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Abstract: The meat industry generates a large amount of animal by-products not only derived from
the slaughter process but also due to the losses and waste of meat products along the supply chain,
contributing to the world’s food loss and waste problem. Yearly, 1.7 Mt of meat in the European retail
sector and 20% of meat for consumption is wasted in this sector of the supply chain. Therefore, the
aim of this paper was to find and evaluate alternatives for the valorisation of agri-food residues, more
specifically the meat waste from the food retail sector, through a technological perspective. Thus,
we delve into the industrial processes already implemented and the emerging procedures that use
muscle, bones and fats by-products from poultry, cattle and pork as the main raw materials in order
to identify and characterise them. The results indicate that in addition to the current destinations—
landfill, incineration and the rendering process—these animal by-products can be incorporated in
the production of biodiesel, food formulations, pharmaceuticals, fertilisers and biogas through an
industrial symbiosis approach. Consequently, the several valorisation processes and procedures
identified not only suggest an increase in concern about the impacts of the disposal of these materials,
but also highlight the potential associated with the use of animal by-products as raw material to
obtain added-value products.

Keywords: agri-food business; animal by-products; food retail sector; industrial symbiosis;
circular economy

1. Introduction

Nowadays, there is a greater concern with the responsible management of available
resources and the reduction of the environmental impacts caused by the production of
solid waste and liquid and gaseous effluents. According to the Food and Agriculture
Organization of the United Nations (FAO) [1], every year, approximately one-third of
the world’s food is lost or wasted, to which the major contributions are from developed
countries, where more than 40% of the wastage occurs in the retail sector and at the
consumer level. Allied to this, the wastage associated with the final stages of the food
supply chain—retail sector and household—are the ones with the highest environmental
impacts and economic costs since they imply the accumulation of all the resources, energy
and emissions associated not only with the stage itself but also with the ones that preceded
it [2]. As a result, it becomes increasingly important not only to reduce food waste, but
also to find alternatives for using and transforming the waste generated in the agri-food
business into added-value products so as to make better use of resources and make the
food supply chain (FSC) more sustainable and circular.
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The meat industry is one of the industries in the agri-food business with the greatest
environmental impact. Meat is the most valuable livestock product, and world consumption
has increased 18% between 2008 and 2018 due to declining prices coupled with nutritional
trends [3,4]. However, the increase in the consumption of meat leads to an increase in
the production of residues, which are either sent to the rendering process, incinerated or
put in a landfill [5]. In addition, meat products are perishable, and globally, 20% of the
meat produced is wasted, contributing to the world’s food waste problem [6]. Overall, the
meat industry is responsible for 14.5% of the anthropogenic emissions of greenhouse gases
(GHG) [7]. In the European Union (EU), 14 million tonnes of meat are lost and wasted
annually, of which 76% are wasted in the final steps of the food supply chain [8], resulting
in the generation of waste in the form of animal by-products (ABPs) such as muscle, bones
and fats.

The growing concern for better management and use of resources and the reduction of
waste leads to the need to find processes that make it possible to obtain added-value prod-
ucts from this waste. To ensure this, industrial symbiosis (IS) is a solution that promotes
the synergistic exchange of resources, including water, energy, waste, by-products, residues
and materials, creating a more sustainable industrial system [9]. According to this ap-
proach, the residues and by-products generated by a company are sent to other production
processes, which increases the life cycle and efficiency of the exchanged material [10].

Current literature reviews on food waste [11–14], indicate that although there is greater
research and technological development related to food waste (mainly focused on agro
and biowastes), there is a gap in the study of the valorisation waste of meat products.
Moreover, waste valorisation is often overlooked in favour of other strategies, such as:
waste minimisation, forecasting, stock and inventory control and supply chain coordination
aspects [15]. This further emphasises the need for studying animal by-product valorisation
pathways. Therefore, the scope of this work is to identify and characterise the current and
emerging alternatives for the valorisation of ABPs generated in retailing activities (muscle,
bones and fats) in a context of value creation through IS.

This study is focused on retailing activities for two main reasons. Firstly, the im-
portance of retailing activities to the generation of food waste has been pointed out in
Bhattacharya et al. (2021) [16] due to the high volume of traded products and for having a
large influence on the decision for the ultimate destination of the wastes, such as disposal,
incineration, recycling or donation. Although incineration is an energy recovery process,
according to the Waste Framework Directive of the European Commission [17], this is a
low-priority process in the hierarchy of possible destinations for food waste, with preven-
tion, reuse and recycling being preferable. Added to this, the landfilling or incineration of
these ABPs intensifies the environmental pollution of soils, air and groundwater. Moreover,
the fact that the products sold by retail have been through a processing stage and are ready
for human consumption facilitates the separation of the waste, and thus these products
have the most potential for being valorised and transformed into value-added products.
Secondly, despite slaughterhouses making a significant contribution to food waste and
loss, the type and nature of this waste (carcasses and dead animals) have very specific
regulations for disposal, thus limiting its use in value-added production processes.

This research aims to achieve three main objectives: (i) contextual analysis of the food
supply chain from a sustainability perspective, concerning the production of residues, its
causes and impacts; (ii) identification and characterisation of the consumption and wastage
in the meat industry, as well as potential by-products for valorisation; and (iii) identification
and techno-chemical characterisation of the technologies for the valorisation of ABPs
from the perspective of both emergent and new, promising alternatives and industrial
scalarised processes.

The remainder of the paper is as follows. Section 2 describes the methodology used for
the review. Section 3 provides a contextual analysis on food losses and waste in the agro-
food sector, which is further explored specifically in relation to the meat sector in Section 4.
Section 5 provides a review of waste valorisation pathways of animal by-products (meat,
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fats and bones) with respect to emergent and industrial-scaled processes. A discussion and
final conclusions are presented in Section 6.

2. Methodology

For the current research, a multi-method was employed, combining desk research
with snowballing and a more systematised literature review process (Figure 1).

Figure 1. Research methodology.

First, a desk research method was employed to understand and identify critical
problems in the agro-food sector, namely the identification of causes and impacts of food
losses and waste. The research started with the use of the keyword string (“agri-food
business” OR “food losses and waste”) in the Google Scholar search engine. A total of
12 articles were collected, including grey literature sources, which comprised Step 1 of the
research methodology, as preconised in Figure 1.

To properly address the objectives of the research, a more thorough and systematic
analysis was performed. This comprised Step 2 of the literature review, concerning: (i) the
consumption trends, the food waste of this industry and the composition of the animal
by-products generated in the retail sector; (ii) the identification and characterisation of
valorisation processes and technical procedures for using animal by-products as added-
value products. For this, an electronic search was performed using three database platforms:
ScienceDirect, Scopus and Google Scholar. These databases were used to find journal papers,
articles and conference proceedings in English published on the topic between 2000 and
2022. The information gathered from Step 1 allowed us to combine relevant keywords
related to the objectives of the research by using the “AND” operator. The combinations
and explanations were as follows:

(a) (“meat industry” OR “meat”) to focus the research on the meat sector.
(b) (“poultry” OR “bovine” OR “pig”) to capture more precise information focused on

the selected animals.
(c) (“valorisation” OR “animal by-products”) AND (“muscle” OR “fats” OR “bones”)

to obtain specific valorisation processes for each animal by-product considered in
the study.

The combination of the three research strings totalled a number of 2132 articles, which
were analysed to eliminate redundancy from duplicates across the science databases. The
relevant total was then considered to be 1474 articles. From this, only the articles with
a well-described experimental procedure and whose results allowed a possible scale-up
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or implementation at an industrial scale were considered. Therefore, the application of
different search terms and filters led to a total of 91 scientific articles being considered in
this study. The results of the analysis are found in Sections 4 and 5 of this research. The
majority of publications were published after 2009, and the oldest and the most recent
articles considered were published in 2003 and 2022, respectively.

3. The Agri-Food Business

The agri-food business is comprised of interrelated activities working together to pro-
vide goods and services to consumers around the world. It comprises the link between the
primary sector (agriculture and livestock production) and the industrial sector, providing
the conversion of raw agricultural materials into added-value products (Figure 2) while
generating employment, profit and economic development [18].

Figure 2. Food supply chain. Adapted from Ref. [19].

All the activities related to the agri-food business have a great economic, social and
environmental impacts. In 2015, this USD 5 trillion (approximately EUR 4.4 trillion) busi-
ness represented 10% of global consumer spending, 40% of employment and 30% of GHG
emissions [20]. Concerning the European agri-food business, the meat sector is the largest
sub-sector, representing 20% of the total turnover [21].

This business is in continuous development concerning safety and quality, which are
identified as its biggest challenges. These challenges occur because the agri-food business
deals with products for human consumption, which are directly linked to human health.
Consequently, it is considered as the most regulated European activity business [22].

3.1. Food Loss and Food Waste

In the agri-food business, one of the major problems affecting all the activities and
their sustainability is food loss and waste across the food supply chain (FSC). This problem
is caused not only by biological and climate factors, but also by the behaviour of the
FSC’s actors, which are linked to socio-economic factors mostly related to strategic and
operational decisions, such as the incorrect application of inventory turnover, improper
conditions of storage and transportation or increasingly varied menus [23,24]. According
to the FAO [1], food loss and food waste refer to the decrease in food intended for human
consumption in the subsequent stages of the FSC (Figure 3).

Despite food loss and food waste seeming like interchangeable terms, each has a clear
definition and, consequentially, different solutions. Food loss refers to the decrease in edible
food mass throughout the part of the FSC that leads to edible food for human consumption,
which means that food gets spilled or spoilt before it reaches its final product or the retail
sector [25]. This problem takes place at different stages, which include production, post-
harvest and processing, due to inefficiencies in supply chains [26]. Food waste refers to
food that is of good quality and fit for human consumption but does not reach that goal and
is discarded at the end of the food chain, which generally includes the stages of distribution,
retail and consumption [26,27].

According to the FAO’s 2011 report [1], food losses and waste represent one-third of all
the edible food produced for human consumption, totalling 1.3 Gt per year and an economic
cost of USD 990 billion (approximately EUR 728 billion). Most of the wastage occurs in
developed countries, where more than 40% occurs at the retail and consumer levels. In Eu-
rope and North America, the per capita food loss is approximately 280–300 kg/year, while
the per capita food waste is 95–115 kg/year. In developing countries in Africa and Asia, the
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per capita food loss is 120–170 kg/year, and the per capita food waste is 6–11 kg/year [1].
Table 1 shows the average percentage of wastage of different commodities [6].

Table 1. Food loss and waste (%) in different types of food products. Adapted from Ref. [6].

Food Product Food Loss and Waste (%)

Fruits and vegetables 45
Cereals 30

Fish and seafood 35
Meat 20

Dairy products 20

Figure 3. Share of global food loss and waste by stage of the food supply chain (100% = 1.3 billion
tonnes). Adapted from Ref. [28].

Worldwide, the most wasted type of food is cereals, contributing 26% to the total
amount of wasted food. However, vegetables are the major contributors to the economic
losses associated with food waste, based on producer prices [28]. Concerning the dis-
tribution of the wastage, it is important to highlight the meat products, which, despite
contributing only 4% to the total amount of wasted food, contribute 22% to the economic
losses associated with food waste (Figure 4).

Figure 4. Contribution of each commodity to food losses and waste and distribution of the economic
losses. Adapted from Ref. [28].

In the EU, every year, 88 Mt of food is lost and wasted, which represents an associated
cost of EUR 143 billion. The stages with the greatest contribution are households and food
processing, which together account for 72% of EU food wastage [2].

3.1.1. Causes of Food Loss and Waste

According to Katsarova (2016) [29], food loss and waste are spurred by three major
global trends. The most important one is urbanisation, which has resulted in the gradual
extension of the FSC, increasing the remoteness between the place of production and
that of final consumption. This remoteness requires the transport of food products over
greater distances and, consequently, the improvement of transport and storage to avoid
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additional losses. The second global trend is the change in the composition of diets. This
phenomenon is mainly observed in economies in transition, such as Brazil, India and China,
and involves a shift from starchy diets to ones consisting of meat, fish and fresh products
such as fruits and vegetables, which perish more quickly. The third global trend is the
increasing globalisation of commerce and large-scale distribution, which result in the need
for higher-quality products and safety standards for consumers and an increase in the
volume of products marketed [29].

However, food loss and waste are spread over all the stages of the FSC (Figure 5), and
due to that, the causes of wastage will be different. The following sections describe the
causes of food loss and waste for each stage of the FSC.

Figure 5. Food loss and waste in each stage of food supply chain. Adapted from Ref. [30].

Agriculture and Livestock Production

Agriculture and livestock production are the beginning of the FSC and are responsible
for about one-third of the world’s food loss and waste. The losses at the primary sector are
higher in developing countries than in developed ones, and they are mainly the result of a
lack of technology development in operations, such as harvesting, transport and storage,
and insufficient infrastructure [31].

In developed countries, the main causes are overproduction, problems in the manufac-
turing process, which lead to irregularly sized products being trimmed to fit or discarded
entirely, or technical malfunctions that lead to product damage [32]. Another important
cause is health and safety concerns, in which improper or unsafe food, due to contamina-
tion, has to be discarded in order to prevent risks for consumers’ lives and health [33]. An
example of contamination is veterinary drugs (anabolic steroids and antibiotics), which,
when applied to animals, can lead to serious consequences for humans, including cancers
and changes in the immune system. In addition, the primary production sector is highly
affected by climatic and environmental factors and can also be affected by pests, fungus
and diseases which make food products unsuitable for consumption. One reported case of
disease was the spongiform encephalopathy that affected cattle, which was triggered by an
infectious agent (prion) and infected more than 500 thousand animals worldwide [26].

The retail sector also has an influence on agriculture and livestock production due
to its high quality standards for fresh products. These standards concerning size, shape,
weight, colour and appearance lead to the rejection of some products that will not be
harvested, contributing to the food waste problem [34].

Food Processing and Packaging

In food processing and packaging, the main causes for food losses are over-production,
technical problems during processing and quality assurance measures [35]. During food
processing, power blackouts can occur occasionally due to fluctuations in the public power,
which can lead to uncontrolled alterations or decay of food products, especially in opera-
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tions that demand specific operating conditions, such as cooking or fermentation. Food
losses during processing may also occur due to cleaning, as some product residues always
remain in the equipment and will be lost during cleaning operations [35].

Quality assurance measures during the processing of food products are due to specific
industry requirements, such as sizes and standards, that result in several selections during
the processing steps and lead to high waste rates [1].

Retail and Distribution

Food waste can occur during distribution due to losses or damages to products as the
result of improper transportation and handling, such as insufficient securing of the pallets
or changes in storage temperatures, or during the loading and unloading of goods [32,36].

According to Stenmarck et al. (2016) [2], retail food waste is estimated as being 4.6 Mt
in EU, which represents about 5% of the total food wasted along the supply chain. Although
retail food waste is low, its study is important because retailers have great influence in
shaping the features of food production and the preferences of consumers; in addition,
retail stores are a place of intersection of several food chain actors [23]. Added to this, since
the retail sector is one of the last stages of the FSC, the food wasted at this stage has a
greater environmental and economic impact, as it accumulates the impacts and resources
used in this and in previous stages [2].

Retailers are often confronted with the problem of oversupply because customers
expect a wide range of products and full shelves, and this permanent availability of food
products is a problem, especially with perishable products [32]. Therefore, the causes
of retail food waste are the short shelf life of perishable food products; the existence of
too many of each product so that they cannot be all sold before the best-before date; and
turnover, which also has an influence on the percentage of waste and poor stock turnover
management [37,38].

Consumption and Household

The major problem in the consumption stage that leads to food waste is portion size.
In fact, according to Engström et al. (2004) [39], on average, 20% of the food in this stage is
wasted, of which 50% is due to leftovers on plates. Other important factors that affect the
gastronomic sector are the quality of the food produced, especially in places such as schools,
workplace canteens and hospitals, and the logistical problems concerning the planning and
purchasing of food products, usually related to the variation in the number of customers.

Household or private consumption is the main contributor to food waste in developed
countries, and the avoidable waste is usually composed of leftovers, opened food items
and sealed groceries [31,40]. Shopping is one of the main contributors to food waste at
the household level because many consumers do not plan or poorly plan their shopping,
which leads to spontaneous purchases and buying beyond their own needs. This type of
behaviour, allied to the consumers’ trends to try novel and unknown products that might
not be fully enjoyed or eaten, might lead to significant amounts of waste that could be
avoided. Another important reason for food waste is poor storage management, concerning
not only storage conditions, such as climate and temperature, but also the control of food
date labelling of food products [40]. In addition, oversized meals prepared at home coupled
with a lack of skills for recombining leftovers into new meals also have an impact on the
world’s food waste problem [32].

3.1.2. Food Loss and Waste Impacts

The food cycle, from primary production to consumption, is one of the most resource-
demanding cycles, as well as one of the most polluting, with large quantities of pollutant
emissions released into the water, soil and air.

Energy consumption is spread across all stages of the FSC. Starting with agriculture
and livestock production, it is the most energy-intensive stage, consuming one-third of
all energy used in operations such as cultivation, animal rearing and irrigation. Food
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processing and packaging are responsible for 28% of the total energy used, which are
distributed in several unitary operations, such as milling, cutting, mixing, drying and
sterilisation. Analysing the retail and distribution stage, the transport and logistics of food
products account for 9.4% of the energy used in the FSC, while the fuel and electricity
needed to maintain the retail centres and local shops account for 10.7%. The consumption
stage accounts for 13% of the total energy used, which is mainly associated with food
product conservation, preparation and cooking, and finally, the end-of-life stage, which
includes all the waste management operations, accounts for 5.5% of the total energy
used [41].

Environmental Impacts

In order to quantify the impacts of this problem on the environment, the FAO assessed
the carbon footprint, water footprint and land used. According to the FAO [28], the global
carbon footprint of food waste is estimated at 3.3 Gt of CO2-eq, and the main contributors
are cereals (34%), meat (21%) and vegetables (21%).

Water footprint measures the volume of water required to produce a certain product
and includes three forms of water use: green, blue and grey water. Green water is more
relevant in agriculture, and it is the water resulting from precipitation that is stored in the
soil and will be incorporated by the plants. Blue water is the surface water or groundwater,
and it is also used in agriculture, industry and domestic areas. Grey water is the volume
of freshwater needed to assimilate the load of pollutants based on existing ambient water
quality standards [42]. The FAO assessed the total use of blue water concerning food
wastage, concluding a blue water footprint of 250 km3, of which 92% is used in the primary
sector [43].

Regarding land use, the total uneaten food occupies almost 1400 million hectares,
which represent about 30% of the world’s total agricultural land area. Milk and meat
products are the main contributors for land occupation, representing approximately 80% of
the total land used by food waste products [28].

Economic Impacts

The global economic impact of food wastage implies the sum of several categories,
including environmental, economic and social costs. The environmental costs represent
all the costs associated with atmosphere (GHG emissions), water (water scarcity, use and
pollution), soil (soil erosion and land occupation) and biodiversity. The economic costs
represent the loss of economic value based on producer prices, and the social costs are all
the costs associated with livelihood loss, risk of conflict and health damages (Table 2) [44].

Table 2. Costs of food wastage by category in 2012. Adapted from Ref. [44].

Category Cost (Billion USD)

Environment 690
Economic 1050

Social 880
Total 2620

The cost of food wastage is also dependent on the stage of the supply chain. Therefore,
the later the food product is lost along the chain, the greater the environmental impact will
be due to increased use of resources and energy, and, consequently, the greater the cost per
tonne of food wasted will be (Table 3). Concerning this, the reduction and prevention of
food waste is even more important in the later stages of the FSC (retail and household).
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Table 3. Cost per tonne of edible food waste by stage. Adapted from Ref. [2].

Stage Cost (EUR/Tonne)

Agriculture and livestock production 399
Food processing and packaging 1490

Retail and distribution 2768
Consumption and household 3529

According to Table 3, the most significant variation occurs between the processing and
retail stages, where there is an increase of, approximately, 1300 EUR/tonne, which gives
more emphasis to the importance of reducing food waste in the later stages.

Social Impacts

The social impact of food loss and waste can be tackled using two concepts: food
security and access to food. Food security refers to the availability of food products in such
quantities that will satisfy the energy requirements and nutrient content of the population.
According to the FAO’s 2014 report [44], the social impacts of food wastage can also be
divided into two components: primary impacts, which are felt directly by the individual in
terms of quality of life or well-being, and secondary impacts, which are felt more widely by
society, such as increases in health and medical expenses. Regarding the primary impacts,
food loss and waste have a great impact on food security and nutrition. Concerning the
secondary impacts, these are expressed in the form of losses in human capital and gross
domestic product (GDP).

4. Consumption and Waste Analysis of the Meat Industry

Meat is the most valuable livestock product, and the meat industry includes all of the
steps from the production of livestock to the distribution and marketing of meat products.
Over the last several years, the consumption of these products has been increasing (Figure 6)
due to several reasons, which could be economic, such as the liberalisation, declining prices
and globalisation of food systems; demographic, such as urbanisation and the increase in
the world’s population; or due to nutritional trends [3,4]. Overall, global meat consumption
registered a compound annual growth rate (CAGR) of 1.6% over the last 15 years. The
most consumed fresh meat and meat products are derived mainly from poultry, cattle and
pigs. Currently, poultry is the most consumed meat in the world (Figure 7) due to the
lower production costs, which lead to lower retail prices than beef or pork [45], and due to
greater awareness in reducing the consumption of red meat, since it is a high-fat food and
potentially carcinogenic for humans [46].

Figure 6. Evolution of world meat consumption, in millions of tonnes. Adapted from Ref. [47].

Environmental impacts stem from the scale of production and a lack of consideration
for the effects of inputs (land, water and energy) and surplus outputs, such as manure
and by-products, which cause air, water and land pollution and the depletion of natural
resources. Consequently, the global livestock sector contributes significantly to climate
change, with GHG emissions estimated at 7.1 Gt CO2-eq per year, representing 14.5% of an-
thropogenic GHG emissions. Beef production accounts for the majority of GHG emissions,
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contributing 41% of the sector’s emissions, while pork and poultry meat contribute 9 and
8%, respectively [7].

Figure 7. World meat consumption by species, in millions of tonnes. Adapted from Ref. [47].

From farm to fork, meat losses are spread across the FSC, starting with primary
production, where mortality and disease are the main causes of losses, followed by slaughter
and processing, due to the removal of inedible parts. Consequentially, the percentage of
retail saleable meat from the carcass weight is approximately 45% for ruminants, 56% for
pigs and 60% for chickens. However, in the final stages of the meat supply chain, there
is still meat waste, corresponding to about 20% of the meat available in the retail sector
(Figure 8) [48].

Figure 8. Overview of losses and waste in the meat chain. Adapted from Ref. [48].

In 2011, the meat lost or wasted was 23% of the total meat available for consumption
in the European Union. The consumption stage was responsible for the largest share of
waste (64%), followed by processing (21%) and retail sectors (12%). Table 4 and Figure 9
synthesise meat losses and waste across the European supply chain [8]. The meat available
for consumption also contains some bones and fats, which represent an inedible fraction
of the meat. Accordingly, in the consumption stage, the meat waste can also be divided
into edible and inedible fractions. Therefore, the total amount of edible meat wasted in this
stage was approximately 4.3 Mt, and the inedible fraction was 4.7 Mt [8].

Although the consumption stage is the one that has the greatest influence on the waste
of meat products, the collection and management of by-products generated in this stage
is difficult due to the high number of households, which leads to the dispersion of meat
waste, and the small portions of meat waste generated by each consumer. In addition, these
by-products are usually discarded together with household waste, which makes separation
complex, compromising further processing.
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Table 4. Meat losses and waste across the European supply chain in 2011. Adapted from Ref. [8].

Stage Meat Losses and Waste (Mt)

Primary sector 0.5

Processing 2.9

Retail 1.7

Consumption 9.0

Total 14.1

Figure 9. Share of European meat waste by stage of the supply chain. Adapted from Ref. [8].

Regarding the primary sector, the wastage is mostly related to the mortality of animals
in production sites due to natural causes or diseases, which makes them more difficult to
use and valorise. Accordingly, in the first instance, the attention will be focused on the
waste generated in the processing and retail stages since they represent one-third of the
total meat waste and because larger quantities are generated each time, which are less
dispersed geographically, allowing for better management and collection.

Currently, according to Toldrá et al. (2012) [49], the disposal of such wastes remains a
major problem in the meat industry. These by-products used to be sent to incinerators or
landfills, which intensified environmental pollution. Nowadays, the problems associated
with their disposal are due to the high associated costs in order to comply with the current
legislation. In the retail sector, the main animal by-products are the muscle, bones and fats
which are generated not only by the meat cutting process at the butcher, but also by the
end of their expiration date.

Legal and Regulatory Framework

The legal context associated with products of animal origin has undergone several
changes over time, most of them influenced by the outbreak of transmissible spongiform
encephalopathy (TSE), commonly known as “mad cow disease”.

In the European legislation expressed in Regulation 1069/2009, the Animal By-products
Regulations [50], an ABP is defined as a full body, parts of animals or products of animal ori-
gin which are not intended for human consumption, including embryos, oocytes and semen.
In the same regulation, the ABPs are divided into three categories according to the level
of risk to public and animal health, which will lead to different elimination/valorisation
methods. The categories are:

� Category 1—the highest-risk category that includes all the animals or parts of animals
suspected or already infected with transmissible spongiform encephalopathy (TSE)
and animals containing residues of other substances at a concentration above the
established limits.

� Category 2—medium-risk category that includes manure and animal products de-
clared unfit for human consumption due to the presence of strange bodies or the
presence of contaminants at a concentration above the established limits.
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� Category 3—low-risk category that includes carcasses or parts of animals that, in
accordance with Community legislation, are fit for human consumption but, due to
commercial reasons, are no longer intended for that end. This category includes heads,
feet, feathers and hides.

According to the ABP Regulations, the possible elimination or valorisation methods
associated with each category are synthesised in Table 5. The landfilling of some materials
of categories 2 and 3 is allowed, but they must undergo a sterilisation treatment that
modifies the initial meat product in order to ensure that it poses no risk to human and
animal health, as described in the Regulation 142/2011 of the European Commission related
with the health rules concerning ABPs [51].

Table 5. Possible elimination/valorisation methods for each animal by-product category [51].

Incineration or
Co-Incineration Landfill * Composting

or Biogas * Fuels Organic
Fertilisers

Animal
Feed

Category 1 X X
Category 2 X X X X X
Category 3 X X X X X X

* After sterilisation treatment.

ABPs of the retail sector (muscle, fat and bones), according to the definition of the
three categories, are inserted in category 3. In spite of being a low-risk category, the use of
some ABPs included in this category in the feeding of some animals is still restricted by
Regulation 999/2001 of the European Commission due to the possibility of TSE infection
(Table 6) [52].

Table 6. Possible use of category 3 animal by-products in animal feed [52,53].

Ruminants Non
Ruminants Fish Pets and

Fur Animals

Ruminants
Blood

√

Hydrolysed proteins
√

Collagen
√

Non
ruminants

Blood
√ √ √

Hydrolysed proteins
√ √ √ √

Collagen
√ √ √ √

Fish meal
√ √ √

5. Valorisation of Animal By-Products

The treatment and reduction of animal by-products has registered an increase in the
awareness that this type of materials is underutilised and can represent a valuable resource
if treated correctly. Consequently, it is no longer practical to dispose of animal by-products,
especially when a significant amount of potential raw materials is produced, which can
have a high economic potential through the production of new products with significant
added value.

The reuse and valorisation of animal by-products (ABPs) generated in the food retail
sector can involve sending these by-products to another company/organisation or industry,
where they will be processed in order to obtain added-value products. This type of
valorisation originates an industrial symbiosis.

5.1. Industrial Symbiosis

Industrial symbiosis (IS) is the evolution of the concept of industrial ecosystems, first
proposed in 1989 [54]. Therefore, IS is the approach of a more sustainable integrated
industrial system that identifies business opportunities which leverage the synergistic
exchange of underutilised resources, including water, energy, material, residues, waste and
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by-products [9]. IS involves organisations operating in different sectors of activity, and its
main objective is not only to avoid the use of landfills, but also to maximise the reuse and
recovery of surplus streams, preventing resources from becoming waste as a first option.

In 2008, the definition presented by Chertow [10] suggested a criterion of distinguish-
ing IS from other exchanges, the 3-2 heuristic. According to this heuristic, IS has to involve
at least three different entities and the exchange of at least two different resources without
any of the entities having recycling as the main function.

Companies producing waste can implement two distinct IS strategies: internal IS,
where the company uses the waste produced by a given production process in other
production processes within the company’s boundaries, replacing inputs of virgin raw
materials, or external IS, where a company sends their waste to other companies that will
use it in their production processes [55].

The ultimate objective of IS is producing more without spending more resources or
energy through cooperation between organisations, where companies use waste or by-
products from other companies. This is an effective method of “locking” the matter cycle
and, consequently, to obtain a zero level of waste. According to Neves et al. (2020) [56],
the implementation of an IS project can have several beneficial impacts not only on an
environmental level, but also on a social and economic level. The environmental benefits are
mostly related to the reduction of the impacts associated with the processes and methods
of waste disposal and the extraction and import of virgin raw materials, which lead to
GHG emissions, scarcity of natural resources and waste that would stop at landfills and
incinerators. The social benefits are due to the creation of jobs by new activities related to
the transformation of residues and by-products and the valorisation of labour resources
due to the decrease in costs of raw materials. Combined with social and environmental
benefits, an IS project also leads to economic gains that are related to the reduction of raw
material costs and waste treatment. In addition to these benefits, an IS project can also be a
possible solution for organisations in order to meet environmental requirements, such as
reducing GHG emissions.

These impacts verified at different levels demonstrate that creating synergies is not
only about the exchange or sharing of resources; it is also a new value creation process for
all parties involved. Therefore, the overall value created globally by the synergy will be
greater than the sum of the value created by the organisations operating independently [57].

5.2. Implemented Industrial Processes and Technologies

Concerning the ABPs of the retail sector (muscle, bones and fats), the industrial pro-
cesses and technologies already applied to this type of organic by-products were assessed.
ABPs have a high content of proteins and lipids, and consequently, many possible technolo-
gies for the valorisation of these materials are related to the extraction or recovery of these
components due to the possibility of developing new products from them for commercial
applications. However, the application of ABPs is challenging because by-products do
not have a homogeneous composition, have low water solubility and also have a high
risk of being contaminated with pathogens, which leads to the need for special operating
conditions [58].

On an industrial scale, the most used process in the management of all ABPs is the
rendering process, in which the stabilisation and sterilisation of these materials occur by
digesting them under severe conditions of temperature and pressure (133 ◦C, 3 bar, 20 min).
The sterilisation step consists of removing hazardous microorganisms, eliminating the
risk of diseases, while the stabilisation step involves water removal to prevent product
decomposition, making its storage safer for later use in other production processes. Its
two main final products are animal meal and animal fat, which can be used as animal feed
and for biodiesel production, respectively. This process includes an initial step of reducing
the granulometry of the meat products (up to approximately 50 mm), followed by a heat
treatment for sterilisation in a continuous or discontinuous system under the conditions of
pressure and temperature mentioned above. After the digestion step, the product obtained
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is pressed in a screw press to separate the solid fraction from the liquid fraction. The solid
stream is fed to another screw press, operating at higher pressure, to remove the residual
water and fat. The main output of this screw press is a solid stream, rich in protein, that
will be dried and ground, originating a solid product: animal by-product meal. The liquid
stream obtained in the first screw press is decanted to remove entrained solid particles, and
it is centrifuged to separate the organic phase from the aqueous phase. After this step, the
products obtained are an aqueous stream, which will be treated before being discharged
into the environment, and an organic stream, animal fat, that is stored. The water removal
is very important in the rendering process, and the aqueous stream obtained represents
about 65% of the initial mass of the raw materials [59,60].

The BioRefinex process also incorporates all ABPs generated in the retail sector, where
the combination of thermal hydrolysis and anaerobic digestion allows for the production
of organic fertilisers and biogas with a methane content between 55 and 75% [61].

Regarding bones, pyrolysis technology can be used for the production of charcoal,
which in turn can be applied as an organic fertiliser due to its high concentration of
phosphorus and calcium and low carbon content that give the charcoal great agronomic
efficiency. This final solid product obtained is called bio-phosphate [62]. The application
of this technology to animal bones reduces the use and exploitation of mineral phosphate
(apatite), which is a compound widely used in the formulation of agricultural fertilisers, and
according to European Commission (2017) [63], it is classified as a critical raw material due
to its economic importance and high supply risk. In pyrolysis, the bones are crushed and
sent to a pre-treatment of sterilisation, similar to the rendering process, whose operating
conditions are 133 ◦C, 3 bar and residence time of 20 min. The solid stream obtained
is fed to the 3R pyrolysis reactor (recycle–reduce–reuse), where the pyrolysis occurs at
850 ◦C at a relative pressure of −50 Pa for 20 min. During pyrolysis, the volatile substances
and proteins are removed from the mineral part, and the products obtained are a solid
stream (bio-char) and a gas stream. The effluent gas stream from the pyrolysis reactor is
sent to cyclones in order to remove some solid particles that have been entrained with
the gas. Then, it goes to a partial condenser, in which a part of the gaseous stream is
condensed, obtaining a liquid stream composed of an aqueous and an organic phase. The
non-condensed gases (pyrolysis gas) are sent to storage and can be used as syngas or can be
directed to catalytic processes for the production of jet fuel or nitrogen recovery. The liquid
stream obtained after the partial condensation of the gases is centrifuged or decanted to
separate the existing phases, obtaining an aqueous phase and an organic phase (bio-oil),
which can be used as a fuel. After drying, the final solid product obtained represents 46%
of the initial mass of raw materials [60].

The gelatine production process uses the combination of an alkaline pre-treatment
and thermal hydrolysis to produce gelatine from animal bones, usually from cattle. In this
process, the bone particles are subjected to demineralisation by adding a hydrochloric acid
solution for the removal of the inorganic content. Then, the alkaline pre-treatment with a
supersaturated lime solution allows non-protein substances to dissolve and changes the
structure of collagen, making it soluble in water. Finally, the thermal hydrolysis involves
about 3–6 extractions in series at progressively higher temperatures, with 5–10 ◦C difference
between steps. The first extraction takes place at a temperature of 50–60 ◦C, and the last
usually takes place at a temperature close to the boiling point of water (100 ◦C). This
procedural step involves the breakdown and solubilisation of collagen. After concentration
of the solution of hydrolysed collagen, the gelatine obtained has a water content of 10%
and less than 1% of impurities [64,65].

Animal bones can also be used in the production of chondroitin sulphate, which is
one of the acids that make up the intercellular substance, responsible for repairingcells and
giving firmness totissues. This industrial process uses the combination of enzymatic and
alkaline hydrolysis to obtain a chondroitin sulphate powder with a degree of purity greater
than 90% [66]. The final product has many applications, namely in the pharmaceutical
industry, such as the production of medicines for osteoporosis problems, in the cosmetics
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industry, for the production of creams and products for hair and skin, and in the animal
feed industry, where it can be used as a food supplement.

Muscle has thermal and enzymatic hydrolysis as its main destinations. In these two
technologies, the main objective is to recover the protein content of the animal’s muscle
in order for it to be incorporated into animal feed formulations or in the production of
flavourings and protein ingredients [67,68].

Table 7 summarises the industrial processes and technologies described above, as well
as the ABPs used as raw materials in each process, the final products and their possible uses.

Table 7. Summary of the industrial processes and technologies for the valorisation of muscle, bones
and fats.

Industrial
Process Technology Raw

Materials Final Products Possible Uses of the
Final Products References

Rendering
Digestion (133 ◦C; 3 bar; 20 min)
for sterilisation and stabilisation

of ABPs

Muscle
Bones
Fats

ABP meal Animal feed
[59,60]Animal fat Biodiesel production

BioRefinex
Thermal hydrolysis (180 ◦C; 12 bar;

40 min) + anaerobic digestion
(50–60 ◦C; 10–35 days)

Muscle
Bones
Fats

Hydrolysed
proteins Fertilisers

[61]
Biogas Fuels

Gelatine
production

Alkaline pre-treatment + thermal
hydrolysis (50–100 ◦C; 10–36 h) Bones Gelatine powder

Food products
Pharmaceuticals

Photographic products
[64,65]

Chondroitin
sulphate

production

Enzymatic hydrolysis (60 ◦C; 8 h;
alcalase) + alkaline hydrolysis

(35 ◦C; 1 h; pH > 11)
Bones Chondroitin

sulphate powder

Pharmaceuticals
Cosmetics

Animal feed
[66]

Pyrolysis
(850 ◦C; 20 min) Bones

Bio-char Fertilisers and adsorbents
[62]Bio-oil

FuelsPyrolysis gas

Thermal hydrolysis
(90–110 ◦C; 0.5–10 h) Muscle

Meat extract Meat flavourings
Animal feed

[67]Meat powder

Enzymatic hydrolysis
(50–52 ◦C; 50 min; papain) Muscle Protein powder Animal feed [68]

There are several technologies which allow for the processing of animal by-products
into animal feed. The rendering process and hydrolysis are the most utilised and use mainly
muscle by-products. The extraction of the protein content allows the production of food for
animals. Regarding fats, up-scaled technologies address the production of biodiesel and
are exclusively focused on that. The enzymatic hydrolysis process can derive different final
products depending on the initial by-product. For example, if feed is meat and muscle, it
allows for the extraction of the protein content and the production of animal food. When
bone feedstocks are considered, chondroitin powders are produced which have multiple
applications across the pharmaceutical and cosmetic production industries. The flexibility
of the hydrolysis process alongside the fine tuning of operational parameters constitutes
the biggest benefits of this process.

5.3. Emerging Low-TRL Systems

Due to the greater concern with the management of resources and the reduction of
environmental impacts caused by the production, deposition at landfills and incineration
of residues and by-products, there are several research studies that address the use of ABPs
in the production and extraction of added-value products [69,70]. Figure 10 synthesises
the valorisation procedures for the ABPs generated in the food retail sector—fats, bones
and muscle.
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Figure 10. Possible valorisations for the animal by-products generated in the retail sector.

5.3.1. Fat Valorisation Systems

Poultry, beef and pork fats have been involved in several biodiesel production pro-
cesses, being seen as an alternative, cheaper and sustainable raw material for the production
of a biodegradable, renewable and sulphur-free fuel [71]. The most used process for pro-
ducing biodiesel from animal fats is transesterification. The difference in fat composition
among the different animal species is seen in Table 8. Moreira et al. (2015) [72] tested the
alkaline transesterification of poultry fat at 30 ◦C and obtained a biodiesel yield of 81%. The
properties of the biodiesel produced fulfilled the European biodiesel quality standard EN
14214, and this experiment allowed for the conclusion that transesterification can occur at
low temperatures (T < 70 ◦C), making it possible to reduce energy and raw material costs.

Table 8. Fat composition of different species.

H2O Proteins Lipids Ash Reference

Poultry 28.7 3.7 67.4 0.3 [73]
Bovine 4 1.5 94.0 0.5 [74]

Pig 7.7 2.9 88.7 0.7 [75]

Emiroğlu et al. (2018) [76] used turkey rendering fat in the production of biodiesel
through a two-step reaction (esterification and transesterification), obtaining a final product
with an ester content of 96.7% and meeting the EN 14214 and ASTM D6751 standards. The
final yield obtained was 88.5%. Marulanda et al. (2010) [77] also tested the production of
biodiesel through supercritical transesterification of chicken fat, obtaining an overall yield
of 88%. This experiment showed that the transesterification of low-cost lipid feedstocks
with low excess of methanol and without generation of glycerol is technically feasible,
and it is likely to be used at an industrial scale. It was also concluded that the thermal
decomposition of chicken fat is an important factor; however, it was found that this factor
was not significant if heated up to 350 ◦C.

Souissi et al. (2018) [78] tested beef fats as raw material for biodiesel production. In this
experiment, enzymatic and chemical transesterification were used, and it was concluded
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that although the biological method allowed them to obtain a FAME-richer biodiesel, by
the chemical method, a biodiesel with better physicochemical properties was obtained. The
FAME yield for the biological and chemical methods were 94 and 73%, respectively.

Beef fats were also tested as carbon feedstock in the production of polyhydroxyalka-
noates (PHAs), which are biodegradable polyesters considered to be a possible alternative
to petroleum-derived plastics. According to Riedel et al. (2015) [79], the production of
PHAs involves very high production costs compared to traditional plastics, so using this
cheaper raw material would reduce these costs. The final product obtained had high purity
(>99%), and a product of 0.4 g PHA/g fat was obtained, showing that it is a process with
the potential for industrial application.

According to Amorim et al. (2015) [80], pork fat can be used in food formulations
through the winterisation process. This process is a method used to modify the characteris-
tics of oils and fats to provide added value by concentrating the unsaturated fatty acids
of the raw materials. The final product obtained in this experiment showed a decrease
of approximately 28% in the saturated fatty acid content, and this process improved the
quality of the pork fats, reducing the peroxide value and concentrating more than 70% of
the unsaturated fatty acids. Table 9 provides technical descriptions of the experimental
procedures and main results.

Table 9. Low-TRL systems for animal fat valorisation.

ABP Final Use Experimental Procedure Results Reference

Poultry
Fat

Biodiesel
production

Heating (110 ◦C), filtration (30 ◦C), transesterification
(methanol (6:1) and NaOH (1%); 30 ◦C; 90 min), decanting
(1 h), evaporation (low pressure), mixing (50% (v/v) HCl
(0.2%)), mixing (50% (v/v) H2O), dehydration (Na2SO4

(25%); 30 rpm), filtration

ηextraction = 40%
ηbiodiesel = 87% [72]

Rendering, filtration, heating (110 ◦C; 1 h), esterification
(methanol (40%) + H2SO4 (2.5%); 63 ◦C; 1 h), decanting,

mixing (H2O; 65 ◦C), heating (110 ◦C), transesterification
(methanol (20%) + KOH (1%)), decanting, mixing (H2O;

65 ◦C), heating (110 ◦C)

ηbiodiesel = 88.5% [76]

Rendering, mixing (methanol (6:1)), supercritical
transesterification (400 ◦C; 41.1 MPa; 6 min) ηbiodiesel = 88% [77]

Beef Fat

PHA
production

PHAs—polyhydroxyalkanoates
Rendering, fermentation (30 ◦C; pH = 6.8;

aeration = 0.5 vvm; CO2 = 40%; 300–1200 rpm)

Purity >99%
Production =

0.4 g PHA/g fat
Productivity =

0.36 g PHA/L.h

[79]

Biodiesel
production

Heating, filtration, transesterification (50 ◦C; KOH +
methanol), decanting, washing (hot water + acetic acid),

mixing (methanol), vacuum distillation, dehydration
(ethylene glycol)

ηbiodiesel = 73% [78]

Pork Fat Food
formulations Winterisation process

Decrease of 28% in
the saturated fatty

acid content
[80]

5.3.2. Bone Valorisation Systems

Regarding the possible uses of animal bones, they have been used in several processes,
such as the extraction of gelatine and hydroxyapatite, the production of flavourings, fer-
tilisers and adsorbents (bone char) and even the production of composites [81,82]. The
difference in bone composition among the different animal species is seen in Table 10.
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Table 10. Bone composition of different species.

H2O Proteins Lipids Ash Others Reference

Poultry 51.0 19.0 9.0 15.0 6.0 [83]
Bovine 46.0 19.0 15.0 20.0 - [65]

Pig 36.6 21.8 17.5 24.1 - [84]

In the extraction of chondroitin sulphate, Wang et al. (2019) [83] tested two different
methods: heat-resin static adsorption extraction and enzymatic extraction. The second
method led to better results, obtaining a yield of chondroitin sulphate of 4.3%, while in
the first method, it was only 0.14%. Therefore, it was concluded that heat-resin static
adsorption extraction is a promising method to produce chondroitin sulphate; however,
more investigation is needed in order to increase the process yield.

In the extraction of hydroxyapatite, the most used method is calcination at a tempera-
ture of 700 ◦C or above. Khoo et al. (2015) [85] concluded that these calcination conditions
allow for the production of an organic free, crystalline and natural hydroxyapatite from
cattle bones. Bee et al. (2019) [86] concluded that the optimal calcination temperature is
700 ◦C since it allows for the total removal of the organic content while conserving the
CO3

2− content of the chicken bones, making the final products liable to be used in bone
engineering applications. Azzallou et al. (2022) [87] also used waste bovine bones for
synthesizing 1-amidoalkyl-2-naphthols derivatives. For this synthesis, the first step was
the extraction of hydroxyapatite from the bones by thermal decomposition at 800 ◦C for
2 h. Then, the resulting product from the thermal decomposition was loaded with an
aqueous solution of zinc chloride (ZnCl2), which was used as a catalyst for synthesizing
1-amidoalkyl-2-naphthols. After optimizing the reaction conditions, it was concluded that
with a small amount of catalyst (50 mg ZnCl2/bovine-bone-derived hydroxyapatite), high
yields (86–96%) can be obtained with residence times between 25–40 min at a temperature
of 80 ◦C.

Erge et al. (2018) [88] tested the use of chicken bones in the production of gelatine.
Therefore, the regular steps of the industrial process of producing gelatine from bovine
bones were used at the laboratory scale, and it was concluded that chicken bones can be a
good alternative raw material, since the obtained gelatine had properties similar to the com-
mercial one. Hosseini-Parvar et al. (2009) [89] used an enzymatic treatment of cattle bones
with neutrase before the extraction of gelatine. After optimizing the operating conditions
of this treatment, an overall yield of 13.9% was obtained. Etxabide et al. (2017) [90] also
highlighted the use of pig and bovine bones as raw material for gelatine production in order
to develop active gelatine films that can be further used in the packaging industry [91].

Animal bones can also be used in the production of adsorbents, namely bio-char, and
the most used procedure is pyrolysis. Shahid et al. (2019) [92] and Patel et al. (2015) [93]
used the pyrolysis process in cattle bones, and the final products obtained showed an
adsorption capacity of 10.6 mg F/g adsorbent and a percentage of 17-β oestradiol re-
moval from water of 41.4%. These two procedures showed interesting results for possible
environmental applications.

A similar process was used by Deydier et al. (2005) [94], in which chicken bones were
subjected to double calcination in order to be further used as fertilisers. The coal produced
had 56.4% phosphates and 30.7% calcium in its composition, which makes it a compound
with high agro-economic efficiency for use as agricultural fertiliser.

Pig bones were also used in the production of bio-char through a three-step process,
which included pre-charring under mild conditions, acid treatment with H2SO4 or H3PO4
and thermal activation (pyrolysis). In this process, the maximum conversion yield obtained
was 68.3%, and the final product was tested on the adsorption of methylene blue in order
to determine the impregnation ratios of the acid treatment [95].

Harish et al. (2018) [96] also used bovine bones in particulate-reinforced epoxy com-
posite, which is widely used in industrial applications (aerospace, automotive, biomedical)
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due to its high strength with lower weight. The carbonised bone particles were incorpo-
rated into the reinforcement at different mass fractions (5 to 25%). It was concluded that the
tensile and flexural strength increase up to 15%, and the use of carbonised bone particles
allows for better strength properties than those of the reinforcement with non-carbonised
bone particles.

Wang et al. (2016) [97] tested the use of chicken bones in the production of flavourings
through hot pressure extraction (HPE). Regarding the percentage of protein and amino
acid recovery, it was concluded that the HPE procedure is a promising process for the
production of flavourings from bones. However, it is an inefficient process in the extraction
of calcium since the calcium content in the flavouring produced was 4.8 mg/100 g, whereas
in bones it is 1078 mg/100 g. Table 11 provides technical descriptions of the experimental
procedures for the valorisation of animal bones.

5.3.3. Muscle Valorisation Systems

The muscle, which corresponds to the edible part of the animal, is mostly used to
recover its protein content, which can be further used in food formulations, including
flavourings, protein supplements and animal feed [98]. Table 12 contains the composition
of muscle of the different animal species. The main method used at the laboratory scale is
hydrolysis, which can be acidic, alkaline or enzymatic.

Regarding the enzymatic hydrolysis method, Nchienzia et al. (2010) [101] used poul-
try meal and concluded that the use of a combination of endopeptidase (alcalase) and
exopeptidase (flavourzyme) allows for better hydrolysis results than its separate opera-
tion, obtaining a degree of hydrolysis of 11.13% and 58% recovery of hydrolysed material.
Therefore, this method allows for the production of inexpensive hydrolysed poultry meal,
which can be used in animal food products. Kurozawa et al. (2008) [102] also performed
the enzymatic hydrolysis of chicken muscle, obtaining a fraction of hydrolysed proteins
of 31% and a recovery of 91% of the proteins. The final product obtained showed good
application as a protein supplement.

The procedure followed by Stiborova et al. (2020) [103], in addition to laboratory
scale, was scaled up, and similar results were obtained. The final product presented the
following composition: 77% proteins, 9% chondroitin sulphate, 7% hyaluronic acid and
4% amino acids. It has a commercial value of 88 USD/kg (approximately 73 EUR/kg).
Saiga et al. (2003) [104] also studied the inhibitory effect of enzymes in chicken breast
after double enzymatic hydrolysis with aspergillus and trypsin. The hydrolysed extract
showed stronger inhibitory activity than the chicken extract without hydrolysis (1.1 mg%
and 1060 mg%, respectively), and when applied to rats, it allowed for the reduction of their
blood pressure by 50 mm Hg.

According to Wang et al. (2018) [105], enzymatic hydrolysis was also performed
on turkey muscle, and it was concluded that flavourzyme is an effective enzyme for the
preparation of antioxidant hydrolysate from turkey meat, which can be used as a functional
ingredient in food formulations.

To improve the enzymatic hydrolysis method, Thoresen et al. (2020) [106] studied the
effect of pre-treatments in enhancing the properties of the hydrolysate product. On the one
hand, it was concluded that the microwave pre-treatment, by affecting the protein struc-
ture, promoted its solubility, and the ultrasound pre-treatment promoted the antioxidant
properties of the hydrolysate proteins. On the other hand, the high-pressure pre-treatment
induced not only the antioxidant properties but also the protein solubility when a pressure
between 100 and 200 MPa was applied.

Selmane et al. (2008) [107] used the thermal hydrolysis method to recover the protein
content of poultry muscle, and the obtained hydrolysate was purified and concentrated
by successive microfiltration and ultrafiltration. An extraction yield of 83% was obtained;
however, the overall yield of the process was 55%. This method was shown to be a good
alternative for the extraction of proteins from animal by-products since it allowed for the
maintenance of the functional properties of the extracted proteins.
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Table 11. Low-TRL systems for animal bone valorisation.

ABP Final Use Experimental Procedure Results Reference

Poultry
Bones

Chondroitin
sulphate

extraction

Washing (H2O; 30 min), mixing (H2O (1.5:1)), heating
(120 ◦C; 0.1 MPa; 120 min), filtration (100-mesh sieve),
centrifugation, heat-resin static adsorption extraction,

mixing (trichloroacetic acid (7% w/v); 4◦C; 24 h),
centrifugation (15,000× g; 20 min), mixing (ethanol (70%

v/v); 24 h), centrifugation (5000× g; 5 min), drying (60 ◦C),
mixing (H2O), ultrafiltration, freeze drying

ηCS = 0.14%
% recovered = 67.4%

MCS = 35.81 kDa

[83]

Crushing, washing (acetone), filtration, drying
(60 ◦C; 24 h), mixing (H2O (1.5:1) + trypsin), extraction

(47 ◦C; 6 h), heating (10 min), filtration (100-mesh sieve),
centrifugation (12,000× g; 10 min), mixing (ethanol (70%);
4 ◦C; 24 h), centrifugation (5000× g; 5 min), drying (60 ◦C)

ηCS = 4.25%
MCS = 37.18 kDa

Hydroxyapatite
extraction

Washing, drying (oven), crushing, calcination
(electric furnace; Patm; 700 ◦C) % lost mass = 28.72% [86]

Flavouring
production

Crushing, washing (H2O (1.5:1); 10 min), hot pressure
extraction (H2O; 135 ◦C; 120 min), filtration (200-mesh sieve),
centrifugation (16,000× g), evaporation (0.08–0.1 MPa; until

30% solids)

% recovery:
Proteins = 83.51%
Collagen = 96.81%

Amino acids =
31.03–47.73%

CCa = 4.2–4.8 mg/g

[97]

Gelatine and
collagen

extraction

Crushing (1–2 mm), mixing (H2O (1 g:2 mL)), heating
(35 ◦C; 1 h), washing (H2O), filtration, acid treatment (HCl
(1 g:2 mL); 10 ◦C; 24 h), washing (H2O), filtration, alkaline

treatment (NaOH (1 g: 4 mL; Troom; 48 h), mixing
(phosphoric acid until pH = 4), washing (H2O), filtration,

mixing (H2O (1 g: 3 mL); 76–82 ◦C; 105–183 min),
centrifugation (5000 g; 30 ◦C; 30 min), drying (oven; 42 ◦C)

Gel strength = 1175.8 g

Tmelting = 33.71 ◦C
Tgelling = 25.15 ◦C

[88]

Fertiliser
production

Dehydration (110 ◦C; 4–5 h), rendering (133 ◦C; 3 bar;
20 min), double calcination (electric furnace; 550 ◦C)

Coal represents 24%
of initial poultry

meal mass
Coal:

56.33% phosphate
30.7% calcium

[94]

Pig
Bones

Bio-char
production

Crushing (2–5 cm), precarbonisation (450 ◦C; N2 atmosphere;
10 ◦C/min), crushing (0.25–0.35 mm), pyrolysis (800 ◦C),

washing (H2O)
H = 68.3% [95]

Bovine
Bones

Bio-char
production

Washing (H2O, 90 ◦C; 24 h), pyrolysis (350 ◦C; 2 h), cooling
(Troom), crushing (75–300 µm)

Adsorption capacity =
10.56 mg F/g [92]

Washing, drying (110 ◦C), crushing (1–2 mm), washing
(acetone + H2O), filtration, drying, pyrolysis (400 ◦C; 2 h;

10.2 ◦C/min)

Removal of 41.4% of
17-β oestradiol

from water
[93]

Composite
production

Crushing, washing (H2O), drying, carbonisation (550 ◦C;
1 h), crushing (100 µm)

Composite strength
increases with

bone carbonisation
[96]

Hydroxyapatite
extraction

Washing (H2O; 1 h), washing (acetone; 2 h), drying, crushing
(45–125 µm), calcination (T; 3 h; 10 ◦C/min)

Optimal calcination
temperature
≥700 ◦C

[85]

Gelatine
extraction

Crushing (1–3 mm), washing (H2O), demineralisation (HCl
(50 g/L); 8 ◦C; 2 h), washing (H2O), enzymatic treatment

(neutrase; pH = 9; 50 ◦C), heating (100 ◦C), mixing (pH = 7),
gelatine extraction (T; 3 h), centrifugation (30 ◦C; 900× g),

vacuum filtration, mixing (Ca(OH)2 until pH = 9),
flocculation, centrifugation, ion exchange

H = 13.9%
Gel strength = 243.22 g

µ = 4.915 cP
[89]
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Table 12. Muscle composition of different species.

H2O Proteins Lipids Ash Reference

Poultry 75.0 22.8 1.0 1.2 [99]
Bovine 75.1 19.2 4.4 1.3 [100]

Pig 75.1 22.8 1.2 1 [75]

The isoelectric solubilisation/precipitation (ISP) method was performed by
Tahergorabi et al. (2012) [108] to recover proteins from poultry meat. This method in-
duces structural changes in some proteins, namely actin; however, the addition of TiO2
allows for restructuring the products based on the proteins recovered by this method,
leading to the formation of a potential new food product, which has to be further subjected
to several studies such as sensory and storage stability tests.

Chicken muscle was also used at the laboratory scale for the production of adhe-
sives/glues. According to Wang et al. (2012) [109], after several alkaline and acidic
treatments for protein extraction, the product obtained was mixed with a solvent in order
to form the adhesive. Sodium dodecyl sulphate (3 M) and urea (3%) were the solvents
whose produced adhesives had the best performance.

Regarding the beef and pork muscles, there are not many research studies on the
valorisation and use of these animal by-products. However, it is mentioned in the literature
that the main destination of these materials is indeed the rendering process [5,50]. Accord-
ing to this, the Lifevalporc project [110] uses pig carcasses; after rendering sterilisation, the
pork fat is sent to the biodiesel production process, and the remaining material is sent to
the anaerobic digestion process for the production of organic fertilisers. Table 13 provides
technical descriptions of the experimental procedures for the valorisation of animal muscle.

Table 13. Low-TRL systems for animal muscle valorisation.

ABP Final Use Experimental Procedure Results Reference

Poultry
Muscle

Protein
recovery

(hydrolysis)

Rendering, mixing (H2O), enzymatic hydrolysis
(7 h; 50 ◦C; pH adjustment with NaOH (5.4 M)), heating (85 ◦C;

15 min), centrifugation (1000× g;
4 ◦C; 30 min), freeze drying (0.045 mbar; −44 ◦C)

Enzymes: alcalase (pH = 8) and flavourzyme (pH = 7)

% hydrolysed = 11.13%
% recovered = 58.1% [101]

Sterilisation (121 ◦C; 15 min), enzymatic hydrolysis (phosphate
buffer (50 mM);

50–56 ◦C; 18 h), filtration, centrifugation (15000 rpm; 30 min),
filtration, spray drying (67 ◦C; 4 h)

Enzyme: papain

Cproteins = 768 mg/g
CCS = 89.6 mg/g
CHA = 73.9 mg/g

Camino acids = 44.2 mg/g

[103]

Crushing, mixing (H2O (3:1) + NaOH), heating, enzymatic
hydrolysis (52.5 ◦C; pH = 8 with addition of NaOH), heating (85 ◦C;

20 min), centrifugation (3500rpm; 20 min)
Enzyme: alcalase (4.2%)

% hydrolysed protein = 31%
% recovered protein = 91% [102]

Crushing (3000 rpm; 3 min), mixing (H2O; 1100 rpm; 5 min),
hydrolysis (40 ◦C; pH = 9; 60 min), centrifugation (10,000× g;

15 min), microfiltration (2 bar), ultrafiltration (2 bar), isoelectric
precipitation (HCl (37%) until pH = 4), centrifugation (5000× g;

5 min), mixing (hexane + isopropanol (3:2 v/v); 1 h; 20 ◦C),
evaporation

ηextraction = 83%
ηprocess = 55% [107]

Crushing (2.3 mm), ISP (H2O + TiO2 (6:1);
32–34 ◦C), mixing (NaOH until pH = 11.5; 10 min), centrifugation

(10,000× g; 10 min), mixing (HCl until pH = 5.5; 10 min),
centrifugation

Addition of TiO2 to the ISP-recovered
proteins resulted in increased gel strength [108]

Mixing (H2O; pH = 4–4.5; 3.5 h), filtration, centrifugation,
evaporation (until 25◦ Brix), enzymatic hydrolysis (aspergillus

(0.06%); 50 ◦C; pH = 7; 1 h), heating (10 min), enzymatic hydrolysis
(trypsin/chymotrypsin (1%); 37 ◦C;

pH = 7; 1 h), heating (10 min), centrifugation

Inhibitory activity:
Chicken extract = 1060 mg%

Hydrolysed extract = 1.1 mg%
[104]

Adhesive and
glue production

Mixing (H2O (1:4 w/v); 10 min), filtration (200-mesh sieve),
centrifugation (10,000× g; 4 ◦C; 25 min), mixing (NaOH (2 M) until

pH = 11), centrifugation (10,000× g; 4 ◦C; 25 min), mixing (HCl
(2 M) until pH = 5), centrifugation, washing (H2O), freeze drying,
mixing (sodium dodecyl sulphate (3 M) or urea (3%) and NaOH

(10%) until pH = 10)

Urea (3%)/SDS (3 M):
Dry strength = 7.99/9.35 MPa
Wet strength = 3.35/2.9 MPa

Soaked strength = 5.21/8.89 MPa

[109]
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6. Conclusions

The work developed allows for the identification and characterisation of the main
alternatives for the valorisation of ABPs generated in the retail sector in a context of
industrial symbiosis.

One of the products that has a major contribution not only to the food waste problem
but also to the environmental impacts of the agri-food business is meat. Although world
meat consumption is increasing, approximately 20% of the meat available for consumption
is wasted. In Europe, 14.1 Mt of meat is wasted every year, of which 76% occurs in the final
stages of the supply chain, with the processing and retail sector contributing 33% of the
European meat waste. These data highlight the importance of finding alternatives for the
better use and valorisation of the ABPs generated in the retail sector—muscle, bones and
fats. According to the European Union Regulation 1069/2009, these ABPs are included in
category 3, which is the lowest risk category.

On an industrial scale, the most used process in the management of all ABPs is
rendering, in which the stabilisation and sterilisation of these materials occur under severe
conditions of temperature and pressure. Its two main final products are animal meal and
animal fat, which can be used as animal feed and for biodiesel production, respectively.
The BioRefinex process also incorporates muscle, bones and fats, where the combination of
thermal hydrolysis and anaerobic digestion allows for the production of organic fertilisers
and biogas. Regarding the valorisation of bones, the main valorisation alternatives are
pyrolysis in the production of agricultural fertilisers and the gelatine and chondroitin
sulphate production processes. Muscle has thermal and enzymatic hydrolysis as its main
destinations for the extraction of proteins, which in turn can be incorporated into food
formulations or animal feed.

Due to the greater concern with the management of resources and the reduction of
environmental impacts caused by the production, deposition at landfills and incineration of
residues and by-products, there are several low-TRL systems that address the use of ABPs in
the production and extraction of added-value products. The approaches for the valorisation
of fats are mainly related to the production of biodiesel, and for the bones, the extraction of
chondroitin sulphate and hydroxyapatite, as well as the production of bio-char, which can
be used as an adsorbent in the treatment of wastewater or as fertiliser. The valorisation of
the muscular part is related to the extraction and recovery of its protein content through
hydrolysis procedures. It is also concluded that the valorisation procedures do not depend
on the animal itself, being coincident for all types of animals under study—poultry, cattle
and pigs.

Concerning all the low-TRL systems and industrial procedures analysed, it can also
be concluded that there is great potential for the valorisation of these animal by-products,
which is evidenced by the diversity of possible applications as well as the variety of
procedures that can be adopted to obtain similar final products.

Practical Implications

Despite several efforts in developing new technologies or technical pathways for the
valorisation of animal by-products, much remains to be done. On one hand, industrial-
scale processes such as the ones presented in Table 7 should be incentivised such that they
become widely applied. These technologies provide the opportunity to close loops in the
food supply chain with the production of organic fertilisers, substituting mineral ones, and
the production of biofuel and value-added products. Government and municipalities can
take on a prominent role if they actively participate in collaborating to provide access to
municipalised infrastructures, such as anaerobic digestors and incineration facilities. There
could be an interest as well in developing effective integrated logistics for the collection
and treatment of waste at the municipal level. On the other hand, low-TRL technologies
look promising, although currently still lacking in pilot testing. Therefore, testing these
technologies at pilot scale so that new insights can be made in the technical and economic
feasibility of the technologies could provide an important step toward meat valorisation



Sustainability 2022, 14, 2830 23 of 27

into new value-added products. For this, collaboration with retailers, municipalities,
biorefineries and technology deployers is recommended.
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