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1. Introduction

Food loss (FL) and food waste (FW) have gained increasing public, academic and
political attention, intensifying relevant research.1–3 It has been estimated that about
one third of the food produced is lost and wasted, such a high scale of waste involves
also signiﬁcant resource, energy, environmental and socio-economic impacts.4 In the
HoReCa (Hotel-Restaurant-Catering/Café) sector the FW constitutes a signiﬁcant
challenge, as this sector generates disproportionately large amounts of waste.5 Thus,
the quantity and causes of food wastage are to be comprehended in order to explore and establish innovative
strategies, under governmental supervision and legislative guidance, which could lead to its reduction. The United
Nations (UN) has set a target of halving per capita global food waste at the retail and consumer levels and reducing
food losses along production and supply chains by 2030, in the Sustainable Development Goals (SDG) Target 12.3. The
rise of Industry 4.0 oﬀers a promising and safer approach in the food industry, providing solutions during each level of
the food supply chain further supporting the reduction of food loss and waste (FLW). Finally, the inevitable FW could be
sustainably managed by utilizing it in order to produce energy and value-added chemicals, aiming towards the
reduction of waste disposal to landﬁlls and promoting the circular economy.
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2.1. Deﬁnition of food loss and food waste
Food loss refers to the decrease in the quantity or quality of food
resulting from decisions and actions by food suppliers in the Food
Supply Chain (FSC), focusing on the losses that occur from
production up to retail level (excluding retailers, food service
providers and consumers). Food waste refers to the decrease in the
quantity and quality of food resulting from decisions and actions by
retailers, food service providers and consumers.
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The Food and Agriculture Organization (FAO) of the United Nations has reported that about one third
of the food produced globally for human consumption is both lost and wasted.6 The loss of resources
results along the FSC, from the agricultural production to the end of life of the food (Table 1).7 Food
waste in the EU-28 was estimated to be around 88 million tonnes.8 This estimation was for 2012 and
equated to 173 kg of FW per person, with household and processing sectors contributing the most.
According to the UNEP Food Waste Index 2021, around 931 million tonnes of food waste were
generated globally in 2019, of which 61% came from households, 26% from food service and 13%
from retail. Similarly, in EU the households generate more than half of the total food wasted, almost
47 million tonnes in a year,8 highlighting the fact that an opportunity to feed the growing world
population is missed. Yet, wasting food is not only an ethical issue but an economic also. Speciﬁcally,
the cost associated with the food waste for EU-28 was estimated at around 143 billion €. Along with
the negative economic impact of the FLW there are also environmental and social impacts (Table
2)9–14. Speciﬁcally, if FW was a country, it would be the 3rd largest country globally contributing to the
greenhouse gasses emission (Figure 1).15
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Table 1. Causes of food loss and waste along the food supply chain

Food loss

Production and harvest

Limitations on agricultural techniques
Production surpluses
Compliance with regulations and standards
Climate and environmental factors

Storage and transportation

Limitations on storage infrastructure and transportation
Compliance with regulations and standards
Food waste

Industrial processing

Distribution

HoReCa sector and domestic
consumption

Inadequate processing
Technical limits on processing, production and infrastructure
Overstocking
Inadequate packaging
Limits on the distribution system
Errors in order forecasting and management of reserves
Package failure
Multiple handling of fresh production
Marketing and sales strategies
Excess purchases
Excess portions prepared
Confusion to understand the labelling
Errors in food storage
Inadequate food storage

Table 2. Food loss and waste impacts.

Environment

Greenhouse gas emissions
Soil degradation
Waste of water resources
Energy consumption
Biodiversity and ecosystem services loss

Economic

Cost/Value of the food wasted
Value of the negative externalities produced
Opportunity-cost of farmland

Social

Food waste ↔ Diﬃcult food access
Overeating ↔ Malnutrition
Waste of nutrients ↔ Nutritional deﬁciencies
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Figure 1. Green-house gasses (GHGs) emissions of 4 countries vs. Food wastage.

2.3. Where is food loss and waste occurring?
Any eﬀort to reduce food loss and waste needs to start with a diagnosis of where it occurs. Analysing the FAO data
provides some insights.16 Regionally, about 56 percent of total food loss and waste occurs in the developed worldNorth America, Oceania, Europe, and the industrialized Asian nations of China, Japan, and South Korea- whereas the
developing world accounts for 44 percent of the loss. On a per capita basis, however, North America and Oceania stand
out from other regions, with about 1,500 kcal per person per day lost or wasted from farm to fork.
In terms of stages of the food value chain, 24 percent of global food loss and waste occurs at production, another 24
percent during handling and storage, and 35 percent at consumption. These three stages taken together account for
more than 80 percent of global food loss and waste.
The distribution of this food loss and waste varies signiﬁcantly between developed and developing regions with
developed countries seeing more at consumption and developing countries seeing more during production and
handling and storage (Figure 2).

Production

Handling
and Storage

Developing Countries
Developed Countries
Figure 2. Share of Total Food Loss and
Waste by Stage in the Value Chain, 2009
(100% = 1.5 quadrillion kcal)
Note: Numbers may not sum to 100 due to rounding.
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Figure 3 shows that more than half of the food loss and waste in North America and Oceania, and Europe occurs at the
consumption stage. In contrast, the two stages closest to the farm-production and storage- account for two-thirds to
three-quarters of food loss and waste, respectively, in South and Southeast Asia and in Sub-Saharan Africa. This distribution suggests that eﬀorts to reduce food loss and waste should focus on stages “close to the farm” in most developing regions and focus on stages “close to the fork” in developed regions. However, it should be noted that almost all
urban areas experience signiﬁcant levels of food waste, regardless of whether they are in developed or developing
countries. These levels of waste may even be higher in cities located in developing countries, which lack the infrastructure to address this problem.
The total share of food lost or wasted ranges from 15 percent to 25 percent across most regions (Figure 3). The one
exception is North America and Oceania, where loss and waste is approximately 42 percent of all available food,
suggesting the need for concentrated eﬀorts to reduce the waste levels in those regions.
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Figure 3. Food Lost or Wasted by Region and Stage in Value Chain, 2009 (% of kcal lost and wasted)16
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2.4. The cost of food waste
The cost associated with food waste is made up of at least two diﬀerent types of costs: the economic and the environmental costs. The economic cost includes not only the cost linked to the value of the products themselves, but also the
costs linked to the production, transport, and storage of the wasted products, as well as their treatment costs. From an
environmental point of view, food waste represents a waste of the resources throughout the products’ life cycle such
as land, water, energy and other inputs, and the consequent increase in greenhouse gas emissions.

2.5. Data on Food Waste
Data on food waste varies signiﬁcantly according to the source. Evidently, one of the reasons for this is the diﬀerent
interpretation of what constitutes food waste (i.e., the lack of an agreed deﬁnition) and the diﬀerent methodologies
used for measuring it. Diﬀerent studies present divergent data for each of the sectors of the food supply chain.8,16,17
Table 3 presents the results of a selection of those studies and shows that food waste occurs along the entire food
chain, though care should be taken when comparing the results as the methodology and deﬁnition of food waste used
are not homogeneous.

Table 3. Share of food
waste at the diﬀerent
stages of the food
supply chain (in %)
according to diﬀerent
studies

Production sector
Processing sector
Retail sector
Consumers

FAO
(Europe)
23
17
9
52

Foodspill
(Finland)
19-23
17-20
30-32
28-31

FH Münster
(Germany)
22
36
3
40

Bio Intelligence
Service (EU)
34.2
19.5
5.1
41.2

Fusions
(EU) *
11
19
3
40

* The study recognises that ‘there is moderately high uncertainty around this estimate’ (page 27). In particular, for the data related
to the production sector, estimates are based on data from six countries only and ‘the estimated uncertainties of ±17 % is probably
underestimated’ (page 21).
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2.6. The challenge of addressing FLW
It is reported that every year 1.3 billion tonnes of food produced for human consumption is wasted, that is enough
amount to ﬁll about 8600 cruise ships.18 The extent of FLW varies between countries, being inﬂuenced by level of
income, urbanization, and economic growth.19,20 As researched,21 in less-developed countries, FLW occurred mainly in
the post-harvest and processing stage, which accounted for approximately 44% of global FLW, due to poor practices,
technical and technological limitations, labor and ﬁnancial restrictions and lack of proper infrastructure for transportation and storage. Regarding the developed countries, a large portion of the food waste occurs after preparation,
cooking, or serving, as well as from not consuming before the expiration date as a result of over-shopping, which might
be associated with poor planning and bulk purchasing.22 Recently, the FW crisis has been further impacted by the
world-wide pandemic. With a study on COVID-19 and the food system suggesting that adopting circular practices hold
the potential for a win-win solution, promoting the sustainable production and consumption of food while reducing its
waste.23
Additionally, a study on FW along the global and European FSC indicated that the FW ranged between 194
kg/capita/year and 389 kg/capita/year on a global level and between 158 kg/capita/year and 298 kg/capita/year to the
European scale.10 The high variability of the results of this study highlighted the need of additional and join eﬀorts to
enhance the availability, reliability and level of detail in data provided on FW generation. As stated by the European
Union ’’Food waste takes place all along the value chain: during production and distribution, in shops, restaurants,
catering facilities, and at home. This makes it particularly hard to quantify’’.24 Another study on knowledge and technology to reduce FW suggested that the accurate quantiﬁcation of the FW at all stages of the FSC is essential in order
to prevent the food wastetage.25 A recent study on exploring methodological approaches in order to estimate FW in
EU countries indicated that FW estimates obtained with the material ﬂow analysis approach were higher than those
obtained using the waste statistics approach, with the former presenting a better picture of the food system.26 Finally,
a study on forecasting the waste of the agro-food industry proposed a model that could estimate the waste material
generated by the industrial and commercial sites.27

3. Legal framework in the EU
3.1. Environmental targets
Currently, EU law is trying to address the aforesaid issues related to FW. Regarding the environmental policy, Article 2
paragraph 1 of Paris Agreement28 based on the UN Framework on Climate Change (UNFCC)29 aims to keep the
increase of global temperature below 2oC, limiting the increase to 1.5oC. The deposition of biodegradable waste at the
landﬁlls is responsible for an increased methane production due to their degradation. In 2009 2.6% of total greenhouse
gas emission in the EU originated from bio-waste’s decomposition in the landﬁlls30. However, based on the European
Environmental Agency’s (EEA) air pollutant emission inventory guidebook,31 EU has largely outlawed the practice of
ﬁeld burning agricultural residues, which leads to the mission of various atmospheric pollutants. In accordance to this,
the Landﬁll Directive (Directive 2018/850/EC) aims to minimize biodegradable waste to landﬁlls. Additionally, EU has
launched a Biodiversity Strategy aiming to stop the biodiversity loss, with farmers playing an important role in preserving biodiversity by supporting the transition towards fully sustainable practices.32 Moreover, EU Nitrates Directive33
and EU Water Framework Directive34 work together aiming to the prevention of pollution, caused from urban waste
water and from agriculture. Finally, EU has reported on the Roadmap to a Resource Eﬃcient Europe35 that improving
the recourse eﬃciency will ensure the safeguard of the environment, with food sector playing a crucial role.
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3.2. Legislation and actions against food waste
Food waste is now subject to various legal acts of the European Union as it constitutes a major issue. As already
discussed,36,37 it is clear that FLW must become one of the main sectors to apply a new economic model. A study on
the circular economy in food industry suggested that FW is not a waste in the true sense of the word but a raw material
that could be included in other processes, satisfying the basic principles of circular economy.38

3.2.1. Sustainable Development Goals
Thus, UN has set a target for all member states to reduce food losses along the production and supply chain and halve
per capital global food waste at the retail and consumer levels, by 2030 (Sustainable Development Goals).39,40 Speciﬁcally, SDG Target 12.3 covers food and inedible parts that exit the supply chain and thus are lost or wasted, and is
tracked through two indicators: Indicator 12.3.1(a), the Food Loss Index, and 12.3.1(b), the Food Waste Index. EU seeks
to step up action towards the prevention of food wastage and the Food Waste Index has a three-level methodology:
• Level 1. Uses modelling to estimate food waste for member states
• Level 2. Is the approach for the countries, involving measurement of food waste the recommended?
• Level 3. Provides additional information to inform policy and other interventions designed to reduce food waste
In addition to this, another target which supports the FLW prevention and promotes a sustainable agriculture is SDG
Target 2,41 which aims to end hunger and malnutrition, by ensuring access to safe, nutritious and suﬃcient food to
everyone. As an example, the Fund for European Aid to the Most Deprived (FEAD)42 supports EU countries' actions to
provide food and/or basic material assistance to the most deprived. Similarly, on a global scale UN has launched Zero
Hunger Challenge43 in order to reduce FW and address poverty, ensuring that all people have access to adequate food.
Finally, Target 15 aims to protect, restore and promote the sustainable use of terrestrial ecosystems halting and even
revering land degradation and preventing biodiversity loss.41 This goal ensures that the health and functioning of
ecosystems and the delivery of ecosystem services remain a priority, especially in the face of global trends such as
population growth, accelerating urbanization and the increasing need for natural resources. Ecosystem services
provided by terrestrial ecosystems oﬀer many beneﬁts to society, including recreation, natural resources, food and
clean air and water.

3.2.2. Farm to Fork Strategy
Additionally, the Farm to Fork Strategy puts forward a series of actions to enable the transition to a sustainable EU food
system that safeguards food security and ensures access to healthy diets sourced from a healthy planet.44 Reducing
FLW is an integral part of the strategy’s Action Plan. The Commission will propose (a) legally binding targets to reduce
food waste across the EU, by end 2023, deﬁned against a baseline for EU food waste levels set following the ﬁrst
EU-wide monitoring of food waste levels and (b) a revision of EU rules on date marking (‘use by’ and ‘best before’
dates), by end 2022.45

3.2.3. Circular Economy
The sustainable use of resources along with the reduction of FLW is also a targeted area of the EU Action Plan for the
Circular Economy.46 Speciﬁcally, the legislative proposals on waste, adopted together with this action plan, include
long-term targets to reduce landﬁlling and to increase preparation for reuse and recycling of key waste streams. FLW
takes place along the value chain making it particularly diﬃcult to quantify, therefore addressing the measurement
issue is an important step towards a better understanding of the problem. Within this framework EU has established
the Platform of Food Losses and Food Waste.47 This platform enables the communication between institutions and
private sectors and provides support in deﬁning measures to prevent food wastage, by evaluating the progress and
sharing the best practices.
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3.3. Concept of the food recovery hierarchy
A range of management options for food waste is available. The waste hierarchy, as set out in the Waste Framework
Directive, ranks waste management options according to what is best for the environment. It gives priority to preventing waste. When waste is created, the hierarchy gives priority to preparing it for re-use, then recycling, then recovery,
and last of all forms of disposal (e.g., landﬁll).
About 60% of biowaste disposed in landﬁlls is food waste.48 The Waste Framework Directive have established the
waste hierarchy as the overarching principle guiding waste policies in the EU, with waste prevention being prioritised
followed by recovery.49 In addition to this, the European Commission (EC) developed the Food waste management
hierarchy (Figure 4) to help the food system prioritise diﬀerent methods for managing surplus food.50 Practises at the
top of the pyramid have the higher priority and the largest socioeconomic beneﬁt, while practices at the bottom are
less preferable. Various studies25,51–58 have proposed multiple solutions in order to tackle the problem of food waste
at each FSC level, from the primary production to the ﬁnal disposal.59,60,61 The Waste Framework Directive obliges EU
Member States to monitor the generation of FW and develop speciﬁc waste prevention programmes.49 The goal is to
reduce the generation of food loss by preventing the surplus food and reduce food waste by preventing the disposal of
avoidable food.62 The resulting food recovery hierarchy takes into consideration the three factors of sustainability
(environmental, economic and social) contributing to a holistic approach while addressing the FW issue.63 However,
there are several challenges towards FW prevention and management within the emerging circular economy.64

Prevention

Avoid surplus food generation throughout food production & consumption
Prevent FW generation throughout the food supply chain

Re-use

Re-use surplus food for human consumption through redistribution networks
and food banks while respecting safety and hygiene norms

human consumption

Re-use

Feed use of certain food no longer intended for human
consumption following EC guidelines (EC, 2018)

animal feed

Re-use Recycle

by products food waste

Recycle
Recovery

Revalorise i) by-products from food processing and in) food waste into added-value
products by processes that keep the high value of the molecule bonds of the material
Recovery of substances contained in FW for low added-value uses
such as composting, digestate from anaerobic digestion, etc.

Incineration of FW with energy recovery

Disposal
• Waste incinerated without energy recovery
• Waste sent to landﬁll
• Waste ingredient/product for sewage disposal

Figure 4. EU’s Food waste management hierarchy65
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4. Technologies and practises for tackling food waste
A study on Sustainability-Oriented Innovations (SOI) technological applications for food waste quantiﬁcation suggested
that such a method requires a multi-stakeholder approach to collaboration and business practices, with technology
playing a central role in addressing the FW challenge.66 In addition to this, EU commission establishes the European
Green Deal67 and presents the Farm to Fork Strategy,45 launching a broad stakeholder debate covering all the levels of
the FSC while paving the way to creating a more sustainable food policy. Additionally, advanced technologies and
scientiﬁc innovations combined with public awareness and demand for sustainable food will beneﬁt the stakeholders.
Finally, the Farm to Fork Strategy will promote the circular economy, while reducing the environmental impact during
food processing, food loss and food waste along the FSC.45

4.1. Production and harvest
Various studies have been exploring practises to advance food production.68,69 Speciﬁcally, improved production has
been observed while selecting crop varieties that have longer shelf life and/or higher disease resistance. Additionally,
genetic editing technology shows promising results on reducing the vulnerability of the crop towards pests and
diseases.70 Regarding livestock, there are demonstrated techniques to select intelligently breeds with disease resistance, acquiring healthy animals.

4.2. Storage and transportation
The shelf life is associated with the conditions during storage and transportation. Thus, improved chilling technologies,
rapid microbial detection techniques and remove temperature monitoring systems are applied, using a network of
wireless sensors, in order to reduce the food waste.71 Real-time cold chain management and monitoring could deal
with the spoilage of the food along the storage and the transportation.

4.3. Industrial processing
Artiﬁcial Intelligence (AI) technologies and computer vision could be beneﬁcial towards the reduction of food waste
during the industrial processing of the food system72. As an example, AI combined with hyperspectral imaging could be
used to analyse production line, predict quality, prevent decay and subsequently prolong shelf life. In addition to this,
packaging plays an important role in whether food is wasted.73 Therefore, the packaging design must ensure that the
package contains the right amount of food, provides relevant information about the respective food product and is
supportive of consumer practices through functionalities, such as being easy to use, resealable and empty.74

4.4. Distribution
Inconsistent distribution conditions throughout the FSC and the demand for cosmetically perfect supply pressures the
food system so that could maintain the quality before reaching the consumer. Therefore, biotechnology start-ups are
exploring on solutions that can be ﬁtted into the current supply chain without extra eﬀort. As an example, the use of
edible coating made up of fruit and vegetables is examined to delay the degradation of food by slowing down the rate
of water evaporation.75,76
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5. Food waste in HoReCa sector
The food waste in hospitality sector is becoming an important concern on various countries,77 given that its contribution to total FW has been nearly 12% in the recent past.78,79 Yet, the exact amount of waste generated in this sector
has not got suﬃcient academic attention.80,81 A study on the circular economy strategy in hospitality suggested that
the HoReCa sector must play a signiﬁcant role in delivering sustainable solutions towards the reduction of food
waste.82 Based on this, some hotels are already engaging Winnow system, which easily detects what and how food is
thrown away in hotels, leading to the reduce of the FW at about 20% in these hotels. Winnow uses an AI-integrated
waste disposal system, by employing food-identifying rubbish bins that can inform businesses regarding their food
waste, assisting not only hotels but also restaurants.83 However, a study on FW management innovations in the
HoReCa sector indicated that not many businesses are actively innovating in the FW domain and suggesting that the
food service industry is not leading the way when it comes to inovvaton.84

5.1. The issue of food waste in the HoReCa sector
Hospitality businesses generate a large amount of food waste, which is constantly increasing due to the rise in
consumer disposable income and the growing frequency of food consumption out of home. In addition to this, both
food distribution and retail have a major role in the FSC by connecting suppliers and consumers, with pre-store food
waste being the biggest issue.85 Moreover, poor consumer awareness and behaviour could also increase food wastage,
yet costumer’s choices could also be inﬂuenced to be more responsible in order to minimise waste in the hospitality
enterprises.86 However, there are insuﬃcient information about the real magnitude of the FW generated in the
hospitality sector and the accurate quantiﬁcation and characterization in this sector are required. This action could be
supported by the engagement of the hospitality managers who are responsible for the preparation of food, which can
provide more thorough primary data regarding the FW in the HoReCa sector84.

5.2. Preventing and managing food waste in the HoReCa sector
Food waste is a major concern for the HoReCa sector, with businesses gradually moving towards more of a preventative approach to FW which also results in the reduction of their total operational costs. The reduction of food waste in
the hospitality businesses focuses on three operational stages (pre-kitchen, kitchen and post-kitchen).87
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5.2.1. Pre-kitchen stage
For the pre-kitchen stage, a more accurate demand forecasting and stock management are required, in order to avoid
ordering excessive amount of food and thus preventing it from spoilage. The systematic inventory management constitutes the ﬁrst step towards the reduction of food waste. In various cases,88 the use of technological innovations
enhances the forecasting and capacity management to accurately predict the food supply and demand. In addition with
the use of the First-In-First-Out technique which ensures the prevention of food ingredients spoilage.89

5.2.2. Kitchen stage
For the kitchen stage, the processes of handling, preparing, cooking and serving food need to be addressed. Menu
planning can also contribute to the reduction of FW, by involving for instance the use of seasonal ingredients, along
with oﬀering costumers their preferred portion size.90 Additionally, in order to minimize food wastage during food
preparation training of the staﬀ is needed, involving the prevention of over trimming and recycling food ingredients.
While, in any case the monitoring and quantiﬁcation of the FW is needed so that speciﬁc operational processes leading
to increased waste could be eliminated.

5.2.3. Post-kitchen stage
For the post-kitchen stage, a pro-active work with costumers, the use of innovative methods for excess food redistribution and a more eﬀective approach towards food disposal are needed. In this stage consumer’s awareness is signiﬁcant,
with educative programmes which aims towards the reduction of FW. Additionally, the partnership between the
hospitality sector and charities is crucial, so that unsold food could be redistributed to people in need. Finally, in this
stage food-recycling techniques, such as composting, could further contribute not only to the reduction of FW but also
to the reduction of food waste management cost.91
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6. Integration of Industry 4.0 technologies with the food supply chain
The challenge to meet the incessantly growing global demand for capital and consumer goods while ensuring a
sustainable manufacturing, have intensiﬁed relevant research towards the development of new technology.92 Industry
4.0 refers to the fourth industrial revolution and provides a higher level of automatization within the manufacturing
industry,93 leading to a higher level of operational productivity and eﬃciency by connecting the physical world with the
virtual world.94 In accordance to this, European Commission is supporting the development of Industry 4.0 in order to
increase the industrial activities and productivity levels.95 Additionally, the European Technology Platforms (ETPs)
which are forums of industry stakeholders, recognized by the European Commission, are formed to support the
development of innovation agendas and technology roadmaps for several sectors, at national and EU levels.96
Currently, technological advancements and digitisation are being applied on the industrial FSC, leading to the reduction
of FLW while maximising proﬁtability.97 A study on the scope for Industry 4.0 in agri-food supply chain indicated that
the recent supply chain makes an eﬀort towards the utilization of digital technologies, predictive analytics and artiﬁcial
intelligence, in order to reduce costs, food loss, food waste and other supply chain ineﬃciencies.98 Various
studies97,99,100 have examined the potential impact of Industry 4.0 on the sustainability of the food industry, suggesting that the use of advanced technology could improve both the production and the processing of food with caution in
environmental, economic and social impacts. However, there are still many areas along the FSC which need more
improvement, in order to enhance the sustainability of the supply chain.101

6.1. Production
The ﬁrst stage of the FSC is the primary production of crops and animals.102 Conventional food production is less
environmentally eﬃcient and rises concerns regarding the extensive water and energy use, land degradation, air and
soil pollution and reduced biodiversity.103,104 Innovation has been the centre of the EU2020 strategy, with new technologies being adopted by EU farmers towards a sustainable agricultural development.105 Nowadays, primary food
production has been engaged with technology revolution, with the production processes using robotics and some
forms of AI.106 Farms are becoming smarter, more eﬃcient, more environmentally sustainable and adapting autonomously in real-time changes, due to the incorporation of production technological devices, information and communication systems and data networks.107

6.1.1. FarmBot
Internet of Things (IoT) makes it possible to optimise the monitoring of farms. One of the leading examples is FarmBot,
which is an open source automated farming machine, which utilises various smart sensors and assisting anyone with a
small plot of land.108 The robot moves around using tracks on the side of the box and it works in three dimensions. It
has the ability to sow seed, water plants and get rid of weeds, using various attachments.

6.1.2. Ag EYE Technologies
Ag EYE technologies develops intelligent software and sensor solutions to improve the quality, predictability and
proﬁtability of agriculture. It combines machine vision (using drones), AI and machine learning to detect pathogens
and contamination of the crops much faster and more accurate than humans can (https://ageyetech.com/). This way
scouting the farm for diseases gets easier while preventing abnormalities which could lead to eventually to food loss.
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6.1.3. HelioPas AI
HeliosPas AI develops technologies and solutions which can help farmers to deal with droughts in an informed manner.
Speciﬁcally, they use ﬁeld data by moisture monitor systems in order to inform the farmers regarding the moisture and
dryness and run actual analytics forecasting the yield based on the measurements (https://heliopas.com/).

6.1.4. AppHarvest

AppHarvset has developed a controlled environment facility which helps farmers to sustainably grow more food.
Speciﬁcally, it recycles rainwater and eliminates agricultural runoﬀ, it utilises advanced technology (AI) to monitor the
crop and precisely predict its yield and it is developing robotic harvesters to ensure the reduction of food loss
(https://www.appharvest.com/).

6.1.5. Ida
Technology can also help to estimate the performance of farm animals, using monitors that can detect animal behaviour through motion and sound sensors.109 Ida is one such example, using AI to monitor and learn the behaviour of
cows in a her provides actionable insights for the farmers. For instance, Ida can detect the recovery of sick cows,
therefore reduce the use of antibiotics (https://ida.io/).

6.1.6. Farm4Trade
Farm4Trade oﬀers technological solutions to elevate productivity practices in the livestock sector. Speciﬁcally, the
designed a farm management app suitable to capture and manage granular data for livestock and dairy farms, allowing
farmers to manage more eﬃciently the farms while optimizing the production. It keeps animal records and provides
information regarding their health and nutrition, increasing this way the productivity
(https://www.farm4trade.com/farm-management/).
The rise of

6.2. Storage

Following the harvesting, storage and handling methods
are crucial so that food losses could be minimized. One
of the most critical physiological factors is the moisture
content of the crop.110 High moisture content leads to
storage problems as it enhances fungal and insect
development. In addition to this, temperature is
another factor that can aﬀect spoilage.110 Reducing the
temperature during the storage stage could prevent
germination and fungal development, consequently
extending the storage life. However, increased heat and
moisture are responsible for encouraging bacterial and
inspects development, leading to food spoilage and
therefore food loss. Thus, the development of eﬀective
storage management is necessary to maintain a high
food quality and lower the operation costs while
preventing food loss.

in the food system
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6.2.1. Centaur’s Internet-of-Crops
Centaur’s Internet-of-Crops uses smart sensors and AI oﬀering unprecedented visibility and insights into store crop
conditions, ensuring the best quality (https://centaur.ag/). Data from the sensors (moisture and temperature) are
being combined with real-time weather data recommending appropriate conditions to ensure the crop’s highest
quality. Additionally, it can predict ‘‘hotspots’’ events weeks or months ahead controlling then the fresh air supply in
the storage unit. Currently, Centaur team is working with entomologists in order further develop technology that can
identify infestation levels.

6.2.2. Agri Reach
Agri Reach is AI-driven focusing on the monitoring and micro-managing of storage environment remotely. Speciﬁcally,
it is predicting storage conditions, suggesting preventive actions to avoid spoilage and predicting curative processes in
case that storage conditions had deteriorated (https://www.sohanlal.in/about-us.html).

6.2.3. Refrigeration and Infrared spectroscopy
I addition to crop storage, meat storage is also important. As studied,111,112 the spoilage of raw meat is mainly aﬀected
by the microbial development which occurs during the storage stage depending also on other various storage
conditions. With low temperature playing an important role towards the soilage prevention of fresh meat, reducing the
overall food loss. Maersk Line has developed a Remote Container Management software that monitors the ebb and
ﬂow of temperature in refrigerated containers in
real-time.(https://www.maersk.com/supply-chain-logistics/captain-peter/services) For future food industries an
automated food classiﬁcation system could be applied, during meat storage and handlining, with the use of diﬀerent
sensors, such as FTIR, which could evaluate the freshness, microbial quality, food origin, etc. while decreasing the costs
of quality monitoring.113,114

6.3. Industrial processing
Food processing is a complicated business, which involves various activities such as processing, grading, sorting,
heating, milling and packaging. Thus, modern innovations in food industry paved the ways for novel food production
and technical processing methods with their main priority the food safety. AI and machine learning solutions are
therefore used in order to optimize and automate processes while reducing costs and human error in the food
industry.

6.3.1. Gastrograph AI
Gastrograph AI based on data collection and classiﬁcation methods aims to introduce a way to reliably measure ﬂavor,
while also could predict the preferences of costumers at the pre-production stage. It could comprehend the human
perception of ﬂavor and preferences, diving users into diﬀerent demographic groups and modelling their preference
behaviour or even predicting what they want.(https://www.gastrograph.com/)
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6.3.2. Apeel
A large amount of fruits and vegetables get discarded due to their aesthetic defects, as markets and shops have strict
rules regarding the appealing of food. Fresh food is particularly fragile and handling it roughly could impact their
appearance and cause a quicker spoilage. Thus biotechnology is focusing on solutions that can be incorporated into the
FSC without extra eﬀort and cost. For example, Apeel has developed an invisible and edible coating for fruits and
vegetables which slows down the rate of water evaporation and prevent the oxidation prolonging the storage life,
leading eventually to less food loss. (https://www.apeel.com/)

6.3.3. SOCIP
Food safety management calls for clean and sanitized equipment in order to produce food free of physical, chemical,
allergenic, and microbiological hazards. Many manufactures use a signiﬁcant amount of various substances in order to
clean their equipment, with this procedure demanding a lot of time and resources such as water. Thus, the University
of Nottingham has developed a system called SOCIP (Self-Optimizing-Clean-In-Place) that is able to economize
resources. It uses ultrasonic sensing and optical ﬂuorescence imaging to assess food remains and microbial debris
inside food processing equipment.(https://gtr.ukri.org/projects?ref=132205)

6.3.4. Food Sorters and Peelers
Manual sorting of large amounts of food (by size and shape) is time consuming and the human error could aﬀect food
safety. Yet, food sorting machines have the ability to solve these challenges. For instance, Food Sorters and Peelers
developed by TORMA are used for food sorting increasing food quality and safety, by utilising core sensor technologies
and a camera (which has an adaptive spectrum suited for optical food sorting) that recognizes material based on
colour, biological characteristics and shape.(https://www.tomra.com/en/sorting/food)

6.3.5. Google’s TensorFlow
Quality control is a major challenge for food processing industry as raw materials can vary dramatically, suggesting that
inspecting and sorting the good ingredients from the bad ones is an important task for any food company. Google’s
TensorFlow machine learning can automatically detect anomalies on food ingredients.(https://www.tensorﬂow.org/)
Such machines are important and especially used for baby food production where strict safety standards are imposed.

6.3.6. Hyperspectral imaging
Hyperspectral imaging combined with spectroscopy and digital photography could give a detailed imaging across the
full range of visible and invisible light. ImpactVision (https://impactvi.com/our-story/), Specim
(https://www.specim.ﬁ/industry/), Stemmer (https://www.stemmer-imaging.com/), and Unispectral
(https://www.unispectral.com/) have commercialized hyperspectral imaging for the food industry. Digital images and
software are used to identify the chemical composition of food items providing information such as the ripeness and
contamination without probing or piercing the skin. Additionally, it can be used to ﬁnd foreign objects (such as plastic)
obtained during the production, to measure product quality and to control the process. In case of meat production, it
can further be used to distinguish fat, bone and gristle.
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6.4. Transportation/Distribution
Following manufacturing, food is transported/distributed to retailers. Transportation conditions are signiﬁcant as they
could impact food safety and quality.115 Therefore, companies frequently attach sensors for tracking and monitoring
the ambient conditions (such as temperature and humidity) at which products are kept. Current monitoring
approaches have proved to be capable of solving problems of food safety and quality during transportation stage.116
Additionally, intelligent routing can calculate eﬃcient paths for food trucks while tracking each vehicle as it moves.

6.4.1. Advantech and BT9 Xsense
Advantech (https://www.advantech.com/) and BT9 Xsense (http://www.bt9-tech.com/) provide a real-time cold chain
management, monitoring and identifying potential problems with delicate food (such as fruits, vegetables and meat)
along the transportation line. Speciﬁcally, their devices can record the temperature, the relative humidity and location
and it is suitable for one-way shipments, return shipments and even ﬁxed locations.

6.4.2. Sigfox
Sigfox (https://www.sigfox.com/en) uses IoT for cold chain tracking and monitoring food during transportation,
following food safety guidelines. Additionally, it provides information regarding the weather and monitors track herds.
While it can also notify retailers regarding the temperature ﬂuctuations during food transportation.

6.4.3. Wakati
Wakati has developed a solar-powered, standalone hydration device that can preserve food in developing countries. It
created a low-cost and low-energy alternative, instead of a cooling-system, using a small amount of water and mainly
utilising solar energy. This system functions in warmer climates and can ensure the freshness of food, enabling farmers
to eﬃciently store food on the farm and even in transit
(https://www.digitalfoodlab.com/en/foodtech-database/wakati).

6.5. Retail
A digital supply chain network which is updated with real-time data, including current inventories, demand forecasting,
storage space required, location tracking of food trucks and product perishability, is getting available for retailers.
Blockchain is one of the most promising technological advancements, providing an eﬃcient and robust mechanism for
enhancing food traceability, safety, and eﬃciency, in food industry and therefore is getting a lot of attention94–96.
Blockchain technology is being used in food industry connecting diﬀerent contributors in the FSC, including farmers,
exporters, shippers, importers, retailers, distributors and consumers117.

6.5.1. IBM Food Trust
Post-harvest shelf-time and management solutions are important in the FSC. IBM Food Trust combines blockchain with
AI and focuses on the reduction of food waste by connecting growers, processors, distributors and retailers
(https://www.ibm.com/uk-en/blockchain?lnk=hm). IBM has invested in convening networks, establishing governance
models and developing ﬂexible technology.
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6.5.2. Zest Labs
Zest Labs oﬀers growers, producers, shippers and retailers autonomous and end-to-end cold chain visibility for
proactive decision-making in order to enhance food freshness while avoiding spoilage.
(https://www.zestlabs.com/challenges/fresh-food-supply-chain/). It provides the insights needed to suppliers and
retailers so that they can manage the dynamic fresh FSC, utilizing real-time alerts to ensure suﬃcient food freshness.

6.5.3. AgShift
AgShift uses AI combined with IoT and machine learning (computer vision) and analyzes food for defects while
performing quality assessments (https://www.agshift.com/). After photographing the food, the AgShift app informs
retailers regarding the food freshness while also measures size and proportion bruising, handling quality control and
monitoring trends and performances.

6.5.4. Symphony Retail AI
Symphony Retail AI is an AI-enabled platform which provides solutions and insights for driving proﬁtable revenue
growth for retailers. Speciﬁcally, it can estimate the demand for transportation and makes price and inventory management predictions to avoid getting an abundance of good that would potentially get wasted
(https://www.symphonyretailai.com/).

6.5.5. Wasteless
Wasteless sets prices for fresh food via an AI-powered pricing engine and automatically lowers prices as the expiration
date approaches (https://www.wasteless.com/). It uses small screens to display dynamically changing prices for each
item on the shelf, with this machine learning to optimize the prizes. This way consumers can save cash while stores
could sell food that would normally discarded.

6.5.6. Spoiler Alert
Technology is making it easier for retailers to track and monitor their inventory and help them to make smarter
decisions. Spoiler Alert analyses waste levels and suggests reduction tactics intergrading also food donation in the
workﬂow (https://www.spoileralert.com/). Speciﬁcally, it provides a mechanism to prevent spoilage by generating an
accessible secondary market for at-risk food.

6.6. HoReCa sector and domestic consumption
A major amount of FW is generated from the HoReCa sector and households, with the behaviours causing this waste
and the drivers of these behaviours already examined.19,22 It cannot be deﬁned through a single behaviour but rather
through a combination of multiple behaviours, which could inﬂuence the probability of food being wasted.118
Currently, various kinds of approaches are investigated in order to sustainably manage food and prevent its wastage.
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6.6.1. NoWaste
NoWaste is an app that promotes healthy habits regarding food consumption and enables householders to create a
digital inventory of their food stocks and plan meals in a way that minimise food waste (https://www.nowasteapp.com).

6.6.2. Olio
Olio is a platform that connects neighbours with each other to share surplus food (https://olioex.com). Users just
upload a photo and a description and then people in the neighbourhood can claim the food before its wasted. It can
also work with food service businesses, to reduce food waste through donation. Food items can be from homemade
leftovers to wholesale amounts of pre-package ingredients.

6.6.3. FoodCloud
FoodCloud connects surplus food from food businesses (such as farms, manufacturers, distributors and retailers) to
charitable groups (https://food.cloud/). Once food reaches FoodCloud it is counted and uploaded onto an IT
warehousing system and then segregated into storage. Then the food is distributed to homeless hostels and support
services, ensuring that no good food gests wastes.

6.6.4. Too Good To Go
Too Good To Go is an app that registered restaurants and catering businesses advertise their leftover food which can be
purchased in lower prices (https://toogoodtogo.org/en).

6.6.5. Winnow
Winnow has developed a technological solution that provides an advanced approach to the food waste problem. Their
AI-integrated waste disposal system, which utilizes computer vision and machine learning, supports food service
businesses to facilitate wastage quantiﬁcations while also oﬀering actionable measures, leading to a drastic waste
reduction. Owners and staﬀ can access the online dashboard which gives them insights into their food waste
components, quantities, cost and sources of waste, adjusting then their food purchasing decisions accordingly
(https://www.winnowsolutions.com/).
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6.6.6. Kitro and Orbisk
Similar to Winnow, Kitro (https://www.kitro.ch/) and Orbisk (https://orbisk.com/en/) oﬀer an automated food waste
data collection and analysis solution while combining a hardware and a software system. The hardware consists of
costumer’s bin which is paced on a scale while above a camera is positioned and connected with the scale. Whenever
new waste is disposed in the bin the recording is triggered by the scale and images are collected. The software then
identiﬁes both unavoidable waste (such as peeling) and avoidable food waste (such as dresses dishes). Their
technology undertakes potential adjustments on the type of dishes prepared and served and the size of the portion.

6.6.7. TellSpec
TellSpec uses spectroscopy to determine the contents of food at a molecular level. It uses light photons which read
chemical compounds. TellSpec claims to identify possibly harmful substances in food and determine freshness and
even the calories of food (https://tellspec.com/).
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7. Food waste conversion to fuel and value products
As previously discussed, one third of food produced for consumption is wasted along the FSC, contributing to environmental degradation and economic inequality. Today, food wastage, and particularly in the developing countries due to
lack of technology and poor infrastructure, is disposed to a great extent in landﬁlls.119 However, a part of this food
waste could be utilized as raw material for the production of fuel and value products, considering its physiochemical
and biological nature.120 Thus, the development of the food waste bio-reﬁnery has been prompted from the need to
increase circularity of industrial systems in order to address limited resources availability and environmental issues.121
EU commission currently aims at ensuring sustainability production of renewable bio-based materials following the
Bio-economy Strategy122 and Action Plan123, enhancing therefore the waste policy in support of waste prevention and
circularity124.

7.1. Bio-fuels
The present world energy demand is satisﬁed mostly from fossil fuel but the lack of the latter and the pollution problems, due to their extensive use, have attracted the attention of the governmental and industrial communities towards
the search of alternative renewable fuels, intensifying relevant research121,125. EU has adopted the Towards Zero
Pollution for Air, Water and Soil Action Plan126, supporting research and relevant innovation which lead to zero pollution. Organic waste such as food waste, which predominantly constitutes of organic compounds like carbohydrates,
proteins and lipids and is generally considered as non-hazardous and non-toxic waste127, is a sustainable alternative to
fossil-based resources. EU’s Bin2Grid project encourages the segregated collection of FW, which could be utilized as an
energy source towards the formation of biogas128. Various waste-to-energy technologies are utilized in order to
convert food waste into bio-fuels, such as bio-methane, bio-hydrogen, bio-ethanol and bio-diesel129.

7.1.1. Bio-Methane and Bio-Hydrogen
Bio-CH4 and bio-H2 production from food waste through anaerobic digestion (AD) has been widely investigated.130,131
AD is a biochemical process carried out in a number of steps by several types of microorganisms which break down
complex organic matter (proteins, fats, carbohydrates, sugars, amino acids and fatty acids). CH4 and CO2 are the
gaseous products of the AD produced through hydrolysis, acidogenesis, acetogenesis and methanogenesis steps132. H2
can also be a gaseous product through AD with its formation strongly related to the operational conditions during the
acidogenesis step, where a pH between 5.5 and 6 is essential for the inhibition of the methanogenesis step.133

7.1.2. Bio-Ethanol
Another bio-fuel that can be produced from food waste is bio-ethanol, which could be produced through
fermentation.134,135 Fermentation is the biochemical breakdown of a substrate (such as carbohydrates) by bacteria or
yeasts for the production of alcohols. The conversion of organic matter through fermentation for the production of
ethanol (at an industrial scale) has been widely studied, as ethanol is considered to be a promising biofuel136. Speciﬁcally, the conversion of food waste to ethanol includes pre-treatment, hydrolysis, fermentation, and distillation steps.
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7.1.3. Bio-Diesel
Food waste could also be used in order to produce bio-diesel, through the transesteriﬁcation method137,138. Bio-diesel
is a form of diesel fuel derived from plants or animals, consisting of long-chain fatty acid esters. It is typically made by
chemically reacting lipids, such as animal fat, soybean oil and vegetable oils, with an alcohol. This chemical reaction is
called transesteriﬁcation, in which oil or fat reacts with alcohol (methanol or ethanol) in presence of a catalyst to form
alkyl ester and glycerol. Unlike the vegetables and waste oils used to fuel converted diesel engines, bio-diesel is a
drop-in bio-fuel, as it is compatible with existing diesel engines and distribution infrastructure.

7.2. Bio-fertilizers
The EU Fertilising Products Regulation creates a framework to encourage the use of organic fertilisers and soil improvers aiming to decrease the EU’s dependency on imports of mineral fertilisers and therefore contributing to a circular
economy for nutrients.139 The production of organic fertilizer from food waste is an environmental-friendly and cheap
method, which has been gaining a lot of attention140,141. Composting is the biological decomposition of wastes consisting of organic substances of plant or animal origin under controlled conditions, forming a useful soil amendment that
can be used as a fertilizer. This treatment involves the placing of the organic material in a pile with suﬃcient water and
air to stimulate microbial activity. The pile creates insulation which causes a rise in temperature increasing the biological activity. The temperature gradient within the pile stimulates air ﬂow as the pile becomes a self-sustaining reactor.

7.3. Bio-Packaging
Packaging is an important element for the food industry, however conventional plastic packages used currently are
damaging both the environment and the economy. Encouraged by the EU regulation regarding the Circular Economy,46
researchers are developing an environmental friendly alternative to petrochemical-based packaging made out of food
waste.142,143 Bio-plastic products constitute an important innovation as they are manufactured to be biodegradable
while have similar functionality to that of conventional petrochemical plastic.144 Aligned with circular economy principles, the next generation of food packaging should signiﬁcantly contribute to eventually reduced food and material
waste, preventing this way the negative environmental and economic impacts.145

7.3.1. Vivo® Films
MonoSol (https://www.monosol.com/) has created Vivo® Films, that is an edible packaging composed of food grade
ingredients. It is transparent and has no smell or taste when consumed. This type of packaging protects food products
like traditional packaging, as it oﬀers good oxygen barrier properties and presents robust mechanical properties, but
dissolves in aqueous solutions (such as water, milk or juices).
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7.4. Chemicals and food ingredients
Food waste provides an important source
towards the production of value-added
chemicals, due to its content with signiﬁcant
quantities of functionalised molecules (sugars,
amino acids, starch, lipids, etc.).146 The
conversion of food waste to value-added
chemicals favours the chemical industry as it
allows the use of renewable raw material,
supporting the food and chemical industry to
form a mutually beneﬁcial relationship. Physical
and thermal extraction constitute the ﬁrst step
for obtaining specialty chemicals.147 In other
cases, further biochemical and fermentation
processes are utilized in order to form more
advanced chemicals, including food nutrients,148
ﬂavouring ingredients149 and anti-inﬂammatory
and antibacterial compounds used in
pharmaceuticals, cosmetic and homecare
products.150 The prospect of the potential
barriers and advantages are currently evaluating
the viability of chemical production and the use
of FW for the future circular economy151.

7.5. Summary
The environmental and economic beneﬁts of
diﬀerent management methods depend
signiﬁcantly on local conditions such as
population density, infrastructure, and climate as
well as on markets for associated products (i.e.,
energy and compost). To assess the sustainability
of the diﬀerent methods a life cycle analysis is
required to provide a comprehensive picture of
management options for food waste. When
considering waste management options, it is
important to consider the waste collection
system jointly with the processing technology,
since the collection regime will aﬀect the food
waste capture levels and the choice of
processing method will be inﬂuenced by the
composition of the input waste.
A brief overview of the main methods currently
used to manage food waste, their costs and their
impact on the environment and public health is
presented in Table 4. These include landﬁlling,
incineration, rendering and biodiesel production,
biological treatments (anaerobic digestion,
composting, and animal feed production,
although use for the latter is currently very
limited due to the restrictions. The diﬀerent food
waste streams and current management options
are summarised in Figure 5 (Annex I). Most
methods for treating food waste have a useful
output, generating either energy or products
that can be used for diﬀerent purposes. The
landﬁll sector can also generate biogas which is
harnessed for energy production.
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Table 4. Overview of treatment methods for food waste.

Treatment
Landﬁll
Incineration

Donation

Environmental Sustainability

Generation of landﬁll gas and leachate
- Air pollutants emissions
+ Energy replacement
N/A

Health Impact

Climate
Change*
Kg eCO2/ tFW

Cost

Risk of infestations

+948

€23-30**

Emissions of ﬁne particulates,
of toxic

+325

€56-176

N/A

-281

N/A

+36
(bioethanol)

€0.0458/litre

+9

€32-78
(mixed food
and
garden waste)
€32-72
(food waste)

-150

€23-72

Wet feed = 30
Dry feed = +2

€65-90

Rendering and
biodiesel
production

Rendering potentially has a major role
to play in a sustainable food chain and
economy. The process itself leads to
the safe recovery of animal
by-products, thus avoiding the disposal
of a substantial quantity of waste.

Risks of human exposure to
biological hazards were found to be
negligible when fallen stock and
by-products were processed by
rendering.

Composting

Compost is valued for its organic
matter content and is typically used as
a soil improver to enhance the
chemical, physical and biological
properties of soil. Compost also
provides slow-release nutrients,
containing nitrogen, phosphorus, and
potassium, which complement
traditional fertilisers and help to
gradually build natural soil fertility

The use of compost in agricultural
land could potentially have
associated risks due, for example,
to contamination of the waste
with pesticides, pharmaceuticals,
or other non-permitted
substances. Compliance with
quality assurance systems will
minimise those risks.

Anaerobic
Digestion
(AD)

Generation of energy, which reduces
emissions of climate change gases by
oﬀsetting emissions from fossil fuelled
power stations. Digestate can be used
as a soil improver

Air emissions are low due to the
enclosed nature of the process.
Combustion of the biogas will
produce some nitrogen oxides.
However, emissions from
AD-CHP are generally lower than
other forms of waste disposal.

Animal feed
and
pet food
production

Data concerning costs, environmental and health impact of the diﬀerent
options for animal feed and pet food production are variable depending on
methods, type of material, etc and they are currently insuﬃcient.
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8. The Last Word
The staggering amount of food loss and waste currently generated along supply chain exacerbates global food system
challenges. Speciﬁcally, food waste has a signiﬁcant impact on the environment, the economy and even the society.
There is a limited numbers of studies conducted at an EU or global level regarding the accurate FLW amount throughout each stage of the Food Supply Chain. As already examined, there are economic, political, cultural, and sociodemographic drivers leading to FLW globally. For instance, food loss is substantial in developing countries due to poor
practices, technical and technological limitations, labour and ﬁnancial restrictions, and lack of proper infrastructure for
transportation and storage. Regarding the developed countries, the food waste occurs after preparation, cooking, or
serving, as well as from not consuming before the expiration date as a result of over-shopping, which might be associated with poor planning and bulk purchasing. In addition to this, cosmetically perfect supply pressures the food system
so that could maintain the quality before reaching the consumer, leading to increased waste. Currently, a signiﬁcant
share of waste originates from the HoReCa sector, requiring further organizational improvements which could lead to
food waste prevention. Yet, the conventional food system enables the complexity of the food wastage issue. Current
legislation encourages the prevention of waste and promotes circular economy, such as EU’s commitment to the
Sustainable Development Goals (SDG 12.3). In order to create an improved and safer food system a multi-sectoral
approach is required, with governments developing and implementing policies which lead to a more sustainable food
system. The technological revolution also known as Industry 4.0 could be applied on food industry, enhancing the food
safety, and reducing the loss and waste along the Food Supply Chain. Finally, the development of the food waste
bio-reﬁnery has been triggered due to the need to enhance the circularity of food industrial system, to address the
depletion of recourses and the environmental problems.

32

9. Bibliography
(1)
Gruber, L. M.; Brandstetter, C. P.; Bos, U.; Lindner, J. P.; Albrecht, S. LCA Study of Unconsumed Food and the Inﬂuence of
Consumer Behavior. Int. J. Life Cycle Assess. 2016, 21 (5), 773–784. https://doi.org/10.1007/s11367-015-0933-4.
(2)
Aschemann-Witzel, J.; de Hooge, I.; Amani, P.; Bech-Larsen, T.; Oostindjer, M. Consumer-Related Food Waste: Causes and
Potential for Action. Sustainability 2015, 7 (6), 6457–6477. https://doi.org/10.3390/su7066457.
(3)
H. Charles J. Godfray; John R. Beddington; Ian R. Crute; Lawrence Haddad; David Lawrence; James F. Muir; Jules Pretty;
Sherman Robinson; Sandy M. Thomas; Camilla Toulmin. Food Security: The Challenge of Feeding 9 Billion People. Food Security.
(4)
Eshel, G.; Shepon, A.; Makov, T.; Milo, R. Land, Irrigation Water, Greenhouse Gas, and Reactive Nitrogen Burdens of Meat,
Eggs, and Dairy Production in the United States. Proc. Natl. Acad. Sci. 2014, 111 (33), 11996–12001.
https://doi.org/10.1073/pnas.1402183111.
(5)
von Massow, M.; McAdams, B. Table Scraps: An Evaluation of Plate Waste in Restaurants. J. Foodserv. Bus. Res. 2015, 18 (5),
437–453. https://doi.org/10.1080/15378020.2015.1093451.
(6)
FAO. Food Wastage Footprint: Impacts on Natural Resources: Summary Report; FAO: Rome, 2013.
(7)
European Environment Agency. From Production to Waste: The Food System; 2014.
(8)
Stenmarck, Å.; Jensen, C.; Quested, T.; Moates, G.; Buksti, M.; Cseh, B.; Juul, S.; Parry, A.; Politano, A.; Redlingshofer, B.;
Scherhaufer, S.; Silvennoinen, K.; Soethoudt, H.; Zübert, C.; Östergren, K. Estimates of European Food Waste Levels; 2016; pp 8–33.
(9)
De Laurentiis, V.; Caldeira, C.; Sala, S. No Time to Waste: Assessing the Performance of Food Waste Prevention Actions.
Resour. Conserv. Recycl. 2020, 161, 104946. https://doi.org/10.1016/j.resconrec.2020.104946.
(10) Corrado, S.; Sala, S. Food Waste Accounting along Global and European Food Supply Chains: State of the Art and Outlook.
Waste Manag. 2018, 79, 120–131. https://doi.org/10.1016/j.wasman.2018.07.032.
(11) Chen, C.; Chaudhary, A.; Mathys, A. Nutritional and Environmental Losses Embedded in Global Food Waste. Resour. Conserv.
Recycl. 2020, 160, 104912. https://doi.org/10.1016/j.resconrec.2020.104912.
(12) Lopez Barrera, E.; Hertel, T. Global Food Waste across the Income Spectrum: Implications for Food Prices, Production and
Resource Use. Food Policy 2021, 98, 101874. https://doi.org/10.1016/j.foodpol.2020.101874.
(13) Priestley, S. Food Waste; CBP07552; 2016.
(14) Esposito, B.; Sessa, M. R.; Sica, D.; Malandrino, O. Towards Circular Economy in the Agri-Food Sector. A Systematic Literature
Review. Sustainability 2020, 12 (18), 7401.
(15) Food and Agriculture Organization of the United Nations. Food Wastage Footprint & Climate Change; pp 1–4.
(16) Jenny Gustavsson; Christel Cederberg; Ulf Sonesson; Robert van Otterdijk; Alexandre Meybeck. Global Food Losses and
Food Waste: Extent, Causes and Prevention. 2011.
(17) University of Applied Sciences; iSuN - Institute of Sustainable Nutrition. Reducing Food Waste.
(18) Fassio, F.; Tecco, N. Circular Economy for Food: A Systemic Interpretation of 40 Case Histories in the Food System in Their
Relationships with SDGs. Systems 2019, 7 (3), 43.
(19) Ishangulyyev, R.; Kim, S.; Lee, S. Understanding Food Loss and Waste—Why Are We Losing and Wasting Food? Foods 2019,
8 (8), 297.
(20) Xue, L.; Liu, G. Introduction to Global Food Losses and Food Waste. In Saving Food; Elsevier, 2019; pp 1–31.
https://doi.org/10.1016/B978-0-12-815357-4.00001-8.
(21) Cinzia Muriana. A Focus on the State of the Art of Food Waste/Losses Issue and Suggestions for Future Researches. Waste
Manag. 2017, 68, 557–570. https://doi.org/10.1016/j.wasman.2017.06.047.
(22) Schanes, K.; Dobernig, K.; Gözet, B. Food Waste Matters - A Systematic Review of Household Food Waste Practices and Their
Policy Implications. J. Clean. Prod. 2018, 182, 978–991.
(23) Giudice, F.; Caferra, R.; Morone, P. COVID-19, the Food System and the Circular Economy: Challenges and Opportunities.
Sustainability 2020, 12 (19), 7939.
(24) European Commission. LIFE FOOD WASTE PLATFORM MEETING – Eﬀective Solutions for Prevention and Treatment; 2018.
(25) Morganti, P.; Chen, H.-D. Knowledge & Technology to Reduce and Use Food Waste. J Appl Cosmetol 2017, 35, 69–79.
(26) Caldeira, C.; De Laurentiis, V.; Ghose, A.; Corrado, S.; Sala, S. Grown and Thrown: Exploring Approaches to Estimate Food
Waste in EU Countries. Resour. Conserv. Recycl. 2021, 168, 105426.
(27) Montecinos, J.; Ouhimmou, M.; Chauhan, S.; Paquet, M. Forecasting Multiple Waste Collecting Sites for the Agro-Food

33

Industry. J. Clean. Prod. 2018, 187, 932–939.
(28) Ghaleigh, N. S. Paris Agreement, Article 2: Aims Objectives and Principles. SSRN Electron. J. 2020.
https://doi.org/10.2139/ssrn.3530991.
(29) United Nations. Climate Change Annual Report. 2019.
(30) European Environment Agency. Total Greenhouse Gas Emissions by Sector (%) in EU-27. 2009.
(31) Nielsen, O.-K.; Phillips, R.; Dämmgen, U. EEA Air Pollutant Emission Inventory Guidebook. 2019, 14.
(32) European Commission. EU Biodiversity Strategy for 2030: Bringing Nature Back into Our Lives. 2020.
(33) European Commission. The EU Nitrates Directive. 2010.
(34) European Commission. DIRECTIVE 2000/60/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL: Establishing a
Framework for Community Action in the Field of Water Policy. 2000.
(35) European Commission. Analysis Associated with the Roadmap to a Resource Eﬃcient Europe Part I. 2011.
(36) Mak, T. M. W.; Xiong, X.; Tsang, D. C. W.; Yu, I. K. M.; Poon, C. S. Sustainable Food Waste Management towards Circular
Bioeconomy: Policy Review, Limitations and Opportunities. Bioresour. Technol. 2020, 297, 122497.
(37) Lehtokunnas, T.; Mattila, M.; Närvänen, E.; Mesiranta, N. Towards a Circular Economy in Food Consumption: Food Waste
Reduction Practices as Ethical Work. J. Consum. Cult. 2020, 0, 1–19.
(38) Rajković, M.; Popović-Minić, D.; Milinčić, D.; Zdravković, M. Circular Economy in Food Industry. Zastita Mater. 2020, 61 (3),
229–250.
(39) INTERREG MED GREEN GROWTH COMMUNITY. Zero Waste: Problems Become Opportunities. 2019, No. September.
(40) European Commission. GOAL 12: RESPONSIBLE PRODUCTION AND CONSUMPTION; 2016.
(41) European Commission. Sustainable Development in the European Union: Monitoring Report on Progress towards the SDGs
in an EU Context; 2020.
(42) European Commission. Fund for European Aid to the Most Deprived. 2021.
(43) United Nations. Zero Hunger Challenge. 2015.
(44) European Commission. A Farm to Fork Strategy for a Fair, Healthy and Environmentally-Friendly Food System. 2020.
(45) European Commission. EU Actions against Food Waste.
(46) European Commission. A New Circular Economy Action Plan. 2020, 20.
(47) European Commission. EU Platform on Food Losses and Food Waste. 2019.
(48) European Environment Agency. Bio-Waste in Europe: Turning Challenges into Opportunities.; Publications Oﬃce: LU, 2020.
(49) European Commission. Waste Framework Directive 2008/98/EC. 2008.
(50) EPA. About the Food Recovery Hierarchy.
(51) Eriksson, M.; Giovannini, S.; Ghosh, R. K. Is There a Need for Greater Integration and Shift in Policy to Tackle Food Waste?
Insights from a Review of European Union Legislations. SN Appl. Sci. 2020, 2 (8), 1347.
(52) Garske, B.; Heyl, K.; Ekardt, F.; Weber, L.; Gradzka, W. Challenges of Food Waste Governance: An Assessment of European
Legislation on Food Waste and Recommendations for Improvement by Economic Instruments. Land 2020, 9 (7), 231.
(53) Slorach, P. C.; Jeswani, H. K.; Cuéllar-Franca, R.; Azapagic, A. Environmental Sustainability in the Food-Energy-Water-Health
Nexus: A New Methodology and an Application to Food Waste in a Circular Economy. Waste Manag. 2020, 113, 359–368.
(54) Designing Sustainable Technologies, Products and Policies: From Science to Innovation; Benetto, E., Gericke, K., Guiton, M.,
Eds.; Springer International Publishing: Cham, 2018. https://doi.org/10.1007/978-3-319-66981-6.
(55) Torres De Matos, C.; Cristobal Garcia, J.; Vila, M.; Manfredi, S.; Giavini, M.; European Commission; Joint Research Centre.
Prevention of Waste in the Circular Economy: Analysis of Strategies and Identiﬁcation of Sustainable Targets; JRC105415; 2016; pp
5–60.
(56) Ojha, S.; Bußler, S.; Schlüter, O. K. Food Waste Valorisation and Circular Economy Concepts in Insect Production and Processing. Waste Manag. 2020, 118, 600–609.
(57) Bajzelj, B.; McManus, W.; Parry, A. Food Waste in Primary Production in the UK. 2019.
https://doi.org/10.13140/RG.2.2.36134.14400.
(58) Ingrao, C.; Faccilongo, N.; Di Gioia, L.; Messineo, A. Food Waste Recovery into Energy in a Circular Economy Perspective: A
Comprehensive Review of Aspects Related to Plant Operation and Environmental Assessment. J. Clean. Prod. 2018, 184, 869–892.
(59) Kolk, A.; Ciulli, F. The Potential of Sustainability-Oriented Digital Platform Multinationals: A Comment on the Transitions
Research Agenda. Environ. Innov. Soc. Transit. 2020, 34, 355–358.
(60) Aramyan, L.; Grainger, M.; Logatcheva, K.; Piras, S.; Setti, M.; Stewart, G.; Vittuari, M. Food Waste Reduction in Supply
Chains through Innovations: A Review. Emerald Publ. Ltd. 2020, 1–18.
(61) Food Waste Management: Solving the Wicked Problem; Närvänen, E., Mesiranta, N., Mattila, M., Heikkinen, A., Eds.;
Springer International Publishing: Cham, 2020. https://doi.org/10.1007/978-3-030-20561-4.
(62) Giordano, C.; Falasconi, L.; Cicatiello, C.; Pancino, B. The Role of Food Waste Hierarchy in Addressing Policy and Research: A

34

Comparative Analysis. J. Clean. Prod. 2020, 252, 119617. https://doi.org/10.1016/j.jclepro.2019.119617.
(63) Papargyropoulou, E.; Lozano, R.; K. Steinberger, J.; Wright, N.; Ujang, Z. bin. The Food Waste Hierarchy as a Framework for
the Management of Food Surplus and Food Waste. J. Clean. Prod. 2014, 76, 106–115.
https://doi.org/10.1016/j.jclepro.2014.04.020.
(64) Teigiserova, D. A.; Hamelin, L.; Thomsen, M. Towards Transparent Valorization of Food Surplus, Waste and Loss: Clarifying
Deﬁnitions, Food Waste Hierarchy, and Role in the Circular Economy. Sci. Total Environ. 2020, 706, 136033.
https://doi.org/10.1016/j.scitotenv.2019.136033.
(65) EU. Food Waste Measurement. 2020.
(66) Martin-Rios, C.; Hofmann, A.; Mackenzie, N. Sustainability-Oriented Innovations in Food Waste Management Technology.
Sustainability 2020, 13 (1), 210.
(67) European Commission. The European Green Deal. 2019.
(68) Galford, G. L.; Peña, O.; Sullivan, A. K.; Nash, J.; Gurwick, N.; Pirolli, G.; Richards, M.; White, J.; Wollenberg, E. Agricultural
Development Addresses Food Loss and Waste While Reducing Greenhouse Gas Emissions. Sci. Total Environ. 2020, 699, 134318.
https://doi.org/10.1016/j.scitotenv.2019.134318.
(69) Cattaneo, A.; Sánchez, M. V.; Torero, M.; Vos, R. Reducing Food Loss and Waste: Five Challenges for Policy and Research.
Food Policy 2021, 98, 101974. https://doi.org/10.1016/j.foodpol.2020.101974.
(70) Singh, K. N.; Kumar, D.; Shamim, Md.; Kumar, M. Biosafety for Sustainable Agriculture. In Biotechnology for Sustainable
Agriculture; Elsevier, 2018; pp 305–333. https://doi.org/10.1016/B978-0-12-812160-3.00011-8.
(71) Jedermann, R.; Nicometo, M.; Uysal, I.; Lang, W. Reducing Food Losses by Intelligent Food Logistics. Philos. Trans. R. Soc.
Math. Phys. Eng. Sci. 2014, 372 (2017), 20130302. https://doi.org/10.1098/rsta.2013.0302.
(72) Kakani, V.; Nguyen, V. H.; Kumar, B. P.; Kim, H.; Pasupuleti, V. R. A Critical Review on Computer Vision and Artiﬁcial Intelligence in Food Industry. J. Agric. Food Res. 2020, 2, 100033. https://doi.org/10.1016/j.jafr.2020.100033.
(73) Wikström, F.; Verghese, K.; Auras, R.; Olsson, A.; Williams, H.; Wever, R.; Grönman, K.; Kvalvåg Pettersen, M.; Møller, H.;
Soukka, R. Packaging Strategies That Save Food: A Research Agenda for 2030. J. Ind. Ecol. 2019, 23 (3), 532–540.
(74) Williams, H.; Lindström, A.; Trischler, J.; Wikström, F.; Rowe, Z. Avoiding Food Becoming Waste in Households – The Role of
Packaging in Consumers’ Practices across Diﬀerent Food Categories. J. Clean. Prod. 2020, 265, 121775.
https://doi.org/10.1016/j.jclepro.2020.121775.
(75) Hernalsteens, S. Edible Films and Coatings Made up of Fruits and Vegetables. In Biopolymer Membranes and Films; Elsevier,
2020; pp 575–588. https://doi.org/10.1016/B978-0-12-818134-8.00024-9.
(76) Santos, A. M. P.; Melo, E. de A. Application of Edible Biopolymer Coatings to Extend the Storage Life of Fresh Fruits and
Vegetables. In Biopolymer Membranes and Films; Elsevier, 2020; pp 505–513. https://doi.org/10.1016/B978-0-12-8181348.00020-1.
(77) Wang, L.; Liu, G.; Liu, X.; Liu, Y.; Gao, J.; Zhou, B.; Gao, S.; Cheng, S. The Weight of Unﬁnished Plate: A Survey Based Characterization of Restaurant Food Waste in Chinese Cities. Waste Manag. 2017, 66, 3–12.
https://doi.org/10.1016/j.wasman.2017.04.007.
(78) Julião, J.; Gaspar, M.; Tjahjono, B.; Rocha, S. Exploring Circular Economy in the Hospitality Industry. In Innovation, Engineering and Entrepreneurship; Lecture Notes in Electrical Engineering; Springer International Publishing: Cham, 2019; Vol. 505, pp
953–960. https://doi.org/10.1007/978-3-319-91334-6_131.
(79) Dhir, A.; Talwar, S.; Kaur, P.; Malibari, A. Food Waste in Hospitality and Food Services: A Systematic Literature Review and
Framework Development Approach. J. Clean. Prod. 2020, 270, 122861.
(80) Filimonau, V.; De Coteau, D. A. Food Waste Management in Hospitality Operations: A Critical Review. Tour. Manag. 2019, 71,
234–245. https://doi.org/10.1016/j.tourman.2018.10.009.
(81) Principato, L.; Pratesi, C. A.; Secondi, L. Towards Zero Waste: An Exploratory Study on Restaurant Managers. Int. J. Hosp.
Manag. 2018, 74, 130–137. https://doi.org/10.1016/j.ijhm.2018.02.022.
(82) Rodríguez-Antón, J. M.; Alonso-Almeida, M. del M. The Circular Economy Strategy in Hospitality: A Multicase Approach.
Sustainability 2019, 11 (20), 5665.
(83) Jasmina Schmidt. Winnow: Harnessing the Power of AI to Tackle Food Waste in the Catering Industry; 2020.
(84) Martin-Rios, C.; Demen-Meier, C.; Gössling, S.; Cornuz, C. Food Waste Management Innovations in the Foodservice Industry.
Waste Manag. 2018, 79, 196–206.
(85) Eriksson, M.; Strid, I.; Hansson, P.-A. Food Losses in Six Swedish Retail Stores: Wastage of Fruit and Vegetables in Relation to
Quantities Delivered. Resour. Conserv. Recycl. 2012, 68, 14–20. https://doi.org/10.1016/j.resconrec.2012.08.001.
(86) Filimonau, V.; Gherbin, A. An Exploratory Study of Food Waste Management Practices in the UK Grocery Retail Sector. J.
Clean. Prod. 2017, 167, 1184–1194. https://doi.org/10.1016/j.jclepro.2017.07.229.
(87) Vizzoto, F.; Tessitore, S.; Iraldo, F.; Testa, F. Passively Concerned: Horeca Managers’ Recognition of the Importance of Food
Waste Hardly Leads to the Adoption of More Strategies to Reduce It. Waste Manag. 2020, 107, 266–275.

35

https://doi.org/10.1016/j.wasman.2020.04.010.
(88) Tanizaki, T.; Hoshino, T.; Shimmura, T.; Takenaka, T. Demand Forecasting in Restaurants Using Machine Learning and Statistical Analysis. Procedia CIRP 2019, 79, 679–683. https://doi.org/10.1016/j.procir.2019.02.042.
(89) Charlebois, S.; Creedy, A.; von Massow, M. “Back of House” – Focused Study on Food Waste in Fine Dining: The Case of
Delish Restaurants. Int. J. Cult. Tour. Hosp. Res. 2015, 9 (3), 278–291. https://doi.org/10.1108/IJCTHR-12-2014-0100.
(90) Kallbekken, S.; Sælen, H. ‘Nudging’ Hotel Guests to Reduce Food Waste as a Win–Win Environmental Measure. Econ. Lett.
2013, 119 (3), 325–327. https://doi.org/10.1016/j.econlet.2013.03.019.
(91) Sakaguchi, L.; Pak, N.; Potts, M. D. Tackling the Issue of Food Waste in Restaurants: Options for Measurement Method,
Reduction and Behavioral Change. J. Clean. Prod. 2018, 180, 430–436. https://doi.org/10.1016/j.jclepro.2017.12.136.
(92) Stock, T.; Seliger, G. Opportunities of Sustainable Manufacturing in Industry 4.0. Procedia CIRP 2016, 40, 536–541.
https://doi.org/10.1016/j.procir.2016.01.129.
(93) Bongomin, O.; Gilibrays Ocen, G.; Oyondi Nganyi, E.; Musinguzi, A.; Omara, T. Exponential Disruptive Technologies and the
Required Skills of Industry 4.0. J. Eng. 2020, 2020, 1–17. https://doi.org/10.1155/2020/4280156.
(94) Alcácer, V.; Cruz-Machado, V. Scanning the Industry 4.0: A Literature Review on Technologies for Manufacturing Systems.
Eng. Sci. Technol. Int. J. 2019, 22 (3), 899–919. https://doi.org/10.1016/j.jestch.2019.01.006.
(95) European Commission. A Policy Brief from the Policy Learning Platform on Research and Innovation; 2019.
(96) European Commission. European Technology Platforms: Champions for Growth; 2020.
(97) Kayikci, Y.; Subramanian, N.; Dora, M.; Bhatia, M. S. Food Supply Chain in the Era of Industry 4.0: Blockchain Technology
Implementation Opportunities and Impediments from the Perspective of People, Process, Performance, and Technology. Prod.
Plan. Control 2020, 1–21. https://doi.org/10.1080/09537287.2020.1810757.
(98) Soosay, C.; Kannusamy, R. Scope for Industry 4.0 in Agri-Food Supply Chain. 2018. https://doi.org/10.15480/882.1784.
(99) Ojo, O. O.; Shah, S.; Coutroubis, A.; Jimenez, M. T.; Munoz Ocana, Y. Potential Impact of Industry 4.0 in Sustainable Food
Supply Chain Environment. In 2018 IEEE International Conference on Technology Management, Operations and Decisions
(ICTMOD); IEEE: Marrakech, Morocco, 2018; pp 172–177. https://doi.org/10.1109/ITMC.2018.8691223.
(100) Režek Jambrak, A.; Nutrizio, M.; Djekić, I.; Pleslić, S.; Chemat, F. Internet of Nonthermal Food Processing Technologies
(IoNTP): Food Industry 4.0 and Sustainability. Appl. Sci. 2021, 11 (2), 686. https://doi.org/10.3390/app11020686.
(101) Jagtap, S.; Bader, F.; Garcia-Garcia, G.; Trollman, H.; Fadiji, T.; Salonitis, K. Food Logistics 4.0: Opportunities and Challenges.
Logistics 2020, 5 (1), 2. https://doi.org/10.3390/logistics5010002.
(102) From Agriculture to the Global Food Chain/System. In Food and Society; Elsevier, 2020; pp 201–222.
https://doi.org/10.1016/B978-0-12-811808-5.00009-X.
(103) Smith, L. G.; Kirk, G. J. D.; Jones, P. J.; Williams, A. G. The Greenhouse Gas Impacts of Converting Food Production in England
and Wales to Organic Methods. Nat. Commun. 2019, 10 (1), 4641. https://doi.org/10.1038/s41467-019-12622-7.
(104) Sonesson, U.; Berlin, J.; Hospido, A. Towards Sustainable Industrial Food Production Using Life Cycle Assessment
Approaches. In Environmental Assessment and Management in the Food Industry; Elsevier, 2010; pp 165–176.
https://doi.org/10.1533/9780857090225.3.165.
(105) European Commission. Agricultural Technological Innovation; 2019.
(106) Zambon, I.; Cecchini, M.; Egidi, G.; Saporito, M. G.; Colantoni, A. Revolution 4.0: Industry vs. Agriculture in a Future Development for SMEs. Processes 2019, 7 (1), 36. https://doi.org/10.3390/pr7010036.
(107) Talaviya, T.; Shah, D.; Patel, N.; Yagnik, H.; Shah, M. Implementation of Artiﬁcial Intelligence in Agriculture for Optimisation
of Irrigation and Application of Pesticides and Herbicides. Artif. Intell. Agric. 2020, 4, 58–73.
https://doi.org/10.1016/j.aiia.2020.04.002.
(108) Bhushan, D.; Agrawal, R. The Internet of Things: Looking beyond the Hype. In An Industrial IoT Approach for Pharmaceutical
Industry Growth; Elsevier, 2020; pp 231–255. https://doi.org/10.1016/B978-0-12-821326-1.00008-5.
(109) Neethirajan, S. The Role of Sensors, Big Data and Machine Learning in Modern Animal Farming. Sens. Bio-Sens. Res. 2020,
29, 100367. https://doi.org/10.1016/j.sbsr.2020.100367.
(110) Angelovič, M.; Krištof, K.; Jobbágy, J.; Findura, P.; Križan, M. The Eﬀect of Conditions and Storage Time on Course of Moisture
and Temperature of Maize Grains. BIO Web Conf. 2018, 10, 02001. https://doi.org/10.1051/bioconf/20181002001.
(111) Doulgeraki, A. I.; Ercolini, D.; Villani, F.; Nychas, G.-J. E. Spoilage Microbiota Associated to the Storage of Raw Meat in
Diﬀerent Conditions. Int. J. Food Microbiol. 2012, 157 (2), 130–141. https://doi.org/10.1016/j.ijfoodmicro.2012.05.020.
(112) Iulietto, M. F.; Sechi, P.; Borgogni, E.; Cenci-Goga, B. T. Meat Spoilage: A Critical Review of a Neglected Alteration Due to
Ropy Slime Producing Bacteria. Ital. J. Anim. Sci. 2015, 14 (3), 4011. https://doi.org/10.4081/ijas.2015.4011.
(113) Peyvasteh, M.; Popov, A.; Bykov, A.; Meglinski, I. Meat Freshness Revealed by Visible to Near-Infrared Spectroscopy and
Principal Component Analysis. J. Phys. Commun. 2020, 4 (9), 095011. https://doi.org/10.1088/2399-6528/abb322.
(114) Tsakanikas, P.; Karnavas, A.; Panagou, E. Z.; Nychas, G.-J. A Machine Learning Workﬂow for Raw Food Spectroscopic Classiﬁcation in a Future Industry. Sci. Rep. 2020, 10 (1), 11212. https://doi.org/10.1038/s41598-020-68156-2.

36

(115) Chapter 1 - Introduction to Transporter Container Sanitation, Traceability, and Temperature Controls. 42.
(116) Chapter 2 - Current and Emerging Transportation Food Safety Models. 39.
(117) Xu, J.; Guo, S.; Xie, D.; Yan, Y. Blockchain: A New Safeguard for Agri-Foods. Artif. Intell. Agric. 2020, 4, 153–161.
https://doi.org/10.1016/j.aiia.2020.08.002.
(118) Aktas, E.; Sahin, H.; Topaloglu, Z.; Oledinma, A.; Huda, A. K. S.; Irani, Z.; Sharif, A. M.; van’t Wout, T.; Kamrava, M. A
Consumer Behavioural Approach to Food Waste. J. Enterp. Inf. Manag. 2018, 31 (5), 658–673. https://doi.org/10.1108/JEIM-032018-0051.
(119) Rehan, M.; Nizami, A.-S.; Rashid, U.; Naqvi, M. R. Editorial: Waste Bioreﬁneries: Future Energy, Green Products and Waste
Treatment. Front. Energy Res. 2019, 7, 55. https://doi.org/10.3389/fenrg.2019.00055.
(120) Karthikeyan, O. P.; Mehariya, S.; Chung Wong, J. W. Bio-Reﬁning of Food Waste for Fuel and Value Products. Energy Procedia
2017, 136, 14–21. https://doi.org/10.1016/j.egypro.2017.10.253.
(121) Caldeira, C.; Vlysidis, A.; Fiore, G.; De Laurentiis, V.; Vignali, G.; Sala, S. Sustainability of Food Waste Bioreﬁnery: A Review on
Valorisation Pathways, Techno-Economic Constraints, and Environmental Assessment. Bioresour. Technol. 2020, 312, 123575.
https://doi.org/10.1016/j.biortech.2020.123575.
(122) European Commission. A Sustainable Bioeconomy for Europe: Strengthening the Connection between Economy, Society
and the Environment. Updated Bioeconomy Strategy; 2018.
(123) European Commission. The Action Plan: For Nature, People and the Econom; 2017.
(124) European Commission. Bioeconomy: The European Way to Use Our Natural Resources (Action Plan); 2018.
(125) Coma, M.; Martinez-Hernandez, E.; Abeln, F.; Raikova, S.; Donnelly, J.; Arnot, T. C.; Allen, M. J.; Hong, D. D.; Chuck, C. J.
Organic Waste as a Sustainable Feedstock for Platform Chemicals. Faraday Discuss. 2017, 202, 175–195.
https://doi.org/10.1039/C7FD00070G.
(126) European Commission. EU Action Plan: “Towards Zero Pollution for Air, Water and Soil”; 2021.
(127) Carmona-Cabello, M.; Garcia, I. L.; Leiva-Candia, D.; Dorado, M. P. Valorization of Food Waste Based on Its Composition
through the Concept of Bioreﬁnery. Curr. Opin. Green Sustain. Chem. 2018, 14, 67–79.
https://doi.org/10.1016/j.cogsc.2018.06.011.
(128) European Commission. Bin2Grid Project. 2017.
(129) Li, S.; Yang, X. Biofuel Production from Food Wastes. In Handbook of Biofuels Production; Elsevier, 2016; pp 617–653.
https://doi.org/10.1016/B978-0-08-100455-5.00020-5.
(130) Algapani, D. E.; Qiao, W.; Ricci, M.; Bianchi, D.; M. Wandera, S.; Adani, F.; Dong, R. Bio-Hydrogen and Bio-Methane Production from Food Waste in a Two-Stage Anaerobic Digestion Process with Digestate Recirculation. Renew. Energy 2019, 130, 11081115. https://doi.org/10.1016/j.renene.2018.08.079.
(131) Ariunbaatar, J.; Panico, A.; Frunzo, L.; Esposito, G.; Lens, P. N. L.; Pirozzi, F. Enhanced Anaerobic Digestion of Food Waste by
Thermal and Ozonation Pretreatment Methods. J. Environ. Manage. 2014, 146, 142–149.
https://doi.org/10.1016/j.jenvman.2014.07.042.
(132) Zhurka, M.; Spyridonidis, A.; Vasiliadou, I. A.; Stamatelatou, K. Biogas Production from Sunﬂower Head and Stalk Residues:
Eﬀect of Alkaline Pretreatment. Molecules 2019, 25 (1), 164. https://doi.org/10.3390/molecules25010164.
(133) Aceves-Lara, C.-A.; Latrille, E.; Conte, T.; Bernet, N.; Buﬃère, P.; Steyer, J.-P. Optimization of Hydrogen Production in Anaerobic Digestion Processes. 9.
(134) Matsakas, L.; Kekos, D.; Loizidou, M.; Christakopoulos, P. Utilization of Household Food Waste for the Production of Ethanol
at High Dry Material Content. 2014, 9.
(135) Uçkun Kiran, E.; Liu, Y. Bioethanol Production from Mixed Food Waste by an Eﬀective Enzymatic Pretreatment. Fuel 2015,
159, 463–469. https://doi.org/10.1016/j.fuel.2015.06.101.
(136) Kang, A.; Lee, T. S. Converting Sugars to Biofuels: Ethanol and Beyond. Bioengineering 2015, 2 (4), 184–203.
https://doi.org/10.3390/bioengineering2040184.
(137) Karmee, S. K.; Linardi, D.; Lee, J.; Lin, C. S. K. Conversion of Lipid from Food Waste to Biodiesel. Waste Manag. 2015, 41,
169–173. https://doi.org/10.1016/j.wasman.2015.03.025.
(138) Barik, S.; Paul, K.; Priyadarshi, D. Utilization of Kitchen Food Waste for Biodiesel Production. IOP Conf. Ser. Earth Environ. Sci.
2018, 167, 012036. https://doi.org/10.1088/1755-1315/167/1/012036.
(139) European Commission. Regulation of the European Parliament and of the Council of 5 June 2019 Laying down Rules on the
Making Available on the Market of EU Fertilising Products and Amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009
and Repealing Regulation (EC) No 2003/2003. 114.
(140) Cerda, A.; Artola, A.; Font, X.; Barrena, R.; Gea, T.; Sánchez, A. Composting of Food Wastes: Status and Challenges. Bioresour. Technol. 2018, 248, 57–67. https://doi.org/10.1016/j.biortech.2017.06.133.
(141) Voběrková, S.; Maxianová, A.; Schlosserová, N.; Adamcová, D.; Vršanská, M.; Richtera, L.; Gagić, M.; Zloch, J.; Vaverková, M.
D. Food Waste Composting - Is It Really so Simple as Stated in Scientiﬁc Literature? – A Case Study. Sci. Total Environ. 2020, 723,

37

138202. https://doi.org/10.1016/j.scitotenv.2020.138202.
(142) Jõgi, K.; Bhat, R. Valorization of Food Processing Wastes and By-Products for Bioplastic Production. Sustain. Chem. Pharm.
2020, 18, 100326. https://doi.org/10.1016/j.scp.2020.100326.
(143) Tsang, Y. F.; Kumar, V.; Samadar, P.; Yang, Y.; Lee, J.; Ok, Y. S.; Song, H.; Kim, K.-H.; Kwon, E. E.; Jeon, Y. J. Production of
Bioplastic through Food Waste Valorization. Environ. Int. 2019, 127, 625–644. https://doi.org/10.1016/j.envint.2019.03.076.
(144) Selvamurugan Muthusamy, M.; Pramasivam, S. Bioplastics – An Eco-Friendly Alternative to Petrochemical Plastics. Curr.
World Environ. 2019, 14 (1), 49–59. https://doi.org/10.12944/CWE.14.1.07.
(145) Guillard, V.; Gaucel, S.; Fornaciari, C.; Angellier-Coussy, H.; Buche, P.; Gontard, N. The Next Generation of Sustainable Food
Packaging to Preserve Our Environment in a Circular Economy Context. Front. Nutr. 2018, 5, 121.
https://doi.org/10.3389/fnut.2018.00121.
(146) Lin, C. S. K.; Pfaltzgraﬀ, L. A.; Herrero-Davila, L.; Mubofu, E. B.; Abderrahim, S.; Clark, J. H.; Koutinas, A. A.; Kopsahelis, N.;
Stamatelatou, K.; Dickson, F.; Thankappan, S.; Mohamed, Z.; Brocklesby, R.; Luque, R. Food Waste as a Valuable Resource for the
Production of Chemicals, Materials and Fuels. Current Situation and Global Perspective. Energy Environ. Sci. 2013, 6 (2), 426.
https://doi.org/10.1039/c2ee23440h.
(147) Xiong, X.; Yu, I. K. M.; Tsang, D. C. W.; Bolan, N. S.; Sik Ok, Y.; Igalavithana, A. D.; Kirkham, M. B.; Kim, K.-H.; Vikrant, K.
Value-Added Chemicals from Food Supply Chain Wastes: State-of-the-Art Review and Future Prospects. Chem. Eng. J. 2019, 375,
121983. https://doi.org/10.1016/j.cej.2019.121983.
(148) Pleissner, D.; Lin, C. S. K. Valorisation of Food Waste in Biotechnological Processes. Sustain. Chem. Process. 2013, 1 (1), 21.
https://doi.org/10.1186/2043-7129-1-21.
(149) Isah, S.; Ozbay, G. Valorization of Food Loss and Wastes: Feedstocks for Biofuels and Valuable Chemicals. Front. Sustain.
Food Syst. 2020, 4, 82. https://doi.org/10.3389/fsufs.2020.00082.
(150) Trivedi, J.; Bhonsle, A. K.; Atray, N. Processing Food Waste for the Production of Platform Chemicals. In Reﬁning Biomass
Residues for Sustainable Energy and Bioproducts; Elsevier, 2020; pp 427–448. https://doi.org/10.1016/B978-0-12-8189962.00019-3.
(151) Rex, E.; Rosander, E.; Røyne, F.; Veide, A.; Ulmanen, J. A Systems Perspective on Chemical Production from Mixed Food
Waste: The Case of Bio-Succinate in Sweden. Resour. Conserv. Recycl. 2017, 125, 86–97.
https://doi.org/10.1016/j.resconrec.2017.05.012.
(152) Ogino, A.; Hirooka, H.; Ikeguchi, A.; Tanaka, Y.; Waki, M.; Yokoyama, H.; Kawashima, T. Environmental Impact Evaluation of
Feeds Prepared from Food Residues Using Life Cycle Assessment. J. Environ. Qual. 2007, 36 (4), 1061–1068.
https://doi.org/10.2134/jeq2006.0326.
(153) Lee, S.-H.; Choi, K.-I.; Osako, M.; Dong, J.-I. Evaluation of Environmental Burdens Caused by Changes of Food Waste Management Systems in Seoul, Korea. Sci. Total Environ. 2007, 387, 42–53. https://doi.org/10.1016/j.scitotenv.2007.06.037.
(154) Kim, M.-H.; Kim, J.-W. Comparison through a LCA Evaluation Analysis of Food Waste Disposal Options from the Perspective
of Global Warming and Resource Recovery. Sci. Total Environ. 2010, 408 (19), 3998–4006.
https://doi.org/10.1016/j.scitotenv.2010.04.049.
(155) Takata, M.; Fukushima, K.; Kino-Kimata, N.; Nagao, N.; Niwa, C.; Toda, T. The Eﬀects of Recycling Loops in Food Waste
Management in Japan: Based on the Environmental and Economic Evaluation of Food Recycling. Sci. Total Environ. 2012, 432,
309–317. https://doi.org/10.1016/j.scitotenv.2012.05.049.
(156) Menikpura, S. N. M.; Sang-Arun, J.; Bengtsson, M. Integrated Solid Waste Management: An Approach for Enhancing Climate
Co-Beneﬁts through Resource Recovery. Spec. Vol. Clim. Co-Beneﬁts Urban Asia 2013, 58, 34–42.
https://doi.org/10.1016/j.jclepro.2013.03.012.
(157) Vandermeersch, T.; Alvarenga, R. A. F.; Ragaert, P.; Dewulf, J. Environmental Sustainability Assessment of Food Waste
Valorization Options. Resour. Conserv. Recycl. 2014, 87, 57–64. https://doi.org/10.1016/j.resconrec.2014.03.008.
(158) Eriksson, M.; Strid, I.; Hansson, P.-A. Carbon Footprint of Food Waste Management Options in the Waste Hierarchy – a
Swedish Case Study. J. Clean. Prod. 2015, 93, 115–125. https://doi.org/10.1016/j.jclepro.2015.01.026.
(159) DEFRA UK- Department of Environment, Food and Rural Aﬀairs. Evidence Project Final Report. 2011.

38

ANNEX I: Food waste management options: relationships and outputs

Heat/ Power

Incineration with
energy recovery
(All food waste)

Biogas

Landﬁll
(Catering waste/ certain
former foodstuﬀs)

Land spreading
(Certain non-catering food
waste, subject to grazing ban)

Incineration without
energy (All food waste)
Animal feed
(Certain former foodstuﬀs)
Pet food
(Certain former foodstuﬀ)

Anaerobic Digestion
(All food waste)

Rendering
(Diﬀerent types of food waste
depending on output)
Biodiesel production
(All food waste)
Oleochemicals
Fertilisers
Animal feed/ pet
food
Biofuel

Compost
Like Output

MBT
(All food waste)

Biodiesel
Glycerine
Potassium
sulphate

Digestate
Biogas

Composting
(All food waste)

Compost

Note: Block arrows indicate the outputs of
the diﬀerent processes. Dotted arrows
indicate interrelations between the diﬀerent
management options (when output from one
method can be used as feedstock for
another). Sources of food waste for each
option are indicated in brackets (limitations
and conditions apply).

Figure 5. Food waste management options: relationships and outputs (adopted from DEFRA 2011)
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