100]. Waste from businesses and
households consists mainly of spoiled, uneaten, or inedible food, which in 2020-2021
represented 4.6 Mt [3]. Around 83% of this waste is disposed of in landfills, while a small
minority is recycled, resulting in the production of around 8.7 Mt of greenhouse gases [3].
FW during consumption in Australia is around 180-190 kg per capita every year [3]. In
South and Southeast Asia, FW per consumer varies between 6 and 11 kg per year, while in
Europe and North America, these values are 95 to 115 kg per year [18].

In the case of meat products alone, 22% of meat waste in the United States occurs
between sale and delivery, while in the European Union, this figure is 14.5% [19,101].
Regarding poultry waste, consumers in the United States were responsible for 37% of the
waste, corresponding to 69.1 billion USD [80]. However, a study carried out in Canada
showed that between 1961 and 2009, of the total waste, 40.74% corresponded to poultry
waste and 39.73% to red meat [102]. Denmark generates 34,000 tonnes of meat and by-
products that are wasted between sale and household consumption [24]. In Iran, 2%
to 3% of meat losses are generated at the level of consumption [18]. Australians waste
637.5 million USD worth of meat and fish annually [103]. Still, consumers in the United
States are responsible for most of the fish waste, and this trend is increasing [13].

Eggs are a food commodity that generates 50,000 tonnes of shells annually [13]. In
Switzerland, 64% of egg waste is produced by consumers, while in the United States, this
figure is 14% [27]. Eggshells contain a high amount of calcium carbonate, which can have
several applications, including immobilising heavy metals (chromium (III) and lead) in
wastewater, contributing to a significant reduction in environmental pollution [104].

Currently, there is also an excessive consumption of food, which also generates waste.
This is called metabolic FW [105] and refers to food consumed in excess of physiological
needs that results in obesity or overweight, while wasting resources used to produce the
food consumed in excess. Europe and North America lead both in excessive consumption
and in the resulting waste, largely due to the availability of high-calorie foods, namely
meat, eggs, and dairy products [105]. This concept is responsible for generating 140.7 Mt
of FW, with Europe being the largest contributor with 39.2 Mt, then North America and
Oceania with 32.5 Mt, followed by Latin America with the production of 20 Mt, and finally
Sub-Saharan Africa, with around 5 Mt [106]. The reasons for this type of waste are mainly
due to a shortage of education, proper information, and knowledge about individual
energy needs, which translates into the desire to buy and eat excessively. This, combined
with a lack of awareness while eating, such as eating while walking, working or watching
television, or a lack of control over food choices and preferences for specific food groups,
results in FW. These attitudes towards FW end up generating negative emotional responses
such as guilt and sadness when throwing food away [107-110].

FW in households occurs at all five stages of the consumer decision-making process:
planning, purchasing, storage, preparation, and consumption [111,112].

7.1. Food Purchasing

Recent evidence confirms that consumer behaviour, particularly purchasing habits,
planning practices, and food management routines, is fundamental to understanding and
reducing food waste in households [113]. Food purchasing plays a major role in how much
food is wasted in households. The way people buy food affects not only what they eat
but also what gets thrown away. In fact, household food waste often starts at the point of
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purchase. Better meal planning, realistic shopping lists, awareness of storage and shelf life,

and avoiding overbuying can significantly reduce waste (Figure 11).

1 Overbuying and Bulk Purchases \ Impulse buying N\ 2
* Buying more than needed (e.g., due to Y 1)
discounts, “buy one get one free” deals, or large * Purchasing unplanned items, especially fresh
packaging) often leads to excess food that spoils foods or snacks, can increase the risk that these e 5
before it can be eaten. foods won’t be consumed in time. ¢
= Perishable items like fruits, vegetables, dairy,
and bread are especially at risk. / /
REASONS
3 [ Poor Meal Planning ) FOR [ Shopping Frequency \ 4
' : WASTE o _ '
« Without a clear plan for meals, people often buy * Shopping infrequently in large amounts can lead
food "just in case," leading to duplicate or to spoilage of perishable items. ‘
unnecessary items. * On the other hand, shopping too often without “
* Ingredients bought for a single recipe may go a plan may cause repetitive purchases and g@
unused if not planned into other meals. stockpiling. /
5 4 Misjudging Needs /” Attraction to Promotions and Larger ) 6
* Households often miscalculate how much food . Packages . W 7@
they actually need, especially when shopping for * Promotions encourage buying more than = /3 - ¢
multiple people. necessary.. . ) G
« Serving sizes and portion planning are often * Larger family-sized packs may be economical but 3 .
overestimated. not suitable for smaller households, leading to L7 ,
Kfood waste. ) -
7 [ Preference for Variety ( Lack of Awareness of Shelf Life \ 8
g ‘ﬁ * Not checking "use by" and "best before" dates
* Buying too many different items (e.g., several when purchasing can mean food spoils before \
2‘ = types of fruit or vegetables) can cause some to there’s a chance to eat it.
. iy spoil before being eaten. * Buying perishable items with short shelf life
< S increases waste if not consumed quickly.

2% |

Figure 11. Food purchase influence on food waste at the household level.

A major cause of household FW is poor planning. Even before food arrives at home,
there should be planning in order to decide what should or should not be purchased [7].
Planning meals and drawing up a shopping list with the products and quantities in which
they should be purchased helps to reduce FW [100,114]. In fact, planning prevents the
purchase of excess food, random purchases, and leaving extra food to rot, contributing
to the reduction in their respective carbon footprints [100,115]. However, planning may
not be effective if the consumer is unable to buy only the products on the list, making
unnecessary or impulsive purchases [7,100]. This planning may also not have the desired
effect, as families tend to buy the same foods every week, leading to an accumulation of
products at home and the subsequent discarding of the oldest ones to accommodate the
most recent ones [7,116]. If consumers take stock of the food they still have at home and
make a shopping list based on that information, this could be a good way to avoid excessive
food purchases [7,100]. In fact, studies show that families with good planning skills tend to
waste less food [100]. It was found that families that shopped once a week and assessed
the food available at home to make a shopping list and plan meals had a 10% lower level of
waste [100].

The act of shopping and the way it is done also influences the generation of FW [7].
Also, the temptation of more attractive prices, such as clearance offers, leads to an increase
in waste [117]. Consumers can be easily impressed by promotions or discounts when pur-
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chasing large quantities, leading customers to purchase food they do not really need [118].
Lack of management skills also leads to less efficient purchasing and consequent FW [100].
The same is true for families that go shopping more than once a week, as this is associated
with over-purchasing and more waste [114,119,120].

Frequent shopping may also be related to the avoidance of uncertainty, which also
results in FW [100]. This behaviour is justified by the need to ensure a stock of food at home
for any eventuality [100]. A clear example of this was panic buying during the COVID-19
pandemic, where consumers, out of aversion to uncertainty, bought and stored excessive
amounts of food [121].

7.2. Food Storage at Home

The way food is stored is also a determining factor in household FW. Storage influences
how consumers assess the stock and shelf life of food they have at home [116]. Thus, proper
food storage leads to lower levels of FW, as it extends the shelf life of food [121-124]. When
these conditions are not guaranteed, waste can be generated, despite all the technology
that exists today [105]. In 2020, a study carried out based on the behaviour of German
consumers revealed that less than half of consumers ensure the recommended temperatures
in refrigerators, leading to 4% of fresh fish and meat and between 15% and 35% of prepared
food being wasted [105]. Prolonged storage is another key factor in food being discarded [7].
However, it is not always easy for consumers to understand the appropriate way to preserve
food, and there is even contradictory information [7]. In order to clarify the correct methods
to adopt, measures such as improved labels, data, and recommendations, as well as
technological improvements, should be implemented.

FW is largely influenced by how food is stored and whether it is visible for timely
consumption, so small changes can help address this problem [7,116,122]. Packaging,
which serves to preserve food and inform the consumer, also plays a major role in food
disposal [7].

7.3. Preparation of Meals

Household food consumption behaviour obviously influences FW. Behaviours such as
saving and eating leftovers or using leftovers to prepare a new meal contribute to reducing
FW. The ability to cook creatively is also important, as these people have the ability to
create new, equally tasty dishes, using leftovers in a timely manner and combating waste.
The use of some small household appliances, such as toasters or blenders, also allows us to
reinvent and transform “old” foods into more appreciated ones [116,120].

7.4. Consumer Attitudes

Consumers are the main contributors to household FW, but households are poorly
aware of the impacts of FW, and around 40% underestimate the amount of food
wasted [13,16]. In reality, FW has social implications, in addition to the environmental
and economic impacts already described [88]. Although people in general tend to feel
unwell about wasting food, the levels of FW are influenced by other factors such as attitude,
awareness, behavioural influence, accountability, and social standards [114]. Awareness of
the problem also influences the attitude, behaviour, and intentions of each individual [125].
Perceived behavioural control refers to how much individuals believe they can perform a
specific behaviour, based on internal determinants, like knowledge and self-efficacy, but
also on external factors, like, for example, the availability of waste reduction resources or
the existence of regulatory policies, among others [126]. Since consumers do not understand
the impact of their behaviours when wasting food, they end up generating waste [7].

At the cultural level, food safety, cultural norms (serving enough food to families),
and managing leftovers influence waste [100]. For some consumers, eating foods that
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may generate distrust or a lack of food safety is not an option, and they end up being
discarded [78,127]. In some cultures, there is a habit of preparing a wide variety and
quantity of dishes to please guests, which ends up generating more waste [100]. On the
contrary, in other cultures, wasting food is a sinful act, given the number of people who die
of hunger, and could dictate reducing waste [100].

Sociodemographic factors such as age, family size and composition, and income are
also associated with FW [100]. Studies are not consensual, as while some support that
larger families waste less [9], others argue the opposite [128], but families with children
generate more waste [9].

Regarding family income, and contrary to what would be expected, families with
lower incomes tend to waste more food, due to a lack of planning ability [100].

Many studies have described possible ways to avoid FW at home [18]. It is important
to emphasise that in order to initiate change on their own initiative, families must be aware
that there must be a change in problematic behaviours [124].

Emotional appeal campaigns also tend to be effective, as individuals end up feeling
guilty about the act of waste. However, these campaigns are only effective when the
individual shows concern about the problem [124]. Currently, the use of influence through
social networks has shown positive results [116]. There is a tendency for people to adopt
the behaviour of their social group, so if they feel this motivation, they tend to waste less
food [116].

Table 3 presents some studies that analysed the role of consumers in the generation
of /reduction in FW. Consumers’ behaviour in terms of buying food items, storing them
properly at home, or consuming/discarding them is a major factor that needs to be analysed
from multiple viewpoints. Education, perceptions, attitudes, and actions of consumers can
vary hugely and should be considered when designing and implementing strategies for
FW reduction.

Table 3. Recent studies on consumers and FW.

Study Focus Main Outcomes
While compulsive buying and
Pu et al. [129] Influence of social media obsessive—compulsive buying lead to
’ on consumers’ FW increased FW, the usage of social media

contributes to reduced FW.

Efforts to reduce FW were found to be
the most influential factor, while
improper meal storage was
demonstrated to be highly associated
with FW.

Consumers with nutrition consciousness
tend to avoid FW by better planning and

Factors influencing
Jahan consumer awareness for
etal. [130] reducing FW at home
and restaurants

Sustainability versus

Nguyen . . more adequate shopping behaviours,
nutrition motivators for . . . -
etal. [131] . unlike consumers with sustainability
FW reduction . . g
consciousness, who do not significantly
diminish FW.
Understanding of ‘best before” and “use
by’ mentions was high among European
N Consumer attitudes consumers. Utilisation of goods after the
Cliceri . .
etal. [132] according to date labels expiration date was found to be related
' and implications for FW to a reduction in household FW, and

some consumers eat recently expired
foods to reduce FW.
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Table 3. Cont.

Study Focus Main Outcomes

Results indicated a gap between
consumer awareness and behavioural

Imran Consumer behaviour change. While two-thirds of
etal. [133] towards carbon-labelled consumers recognise the importance of
' food products carbon labelling, only one-third shape
their buying decisions in accordance
with carbon labelling.
Bvtvai Consumer attitudes Strategies identified as leading to a
ety a%,q[l 34] concerning animal- reduction in FW include education,
’ derived FW clearer labelling, and policy changes.

Consumers tend to value active

Consumer choices related packaging and temperature indicators

Tadesse . . that monitor food freshness in fish and
to innovative food

etal. [135] reservation technidues meat products. Also, consumers prize
P d traceability and natural
preservation techniques.
Consumers value recyclable and
Cruecha-Em Circular economy of biodegradable food packaging
etal. [136] food packaging materials and value a reuse model,

being willing to pay for
these solutions.

Recent studies have found that household food waste also represents a large environ-
mental and economic burden, so substantial reductions are possible through improved
food management practices and behavioural changes [115].

8. Conclusions, Limitations, and Perspectives

Food waste (FW) associated with animal-derived food products remains a critical
challenge at all stages of the food supply chain, from primary production to household
consumption. While representing only a fraction of the total volume of food waste in some
cases, meat, dairy, egg, and seafood waste have a high environmental, economic, and social
impact due to the intensive use of land and water resources, as well as energy and other
resources required for their production.

This review provides a comprehensive overview of FW specifically related to animal-
derived foods, analysing its impact throughout the supply chain, the main factors contribut-
ing to FW at each stage, and the associated environmental, economic, and public health
implications. Furthermore, it highlights emerging strategies for mitigating and adding
value to by-products, particularly those aligned with the principles of the circular economy.
By-product recovery, recycling for animal feed, extraction of bioactive compounds, and
industrial reuse of proteins, collagen, and lipids are some emerging solutions. An important
contribution of this work is the help in identifying critical points for intervention and more
sustainable waste management strategies.

Although this work allowed a systematisation of valuable information regarding the
FW of animal origin, it is still relevant to highlight some possible limitations associated with
this revision of the literature. We have noticed that this field is characterised by significant
methodological heterogeneity and a scarcity of comparable data, which make it difficult to
retrieve the appropriate sources and to draw definitive conclusions.

Studies use different definitions for concepts such as food loss, food waste, by-products,
co-products, valuable residues, and avoidable/unavoidable waste. This inconsistency
makes it difficult to select appropriate keywords for the search of the scientific literature and
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to conduct robust quantitative syntheses, while also limiting direct comparison of results.
Therefore, this absence of universally accepted definitions for food waste and for animal
by-product streams limits the comparability of studies and can introduce ambiguities in
the interpretation of results.

One other limitation is related to the variability of the methodological approach in the
studies analysed (life cycle analyses, economic evaluations, case studies, modelling, surveys,
mass balances), making it difficult to compare results and identify consistent global trends.

It is also worth mentioning that in many countries, especially emerging economies, data
on losses and waste of animal products are scarce, incomplete, or based on estimates. These
sometimes rely mostly on secondary data and may underrepresent some regions in Africa,
Latin America, and parts of Asia. Research tends to focus on Europe, North America, and
China, while other regions with distinct food systems remain understudied. Allied to this,
the literature often emphasises beef, poultry, and dairy products, while other sectors, such as
artisanal fishing, aquaculture, sheep, goats, or insects for food, receive less attention.

Future research should focus on identifying edible and non-edible fractions of by-
products generated along the food supply chain to improve their utilisation. Secondly,
more research is needed to evaluate scalable and economically viable technologies for con-
verting animal-derived food waste into high-value-added products, including functional
ingredients, biomaterials, biofuels, and pharmaceutical compounds. Digital tools, such as
smart packaging and real-time monitoring systems, should be further explored to improve
forecasting, traceability, and waste prevention throughout the supply chain.

It should be emphasised that, throughout the entire process, consumer behaviour and
decision-making processes related to food waste must be taken into account, particularly
in households and food service establishments, where behavioural interventions can signif-
icantly reduce avoidable waste. These measures will surely diminish the pressure on the
environment while generating economic profit and positively impacting society.
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