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Abstract

Abstract

Food Loss and Waste (FLW) pose a significant global challenge, with approximately one-third
of all food produced for human consumption lost or wasted annually, amounting to about 1.3
billion tons. This immense loss has profound environmental, economic, and social
implications, contributing to environmental issues, economic inefficiencies, and food
insecurity. In the European Union alone, an estimated 88 million tons of food are wasted
annually, costing approximately €143 billion. For these reasons such a problem is embodied
in Sustainable Development Goal (SDG) 12.3 aims to halve per capita global food waste by
2030, underscoring the urgency to understand FLW across the entire Food Supply Chain
(FSC) and develop effective mitigation strategies.

In order to measure the effectiveness of FLW prevention actions, Key Performance Indicators
(KPIs) are pivotal tools widely used in the literature, particularly those quantifying FLW
generated and avoided. But despite a growing recognition of the FLW problem, current
literature reveals fragmented methodologies for quantifying FLW and assessing the
sustainability impacts of FLW prevention actions, resulting in inconsistencies and limited
comparability. This includes FLW quantification, where while the European Union's
standardised FLW quantification guidelines (Commission Delegated Decision 2019/1597)
provide a foundational framework, variations persist in definitions, causes, and destinations
across studies. On the other hand, Life Cycle Assessment (LCA) offers a standardised approach
for assessing FLW's environmental impact, although its application to FLW prevention
remains underexplored. Moreover, integrating sustainability KPIs with Information and
Communication Technologies (ICT) shows promise in enhancing the standardisation of these
assessments by advancing data reliability and transparency. Especially as regards LCA, a
resource-intensive methodology that enormously benefits from this synergy.

To address these gaps, this dissertation develops a standardised methodology for evaluating
the environmental, social, and economic impacts of FLW prevention actions across FSCs. With
a holistic life cycle approach, the methodology aims to enable efficient and rigorous
comparisons between different FSCs, considering the upstream and downstream
consequences of FLW prevention efforts. Specific objectives include defining a taxonomy for
FLW, establishing KPIs for sustainability impacts, refining FLW quantification and LCA
methodologies, and leveraging digitisation for enhanced data reliability and transparency.
Validation of this methodology involves analysing five circular economy scenarios in a real
case study, encompassing various types of FLW prevention actions.

The research focuses on an entire FSC of prepared salads in Spain, adopting a cradle-to-grave
approach to have a comprehensive vision of the case study. The data collected for this case
study encompasses different temporal periods between 2021 and 2023. Through extensive
literature review, and consultation to experts and stakeholders from 3 different FSCs, a robust
set of 69 KPIs was defined, culminating in the creation of the FOODRUS index. This index
integrates economic, environmental, and social dimensions, providing a comprehensive



framework for evaluating FSC’s preparedness to implement FLW prevention actions. The
methodology adheres to Delegated Decision 2019/1597 guidelines to quantify FLW and
expands its scope, refining definitions and methodologies to include preharvest losses and
diverse waste fractions. It enhances FLW quantification by incorporating food characteristics,
root causes, destinations, and standardised classifications using NACE codes for FSC stages,
UNSPSC codes for food products, and EWC codes for FLW flows. This approach strengthens
methodological reliability and exhaustiveness, crucial for monitoring progress towards SDG
12.3. LCA methodology was employed to evaluate the environmental impacts on climate
change and water use of FLW prevention actions using the PEF v3.0 as impact assessment
method. Digitisation was integrated in the methodology at different steps including the
definition, calculation, and visualisation of KPIs. Validation through circular economy
scenarios demonstrates the methodology's robustness, assessing a range of FLW prevention
actions categorised by the Joint Research Centre (JRC). These scenarios integrate social
actions and technological solutions aimed at reducing FLW, each evaluated based on identified
causes and potential impacts. A decision tree aids in identifying optimal FLW prevention
measures, particularly in Scenario 4.

Results include a standardised set of 69 KPIs to measure the sustainability impact of FLW
prevention actions validated through expert knowledge and stakeholder consultations. The
index, evaluated across five organisations within the case study, effectively measures
readiness, coherent with subsequent KPl measurements. Detailed calculations for each KPI
demonstrate considerable performance of the case study at the baseline, highlighting robust
FLW prevention efforts such as food donations and animal feeding, notably from Processing
and manufacturing (P&M) and Retail and other distribution of food (RDF) stages. FLW
prevention action scenarios showcase diverse impacts within the FSC. Supply chain efficiency
in Scenario 1 delivers significant economic benefits and reduces FLW to landfills.
Redistribution efforts in Scenario 2 achieve moderate economic impact and FLW reduction.
Consumer behaviour-focused Scenario 3 generates substantial social benefits despite
targeting only the Household (HH) stage. Scenario 4, which incorporates FLW prevention
governance, Yyields significant economic gains and nutritional value saved. Integrating all
actions in Scenario 5 shows mixed economic performance but excels in social and technical
KPIs, such as nutritional value saved. These scenarios underscore trade-offs and benefits of
different FLW prevention actions across the FSC. As concerns FLW prevention, Scenario 5
showcases the best performance, followed closely by Scenario 4. Environmental assessments
via LCA highlight significant impacts from Primary Production (PP), primarily contributing to
carbon and water footprints. Even if this FSC stage is not where most FLW is generated, this
result is due to the additional food production needed to fulfil the functional unit when FLW
generation acts. Among FLW prevention actions, Scenario 4 demonstrates the best
performance, significantly reducing carbon and water footprints through effective governance.
Digitisation enhanced KP1 visualisation, promoting transparency and aiding decision-making.
Digital tools and data models supported rigorous sustainability assessments by standardising
data and enhancing transparency and reliability.

In conclusion, this dissertation establishes a robust framework for assessing and enhancing
sustainability within FSCs through 69 KPIs. Spanning economic, environmental, and social
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dimensions, these KPIs provide a comprehensive toolkit for measuring FLW prevention action
impacts. The methodology integrates expert insights, stakeholder inputs, and regulatory
guidelines, culminating in the FOODRUS index, a demonstrated useful tool to assess the
readiness of FSCs to implement FLW prevention actions validated across 5 FSC stakeholders.
The methodology provides a representative measure crucial for achieving SDG 12.3, enriched
by food characteristics, root causes, destinations, and standardised classifications. LCA
identifies effective solutions and underscores trade-offs, with governance actions showing the
highest potential for environmental impact mitigation. Additionally, it is concluded that
optimisation of FLW prevention actions’ efficiency requires tailored approaches for each
specific context. As regards digitisation, it streamlines the deployment of the methodology
mainly by enhancing the KPI measurement practicality. Finally, prioritising critical KPIs
results to be crucial for optimising FLW prevention actions combinations.
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Introduction

1 Introduction

Food loss and waste (FLW) is a global-scale problem that entails various challenges, which act
as barriers to make progress towards sustainable development, as indicated by Xue & Liu
(2019). In other words, FLW generation has negative effects on sustainability. This negative
effect has been documented to occur in the three pillars of sustainability: at environmental,
economic, and social levels (Alonso-Mufioz et al., 2022). From an environmental perspective,
the production of food and thus the generation of FLW contributes to several impact
categories, such as: climate change (Nikravech et al., 2020), water use (Garcia-Herrero et al.,
2023), land use (Tonini et al., 2018), and resource use (Lopez Barrera & Hertel, 2021), for
example. Enhancing the environmental performance of these food products would result in a
significant improvement in the overall environmental impact of humanity. Specifically, the
agriculture sector, which accounts for 86% of the total water footprint generated by humans
(Hoekstra & Chapagain, 2008), and approximately 13.5% of the total anthropogenic
greenhouse gas emissions (Pandey & Agrawal, 2014), plays a crucial role in this context. From
an economic perspective, the management of the FLW generated represents a substantial
financial loss, which subsequently translates into an increase in the prices of these products
(Otles et al., 2015). From a social perspective, wasting food harms food security and
exacerbates social inequalities (A. Chauhan et al., 2018).

Besides, the demand for food is still not satisfied and is expected to increase in the following
years, intensifying the problem. First, food insecurity continues to escalate in the present day,
affecting a significant portion of the global population. By 2020, approximately 2.37 billion
people, accounting for nearly one-third of the world's population, were classified as food
insecure (FAO et al., 2021). This alarming reality contradicts the considerable amount of food
that is wasted due to inefficiencies within the food supply chain (FSC) (FAO et al., 2013).
Specifically, an estimated 1.3 billion tons of food are lost or wasted annually according to FAO
(2011). Although this estimation varies depending on the source. According to the FUSIONS
project, the generation of FLW in Europe reached a total of 88 million tons in 2012 (Stenmarck
et al., 2016). Later, the Food Waste Index Report in 2019 revealed that approximately 931
million tonnes of food waste (FW) were generated globally, encompassing retail, food service
establishments, and households (Forbes et al., 2022). Apart from the amount of FLW
generated, as the Food and Agriculture Organization (FAO) of the United Nations (UN) points
out, it is projected that the global population will grow by approximately 2 billion individuals
by the year 2050. Meeting the food needs of this expanding population, while dealing with the
current agricultural land availability and depleting resources, will necessitate a 70% increase
in food production (FAO, 2017; Kirova et al., 2019).

These figures provide compelling evidence highlighting the imperative to address this issue
and establish a more sustainable and equitable food system in the pursuit of sustainable
development. In fact, there is an SDG target especially dedicated to this problem: SDG 12.3.
This target seeks to "halve per capita global food waste at the retail and consumer levels, and
reduce food losses along production and supply chains by 2030” (United Nations, 2023b).
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Some authors mention that Circular Economy (CE) would indirectly contribute to the
fulfilment of such an SDG target by raising awareness, food sharing activities, acting on retail’s
food operations, composting, etc (Schroeder et al., 2018).

In order to reduce such FLW and address the issue, FLW quantification is needed first. So, in
light of the requirement for harmonising measurement practices, the European Commission
introduced the Commission Delegated Decision (EU) 2019/1597 in 2019 (European
Commission, 2019), to establish standardisation in quantification methods. However, there
remains a challenge in achieving a comprehensive standardisation that enables meaningful
comparisons across studies (Hoehn et al., 2023), as the current delegated decision lacks the
necessary level of specificity. Furthermore, simply measuring FLW is insufficient, and it is
essential to incorporate additional FLW-related indicators to comprehensively monitor the
sustainability impact of FLW prevention actions. The introduction of such metrics aligns
perfectly with the Circular Economy action plan (European Commission, 2020a), which
explicitly emphasises the importance of indicators related to resource utilisation as well as to
address the problem from a holistic perspective. But no scientific consensus has been reached
either in this matter, where the need for a standardised set of KPIs able to measure the impact
of FLW prevention actions comprehensively and for any case study still persists.

1.1  Memory structure

This Ph.D. dissertation is divided into chapters, sections and subsections. The numbered
chapters and the main content they comprise are briefly described hereunder.

Chapter 1 provides an overview of the topic, emphasising on the problems that FLW
generation bring to the table and their sustainability impact. The motivation to carry out this
research, along with the scope of the research and the memory structure are given as well.

Chapter 2 presents a review of the relevant scientific literature that deal with the topics of
interest for this project. It begins with the most general topics, narrowing down the scope
towards more specific ones. The main focus is on sustainability and circular economy, as well
as new technologies and the synergies that result from their interactions in the FLW context.

Chapter 3 summarises the gaps and challenges identified in the state of the art. It sets the basis
to define where the objectives will be oriented.

Chapter 4 indicates the main objective of the dissertation and the secondary objectives that
stem from it.

Chapter 5 presents the methodological framework. It clearly defines what concepts and
approaches were selected to form the theoretical background of the investigation. This
framework conditions the rest of the methodology and therefore the results depend on it.

Chapter 6 explains the methodology followed to conduct the research activity. How the case
study was defined, the whole definition process of the KPIs, the type of LCA that was
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conducted, the CE scenarios raised, and the digitisation of the KPIs are described in this
chapter.

Chapter 7 discusses the results obtained from the case study after deploying the methodology.
This chapter is structured in the same way as chapter 6, so that the results of each section can
be unambiguously discerned.

Finally, Chapter 8 showcases the conclusions drawn in line with the previously established
objectives. Additionally, in this chapter the implications and limitations of the work done as
well as the future work that lie ahead in this research line are exposed.

The original contributions of this dissertation have resulted in the following publications and
deliverables. Although the content is unique to the dissertation, it has been differently
presented in these works to prevent self-plagiarism:

¢ Amador-Cervera, M., Angarita-Zapata, J. S., de la Calle Vicente, A., & Alonso-Vicario,
A. (2024). The FOODRUS index: Assessing suitability for effective food loss and waste
prevention management under an integral perspective. Waste Management, 179, 32—
43. https://doi.org/10.1016/j.wasman.2024.02.050

o European H2020 FoodRUs project (2022). Deliverable D1.1 - Circular Food Strategies
Documentation.

e European H2020 FoodRUs project (2022). Deliverable D1.3 — Preliminary Test Report

e European H2020 FoodRUs project (2024). Deliverable D1.4 — Full Test Report

o European H2020 FoodRUs project (2024). Deliverable D4.3 - Process-based life cycle
sustainability assessment of FoodRUs food production and supply systems
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2 State of the art

This section provides an overview of the current knowledge and research in the field of FLW,
beginning with the most general topics and gradually narrowing down to the most specific
ones. It aims to present a comprehensive understanding of the existing literature, theories,
methodologies, and key findings related to the topic. By reviewing the most recent and relevant
scholarly works, starting from broad concepts and progressively delving into more specialised
areas, this section seeks to establish a foundation for the subsequent analysis and exploration
of the research objectives. Through an examination of the advancements and gaps in the
literature, this section will contribute to the identification of the research niche and the
justification for the present study.

2.1 Sustainability and Circular Economy

First, the groundwork for the entire research will be laid by exploring the fundamental concept
of sustainability. Sustainability serves as the overarching framework within which this Ph.D.
dissertation is framed, encompassing environmental, social, and economic dimensions.
Hence, providing an initial definition of "sustainability" is imperative for this dissertation.

Sustainability is defined as “an activity or action that is capable of being sustained” (Santillo,
2007). However, this is a general definition that does not match the sustainability concept that
concerns this study’s approach. Instead, the term with a commonly recognised definition that
is used to refer to such an idea is sustainable development. So, although sustainability and
sustainable development are stated to be distinct and there is still debate on their definitions
(Ruggerio, 2021), in the context of this dissertation they will be used interchangeably to avoid
further complications. Sustainable development is understood as the progress of civilisation
in parallel with a proper care for the environment so that the following generations' needs are
not compromised (WCED, 1987). Indeed, the three pillars of sustainability, which are
economy, society and environment, are seen by some authors as the goals of sustainable
development (Purvis et al., 2019). In the same line of sight and in order to achieve this
sustainable development, the Sustainable Development Goals (SDGs) were coined in 2012 at
the United Nations Conference on Sustainable Development in Rio de Janeiro (United
Nations, 2012). They were later approved in 2015, and finally became effective in January
2016. These SDGs work on different areas such as dignity, people, planet, justice and
prosperity (Leal Filho et al., 2018). So, these 17 SDGs are listed in the 2030 Agenda for
Sustainable Development, and are as follows (United Nations, 2023b):

No poverty.

Zero hunger.

Good health and well-being.
Quality education.

Gender equality.

Clean water and sanitation.

ok wh =
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7. Affordable and clean energy.

8. Decent work and economic growth.

9. Industry, innovation and infrastructure.
10. Reduced inequalities.

11. Sustainable cities and communities.

12. Responsible consumption and production.
13. Climate action.

14. Life below water.

15. Life on land.

16. Peace, justice and strong institutions.
17. Partnership for the goals.

The fulfilment of these goals is up to the joint action of the different countries that form the
United Nations. Although they are part of the same concept, further guidance is claimed
concerning the priority that should be given to these goals (Kumar et al., 2018). This is
necessary to prevent potential conflicts or trade-offs that may arise between different goals, as
highlighted by Scherer et al. (2018).

But contrary to this, the economic system that is currently installed across the entire world is
unsustainable. Today's linear vision of produce-consume-dispose products and materials is no
longer a viable option (Sariatli, 2017). This prevailing system is a consequence of the uneven
wealth distribution between developed and developing countries. Mostly, the materials flows
come from different zones at a global level, but the consumers are mainly concentrated on
developed countries. The effect of how expensive such materials are in comparison to human
labour is the disregard of the adequate and ethical management of the waste. On top of that,
legislation has allowed this since the organisations do not have any responsibility for the
externalities. Which obviously causes producers to ignore the impacts of the previous stages
of the supply chain (Sariatli, 2017).

According to Eurostat data (European Commission, 2023c), in the European economy 2.2
billion tons of material were dumped as waste. It is worth mentioning that this waste doesn't
fulfil its function and is a loss of energy as well. Only 39.2% of them were recycled.

The growth of the worldwide population along with the fast-paced development of China and
India has enormously boosted the number of middle-class consumers. And the economic
system we have at the present time, is unable to embrace the investment that will be necessary
to meet their needs (for example regarding food) (Ellen MacArthur Foundation, 2013).

As an alternative to this situation, the Circular Economy (CE) comes up as a model that
showcases hopeful characteristics. With a focus on the reduction of the resource use (greater
than that of sustainable development) (Geissdoerfer et al., 2017), it is a concept that could
leverage the implementation of sustainable development itself (Kirchherr et al., 2017). The
concept was initially mentioned and established in 1990. Back then the definition of this idea
alluded to the recycling of the wastes into resources, closing the loop with a natural or a
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technological procedure in such a way that the quantity of available resources keeps constant
or is even increased (Ellen MacArthur Foundation, 2013; United Nations, 2023c). CE fosters
the use of recycled, reused and repaired materials, together with investing in renewable
energies (Andersen, 1999).

Nowadays, the most widely accepted view of this concept is the one provided by the Ellen
MacArthur Foundation (EMF), which is one of the greatest references in this field. It states
three principles that form the basis of the Circular Economy (Ellen MacArthur Foundation,
2023b):

e Designing out waste and pollution.
e Keeping products and materials in use for as long as possible.
e Regenerating natural ecosystems.

Designing out of waste and pollution is a manner of conducting ecodesign, which seeks to
integrate the environmental considerations of the product into its design and development
(IS0, 2002). Keeping materials in use (in contrast to planned obsolescence) aims at extending
a product's useful life by means of design, maintenance and a wider use over time (Cooper,
2010). One of the most effective ways to fulfil this is by the servitisation of the product. With
this approach the sale of the physical product is replaced by offering the service that was being
satisfied by the mentioned product. It is also known as Product-Service systems (Tukker,
2015), which is indeed one of the keys of the so-called “Circular business models” (Bocken et
al., 2016). Regenerating natural ecosystems consists of repairing the damage caused by human
activities in the ecosystems by helping them recover their self-renewal capacity (Morseletto,
2020). Another dimension that provides an added value to CE is biomimicry. Biomimicry
consists of observing the ways in which nature deals with the different problems it faces, with
the purpose of learning from it. So that the solutions extracted from that experience can be
successfully exploited to solve the issues that may arise in our lives (Sariatli, 2017).

The EMF presents CE as a win-win strategy for businesses and nature, serving as a way to
generate economic and environmental benefits at the same time (Ellen MacArthur
Foundation, 2013). CE can potentially take benefits from ecosystem cycles implementing them
into its economic cycles and thereby permitting natural systems to regenerate at an acceptable
rate. According to Korhonen et al. (2018), these benefits are:

e Environmental benefits:

o Reduction of virgin material use and energy consumption.
Increase in the amount of renewable inputs.
Reduction of solid, liquid and gaseous wastes.
Extension of the resources' useful life.
Decarbonisation of fuels.

o Regenerative outflows from which nature can take advantage of.
e Social benefits:

o Creation of new jobs.

o Enhancement of community relations.

o O O O
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o Removal of the concept of ownership in favour of a services system.
e Economic benefits:
o Reduction of materials and energy costs.
Increase of resources’ profitability.
Reduction of legal and bureaucratic costs.
Improvement of company’s image.
Reduction of waste costs.
Increase in incomes thanks to industrial symbiosis.

o O O O O

In recent years, CE has spread and institutions like the European Union (EU) are giving
prominence to it through for example the publication of the “Circular Economy Action Plan”
(European Commission, 2020a) included within the “European Green Deal” (European
Commission, 2023a). One of the reasons why Circular Economy is being so actively promoted
by institutions, may be its existent synergies with the SDGs. CE is strongly connected to SDG
12 (which is the one that concerns this study), although it isn’t the only connection with SDGs.
CE actions are highly linked to SDG 6 (Clear water and sanitation), SDG 7 (Affordable and
clean energy), SDG 8 (Decent work and economic growth) and SDG 15 (Life on land) apart
from the already mentioned SDG 12 (Responsible consumption and production) (Schroeder
et al., 2018). Under the approach taken by (Schroeder et al., 2018), CE actions would directly
help fulfil 21 targets (out of the 169 shaping the SDGs), and another 28 targets indirectly.

While it is true that circular economy (CE) appears to be a very promising idea and is gaining
more and more relevance, there is no consensus on its definition (Kirchherr et al., 2017, 2023).
That is one of the findings of Kirchherr et al. (2023), who found and analysed more than 200
definitions of CE. The EMF has its own perspective of what CE is, setting the next definition:
“A circular economy is an industrial system that is restorative and regenerative by intention
and design” (Ellen MacArthur Foundation, 2013). In another document published by the
EMF, a slightly different definition is given: “A circular economy is one that is restorative by
design, and which aims to keep products, components and materials at their highest utility
and value, at all times” (Webster, 2017). Meanwhile, after conducting research and reviewing
the aforementioned in addition to other definitions, Geissdoerfer et al. (2017) established the
following concept as CE: “A regenerative system in which resource input and waste, emission,
and energy leakage are minimised by slowing, closing, and narrowing material and energy
loops. This can be achieved through long-lasting design, maintenance, repair, reuse,
remanufacturing, refurbishing, and recycling.”. In these cases, as well as in other authors'
perspectives like Bocken et al. (2016), Geng & Doberstein (2008), or Yuan et al. (2008), it can
be observed that there are some ideas which are repeated in several of such definitions, such
as “regenerative” and “closed-loops”. This makes sense since that is the way nature works, and
after all its designs are the most efficient structures (Aziz & El sherif, 2016). In fact, “circular”
means “closed-loop” (Han et al., 2020), so it is part of the term itself. Therefore, it is
considered by the author of this dissertation that those two ideas should be included in the
final definition.
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Differentiating between “circular economy” and “sustainability” has become a major issue of
concern to use the language properly. Formerly called “sustainable” products, practices,
services, etc, are now sold as “circular” without strong arguments to do it apart from
marketing. So, to draw the line between the two terms is the first stone to start using the term
CE and the adjective “circular” in a correct way. In this regard, the International Organization
for Standardization (ISO) has recently published (in May 2024) a series of ISO norms for CE
that must be considered. They are:

e ISO 59004: Circular Economy - Terminology, principles and guidance for
implementation

e 1SO 59010: Circular Economy - Guidance on the transition of business models and
value networks

e 1SO 59014: Environmental management and Circular Economy - Sustainability and

traceability of secondary materials recovery - Principles and requirements

ISO 59020: Circular Economy - Measuring and assessing circularity

ISO 59031: Circular Economy - Performance based approaches

ISO 59032: Circular Economy - Review of business model implementation

1SO 59040: Circular Economy - Product circularity data sheet

These norms aim to standardise the concept and how circularity should be measured, among
other aspects. 1SO 59004 includes a definition of CE: “Economic system that uses a systemic
approach to maintain a circular flow of resources, by recovering, retaining or adding to
their value, while contributing to sustainable development.” (ISO, 2023b). Thus, in this
dissertation, the definition provided by the ISO will be employed as it covers the same concepts
found in the previously identified keywords, and it is also the definition most likely to be
adopted by institutions.

There is a particular feature that is not explicitly mentioned in the CE definition but should
not be overlooked. It is fair to say that as a consequence of human activity, there is always an
impact (GroB et al., 2019; He et al., 2021). Aiming at ho impact has to be the final goal, but it
will not be fully achievable. Humans need food for eating, water for drinking, etc (Nayeri &
Stothard, 2016; Sun et al., 2015). And that implies, inevitably, resource consumption. Not to
produce any impact would be optimal, but in order for the CE to work out it must be assumed
that our actions (among which are the economic activities) will have an impact and need to be
profitable (otherwise they would not be sustainable). A CE definition that aims at achieving
zero environmental impact is too utopic and may not be workable in practice due to
thermodynamic limits among others (Korhonen et al., 2018; Quicker et al., 2020). For that
reason, the author of this dissertation firmly believes that the economic system’s efficiency
should be deemed in the definition. It should be established that CE must pursue solutions
that are beneficial for both nature and economy. It is reasonable to assume that the word
“value” in such a definition entails economic value as well.

As previously indicated, different principles of the CE are proposed in the literature. Apart
from those of the EMF, there are others, such as those proposed by the institution Circle
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Economy, that follow a similar approach. These principles serve as a basis for defining circular
strategies and transitioning from theory to practice. Therefore, to put the concept into
practice, it will be verified if this CE definition aligns with these principles. The Circle Economy
has always proposed 4 different principles (also called strategies) to comply with their CE
objectives. As repeated in the last edition of the Circularity Gap Report (Circle Economy,
2023), these are: Narrow flows - Use less, Slow flows - Use longer, Regenerate flows - Make
clean, and Cycle flows - Use again. These 4 principles follow the same rationale as the ones
stated by the EMF but portraying them as flows. From the accepted definition it must be
possible to infer the CE principles, so that all the CE systems, activities, practices or processes
are covered by the definition. A discussion about how it matches them takes place hereunder:

Design out waste and pollution (Narrow flows - Use less): To contribute to sustainable
development, it is reasonable to assert that the minimisation of resource consumption
and waste/pollution generation is necessary. Thanks to evolution, life has been
redesigning itself in such a way that no waste is produced and having a high efficiency
in the management of resources (Benyus, 1997), that is why a CE draws inspiration
from nature. First of all, definitions of waste and pollution are given so that it can be
discussed if this principle matches the proposed definition of CE. “Waste” is defined
by the Waste Framework Directive as “any substance or object which the holder
discards or intends or is required to discard” (European Commission, 2008b).
“Pollution” is defined by the European Environment Agency as “the introduction of
substances or energy into the environment, resulting in deleterious effects of such a
nature as to endanger human health, harm living resources and ecosystems, and
impair or interfere with amenities and other legitimate uses of the environment”
(European Environment Agency, 2022). In this definition of waste it is implicit that
the product’s value has dropped for the holder. So, by retaining this value as the CE
definition defends, this part of the principle could be inferred. Similarly, the definition
of pollution implies environmental degradation, which is assumed to be contrary to the
"maintenance of a circular flow of resources" described in the definition. So, the
definition proposed by I1SO is understood to be in line with this principle.

Regenerate natural systems (Regenerate flows - Make clean): Regeneration is a key
action line of the proposed definition of CE as a result of (1) maintaining the circular
flow of resources and (2) recovering their value (assuming that value includes
ecological value). According to Morseletto (2020), the regeneration of ecosystems
consists of repairing the damage caused in ecological processes by human activity,
leveraging ecosystems to recover their self-renewal capacity. By making resources
recover their ecological value, ecosystems would be sent back to their natural states,
letting them recover their properties and regenerate. Which on top of it, is key for
maintaining the circular flow of resources. Consequently, this principle is considered
to fit in with the proposed definition of CE.

Keep products and materials in use (Cycle flows - Use again, and Slow flows - Use
longer): To keep materials and products in use aims at expanding a product’s useful
life via design, maintenance, and a long-time usage (Cooper, 2010). This principle is
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also covered by the CE definition of 1SO. Extending the lifespan of products/services
is intrinsically linked to retaining or increasing their value. In this regard, servitisation
has emerged as a successful solution thanks to reparation, remanufacturing and
upgrading. It is one of the bases in circular business models, in which the internet of
things (1oT) and network technologies play a key role (Han et al., 2020).

Therefore, taking into account the assumptions described above, the proposed definition is
considered to align with the principles of both the EMF and Circle Economy. Figure 1 provides
a schematic illustration of this alignment.

Circular economy definition
(1S0, 2023)

“Economic system that uses a
systemic approach to maintain a
circular flow of resources, by
recovering, retaining or adding to
their value, while contributing to
sustainable development”

EMF Principles

Design out of waste
and pollution

Regenerate natural
systems

Keep products and
materialsin use

Circularity gap report
Strategies

Narrow flows — Use less

Regenerate flows — Make
clean

Cycle flows — Use again

Slow flows — Use longer

Figure 1. Circular economy definition and principles.

Once the definition to be followed and the principles derived from it are established, it is
important to emphasise the differentiating characteristic that sets CE apart as not only a
vehicle towards sustainable development but also something more ambitious. The principle of
regeneration marks this distinction. While the other two principles of the EMF aim to reduce
the environmental impact caused by human activities, that is, to be more sustainable, the
principle of regeneration seeks to go beyond and have a positive impact on the environment.
In Figure 2, the representation of the environmental impact and the appropriate terms for

each type of action adjusted by Craft et al. (2017) is provided.
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Figure 2. Environmental impact and types of actions. Source: Craft et al. (2017).

This scheme can be found in several different sources, but the main message is the same:
current trends, aiming to promote sustainable development, would reduce the impact we
already generate, but not improve the environmental conditions to their pre-development
state. From the viewpoint of the author of this dissertation, this represents the utmost value
proposition that the concept of CE offers: regeneration. Without such a factor, in terms of
environmental impact circular products or services would not bring any improvement in
comparison to sustainable ones. Indeed, that is the reason why in this dissertation the
sustainability impact of a set of circular solutions is assessed. This nuance is crucial to
emphasise since "circular", as presented, refers to the economic approach employed in the
product design rather than its sustainability impact. Many companies are leveraging this
aspect at marketing level, because as Boyer et al. (2021) concluded, consumers prefer products
labelled as circular.

Regarding the methodology for assessing circularity, many indicators have been proposed.
Apart from the academic literature, the EMF through the Circulytics indicators (Ellen
MacArthur Foundation, 2023a), also Circle Economy (Circle Economy, 2023) put forward
specific metrics to do so. However, there is currently no consensus on a standardised approach
or framework to analyse the effectiveness of CE strategies in terms of impact reduction (Pefia
etal., 2021). This may lead to wrong conclusions if such a methodology is not having an overall
picture of the system (Pefia et al., 2021). For that reason, setting a common ground is needed
so that the measurement of the circularity becomes comparable especially in practice (Pefia et
al., 2021). Although with the publication of the aforementioned 1SO 59020 this situation is
expected to change for the better. Nonetheless, as indicated by previous studies, achieving a
higher level of circularity does not necessarily ensure the attainment of the most sustainable
outcome (Bartie et al., 2023). Hence, this research work concentrates on conducting a direct
analysis of sustainability performance, although the FLW prevention actions that will be
assessed in this dissertation can be considered as circular solutions since they operate within
the “Design out waste and pollution” principle.
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2.2 Information and Communication Technologies (ICTs)

The subsequent focus turns towards exploring the crucial role of Information and
Communication Technologies (ICTs) in achieving the SDGs. ICTs are those technological
systems that enable people to control and manage different types of information (Carter &
Grover, 2015). The development of these ICTs is leveraging what is known as Industry 4.0
(Perakovi¢ et al., 2020). This is an industrial revolution that integrates technologies such as
the internet of things (10T), big data analytics, artificial intelligence (Al), robotics, and cyber-
physical systems (CPS) to create "smart factories" and enable intelligent decision-making
across all aspects of production. These technologies allow for real-time data collection,
analysis, and predictive maintenance, optimising manufacturing processes and improving
efficiency (Jagatheesaperumal et al., 2022; Sniderman et al., 2016). According to small and
mid-sized digital technologies users in manufacture, ICTs show advantages as concerns
product quality, productivity, innovation and cost saving (Beaty & Quirk, 2018).

As recognised back in 2008 by the European Commission, ICTs have a high potential in terms
of sustainability. They have the chance to make progress towards a more energy-efficient
economy, which leads to a lower carbon system. Nevertheless, the European Commission also
highlights that ICTs need to reduce their own energy use first (European Commission, 2008a).
Even though it must be noted that ICTs imply environmental impacts too. Those impacts can
be classified in: impacts coming from the ICTs life cycles (life-cycle impacts), impacts coming
from implementation of new materials where there wasn’t any before (enabling impacts) and
impacts coming from economic structures and institutions that emerge from these ICT
systems (structural impacts) (Hilty & Aebischer, 2015).

In this context, in 2016 The World Summit on the Information Society (WSIS) created a matrix
in which the 17 SDGs are matched with 11 action lines for ICT. Those action lines are:

e Cl.Role of Government and all Stakeholders in the Promotion of ICT for Development.

e C2. Information and communication infrastructure: an essential foundation for the
Information Society.

e (3. Access to information knowledge.

e C4. Capacity building.

e C5. Building confidence and security in the use of ICTs.

e (6. Enabling environment.

e C7.ICT applications: benefits in all aspects of life.

e (8. Cultural diversity and identity, linguistic diversity and local content.

e (9. Media.

e C10. Ethical dimensions of the Information Society.

e Cl11. International and regional cooperation.

These proposed actions would operate in the SDGs as WSIS indicates in Figure 3:

24



State of the art

-\“ snns A“n Ensure inclusive and equitable g‘;ﬁ::m “’ Maks cities and Auman settiements

7" WSIS ACTION LINES MATRIX et | ¢ R e

Achieve gender equality £1,£9,C4, 65, 08,
and empawer all women 7 E-business, C7 E-health, GOAL12 luction patterms.
and girls (5.5, 5.6, 5.8) 7 E-agriculture, €8, 10 (lz.o. ILT 128, 12, 12b)

Ensure avallability and Take urgent action to

sustainable management of ‘pnt GOALT3 u-mdhmmm
water and sanitation for all :
(6.A,6.8) (m,nz,;z: 1)

Ensure access to atfordable,

reliable, sustainable and €3, c5, GOALTA ausﬂ:nuyrg::“ ?“

madern energy for all C7 E-science MM: development (14.2) 7Etckacy

(71, TA, 78
Sustainable Development Goal Relevant WSIS Action Line { )

i st i fis e e g | 2.3, 65,28, €7 Ebuiness Prosct, st snd pramote sustiableus of

lnlmp:'mr;whm 4 hll:lﬂ productive mrhymmtand :; i—nmﬂn{;nl‘ GOAL15 “:ﬁf’mmmﬁ:“’ (7 E-environment,

(1.4,15,1.8) £ E-agricuiture, m—ui-er.cll jecent wark for all & ;ﬂ" Ay, e €7 Estience
(l.1 8.2,0.3,85,0.9,8.0) i

Promote peaceful and inclusive sacieties for

End hunger, achieve food 3,04, Build resifient infrastructure, promote €2,03,05,C6, ‘sustainable development, provide access to justice for n,l: £4,05,08,
mum,umn and inclusive 7 E-gavernment,

security and improved nutrition mml:n-m inclusive and sustainable C7 E-government, CT E-business,
and promote sustainable £7 E-agricultare, industrialization and foster innovation (7 E-environment, £7 E-agricalture, sl
agriculture (2.3,2.4,2.5,2.8) | £8,01 (81,83,04,8a,8c) e, cia (18.2,183, us, n 18,1618, 16.3, 18)

Ensure healthy lives £, o - Streagihen the means of inplementation and LB cAon o
and pramote well-being Ehealth, con et et LG, 66, revitalze the global partnership for sustainable 1 Exmmmm—"’ &l
for all at all ages 5 GOALID | among countries L 3 L €7E-bealth, £7 F-employment,

(3.3,3.7,3.8,38,30) (102,103, )

devel
7 F-agriculture,
(8,108, 78, T, 7,13, 7, 7, 72) £7Escience, it

Figure 3. SDGs and WSIS action lines matrix. Source: International Telecommunication Union et al.
(2015).

A more detailed explanation about how they fit one another is given in the WSIS-SDG Matrix
document (International Telecommunication Union et al., 2015).

Among new technologies, some of them like the 10T, cloud computing and big data are
identified as crucial by 28 EU Member States (Perakovié et al., 2020). A brief summary of
them is given below.

Big data is defined as “Information assets characterised by such a high volume, velocity and
variety to require specific technology and analytical methods for its transformation into Value”
by De Mauro et al. (2014). Since nowadays digitisation is becoming a major subject, big data
is gaining relevance because of the need to manage all that analogue information that is being
digitised. Moreover, it has a heavy impact on both society and companies (De Mauro et al.,
2014).

The cloud computing definition provided by the United States National Institute of Standards
and Technology states that cloud computing is “a model for enabling convenient, on-demand
network access to a shared pool of configurable computing resources (e.g., networks, servers,
storage, applications, and services) that can be rapidly provisioned and released with minimal
management effort or service provider interaction” (Mell & Grance, 2011). Cloud computing
includes five key features: On-demand self-service, broad network access, resource pooling,
rapid elasticity, and measured service (Dillon et al., 2010). In order to ensure the data integrity
that cloud computing environments require, Blockchain has become an outstanding
technology when building and deploying databases (Gaetani et al., 2017). Blockchain is a
digital ledger capable of recording and storing information organised in a chronological order.
It prevents manipulation by making that information permanent and immutable. Besides, it
is decentralised and distributed, thereby resulting in a more reliable data management system
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(Treiblmaier, 2018). Blockchain has remarkable applications in a broad range of areas, among
which supply chain management is a prominent example (Kshetri, 2018).

And last but not least, a larger explanation of 10T will be given as it is an essential component
of Industry 4.0 (Hofmann & Rlsch, 2017) and so more substantial within the framework of
this dissertation. According to Vermesan & Friess (2013, 2014), 10T is a network conformed
by a set of embedded devices. They can be integrated in a wide range of objects, such as
vehicles, buildings, machines, instruments, etc. All of which are interconnected sending and
receiving information with a defined objective. It shows improvement capacities and therefore
has applications in tracing, safety, control, monitoring, administration, etc. An 10T system can
share this information between people, between people and machines/things, and between
machines/things. In systems such as these, the set of devices is even able to be ever-present
through wireless and wired connections, interacting with each other in order to perform
common tasks. Gathering data along the way and analysing it. They can run those tasks due
to the intelligence they acquire, becoming capable of making decisions in accordance with the
context. Thus, elaborating a complex service (Vermesan & Friess, 2013, 2014), the design of
which can be constantly improved by them with the help of the primary data they are collecting
(Manyika et al., 2015). According to Patel et al. (2016), the core characteristics of 10T are the
following ones:

Interconnectivity: 1oT makes it possible to connect anything at different scales.
Things-related service: 10T can provide services although it will be limited by the
physical things themselves.
Heterogeneity: 10T is a combination of different hardware structures.
Dynamic changes: 10T devices state can change continuously (location, speed,
connected/disconnected, etc).

e Enormous scale: The loT devices layer will always operate at a higher scale than the
not loT devices.
Safety: An loT system provides both data and physical safety.
Connectivity: 10T connectivity abilities simplify accessibility and compatibility

As mentioned by Bouzembrak et al. (2019), 10T devices are conformed by 2 components:

e The sensor: Component that captures the information (temperature, humidity, light,
movement...).

e The transmitter: Component that transfers the information. This encompasses Radio-
frequency identification (RFID), bluetooth, Wi-Fi, etc.

The feasible advantages that 10T offers thanks to the measurement of parameters (that will be
discussed later) creates an insightful opportunity within a CE context to perform
looping/cascading processes, extend products lifetime and favour servitisation (Ellen
MacArthur Foundation, 2016).

Once the high potential of 10T to enable circular strategies has been analysed, the associated
environmental risks they entail also need to be accounted for. Their low durability alongside
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the toxic chemicals their waste may contain, could constitute a more significant impact on the
environment in comparison with the ones their implementation is supposed to tackle
(Ingemarsdotter, 2021).

Concerning terminology, the literature highlights a notable distinction between “digitisation”
and “digitalisation” that necessitates clarification. These terms are frequently used as
synonyms, but they are not. Gobble (2018) and Reis et al. (2020) affirm that numerous authors
discuss the differentiation between digitisation and digitalisation. Digitisation refers to the
conversion of analogue information into digital format, as stated by Parviainen et al. (2017):
"the action or process of digitising; the conversion of analogue data (especially images, video,
and text) into digital form." Conversely, digitalisation involves the transformation of business
processes through the adoption of digital technologies. The literature review conducted by
Reis et al. (2020) reveals that the definition of digitalisation can be ambiguous at times. Some
definitions merge elements of both digitisation and digitalisation, while others align more
closely with the definition of "digitisation", leading to potential misuse of the term and
misleading conclusions.

2.3 10T in the agroindustry

New technologies are transforming production lines. There is a growing trend by companies
towards allocating investments to optimise operating systems. This is causing industry to be
driven by the data provided by the aforementioned technologies, whose facilities are
interconnected with each other (Bai et al., 2020; Dantas et al., 2021; Hatzivasilis et al., 2019;
Manavalan & Jayakrishna, 2019). Thus, having every facility monitored and therefore the
energy and resources waste generation are reduced (Andrews, 2015; Inoue et al., 2020).
Agroindustry is at the forefront in the use of loT. With its integration in the FSC several
benefits can be achieved since the possibilities of encountering adverse circumstances are
reduced due to a better control of the product (Cruz Introini et al., 2018; Misra et al., 2022).
One of the drivers of this situation is the fact that companies whose environmental
engagement is not up-to-date, are less preferable for investors since it is considered to be a
business performance indicator (Morgan et al., 2015).

Particularly, integrated supply chain management is heading for loT cloud distributed
solutions and big data analysis of the captured information. Every object (physical layer)
provides information to an ICT system (data exchange layer), which virtually creates a
representation of every object (information integration layer). The physical layer updates
constantly the information integration layer, which is then shared with the stakeholders
(application service layer) (Ramundo et al., 2016).

When it comes to the agri-food sector, these new technologies track the food production in
terms of provenance, processing factory, quality, fraud, impact on human health, etc. For
instance, by using DNA barcoding, it is possible to identify whether food has been processed
or not, as well as knowing the properties of its raw products (Ramundo et al., 2016). The
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environmental variations that may alter the quality of the product are measured with sensors
(for example in vehicles during transport) and so the shelf life can be recalculated if necessary.
Such data is uploaded to cloud systems, allowing supermarkets, consumers or other
stakeholders to consult them with smartphones or tablets (Ramundo et al., 2016). There are
already examples of this, such as the platform developed by Foodchain S.p.A., which generates
aunique smart label for the product that the consumer can scan in order to obtain information
about traceability (Grecuccio et al., 2020).

This food traceability is defined by the European Commission as “the ability to trade and
follow a food, feed, food-producing animal or substance intended to be, or expected to be
incorporated into a food or feed, through all stages of production, processing and
distribution.” (European Commission, 2002). Food traceability is a key factor in food safety,
and so to prevent the FLW generation. This capability would be enhanced with the
incorporation of more advanced systems. For example, the arrival of blockchain is affecting
how food is being distributed globally. Its specific features are diffusing the limits between
FSC actors, hence making food traceability even more important (Burke, 2019; Yu et al.,
2020). The diversity showcased by the required data needs the use of new technologies so that
data management can be efficient enough to localise the sources of food safety related
problems and act accordingly. A smart food traceability system like that is able to gather
information about location, ingredients, and packaging in every stage of the FSC. It uses loT
and cloud computing to collect and manage the food information improving food safety from
farm to fork (Yu et al., 2020). Nevertheless, this ideal smart traceability system presents some
drawbacks related to the complexity and diversity of the FSCs, the elevated cost of the
equipment, and the difficulty of analysing the huge amount of data that is generated (Scholten
et al., 2016). The traditional way to assess food safety in laboratories is expensive, slow, and
requires a lot of work (Hameed et al., 2018). For that reason, several portable food safety
detection technologies exist nowadays: portable spectroscopy, array sensors, microfluidic lab-
on-a-chip, and smartphones.

Once food is packaged this traceability must be ensured as well. Smart packaging allows that
tracking process either through the use of indicators that measure temperature, freshness, gas,
or microbes in the food, or through the use of data carriers that provide data about previous
FSC stages (Hameed et al., 2018). This smart packaging is defined by Hameed et al. (2018) as
“any type of container that is capable of carrying out smart functions beyond a physical barrier
between food and their surrounding environment.”

The data that such an loT-blockchain based traceability system may collect, includes:

e Production stage: Planting date, temperature, humidity, soil and water quality,
farming staff, time, origin, fertiliser and pesticides applications, water consumption
(Bastas & Liyanage, 2018; Pincheira Caro et al., 2018), harvesting date, and weight
(Feng et al., 2020).

28



State of the art

e Processing stage: Time, processing equipment, batch modifications, information about
packaging, cleaning process information, operators and information included in labels
(Feng et al., 2019).

e Distribution stage: Time, temperature, relative humidity, gases, location and operator
method (Feng et al., 2020; Galvez et al., 2018).

e Consumption stage: Name of the product, price, sale time and shelf life (Feng et al.,
2020).

In the case of a plant food product, this information can also include seeding purchase and
quality (Galvez et al., 2018). Meanwhile in a meat food product, animal health and breeding
data are captured (Aung & Chang, 2014).

To gain a comprehensive understanding of the current state of digitalisation in FSCs, a
literature review was conducted, incorporating a total of 89 scientific articles. These articles
cover various types of supply chains, including a wide range of animal and crop products, and
explore numerous parameters and ICTs. The examined parameters serve multiple purposes,
such as enhancing productivity, promoting sustainability, ensuring food safety and quality,
facilitating forecasting, enabling traceability, and addressing FLW. Each study identifies the
specific stages of the FSC in which these parameters are considered. To organise and prioritise
these parameters and ICTs, a classification was developed based on their frequency of
occurrence in the reviewed literature. As a result of this analysis, the dynamic dashboard
showcases in Figure 4 was created. This dashboard is freely accessible in Zenodo (doi:
10.5281/zen0do.8119271).

FEODRUS
Digitalisation in the Food Supply Chain £
Year TOP 10 Parameters

Tadas lus periadas P

00 010 11 w013 w012 1014 oty 016 w7 s
S S | N | S S — | — ——
~ . Boaa g oy

Staqe uf the FSC-— Praduct qramp f:--

Total n® studies

Figure 4. Dashboard with the results of the analysis of digitisation in FSCs.
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The key findings derived from this review can be summarised as follows:

Food safety and quality, FLW, sustainability, and traceability are interconnected
topics, often mentioned together and driven by a shared objective of reducing FLW.
Studies focused on productivity also tend to address prediction, while also addressing
sustainability and food safety and quality concerns.

There appears to be a lack of consensus regarding the terminology and division of the
FSC. Various terms such as "production,” "preproduction,” "production in field," and
"agricultural stage" are used interchangeably, highlighting the need for clarity and
consistency. The processing stage is sometimes included in the production stage,
leading to fewer studies specifically focused on this stage (only 26). It is important to
note that not all food products require processing, which may explain those results.
Similarly, the distribution stage may encompass the retail point, explaining the
relatively smaller number of studies for this stage (28).

In terms of the topics covered, the review reveals the following:

o Food safety and quality is the most extensively studied topic (31 articles),
particularly in the distribution stage (26) and retail stage (20). Temperature
and humidity are the most frequently measured parameters, with RFID being
the commonly used communication technology.

o Sustainability is not a very explored topic (8 articles), especially in the retail
stage and households, where no studies matching the requirements were
found.

o Studies specifically focused on FLW emerged in 2017, with the distribution
stage being a significant focus in the majority of these studies (9 out of 11).

o Traceability studies commonly measure temperature (in 13 studies), humidity
(in 13 studies), and location (in 12 studies), given their close connection to food
safety and quality.

Examining the FSC stages, the following trends are observed:

o Productivity is the predominant topic in the preproduction and production
stage (31% of the studies).

o Food safety and quality takes precedence in the processing (42%), distribution
(54%), and retail stages (71%).

Since blockchain would leverage consumer confidence in food products and generate a
traceability system such that it would enable it to recognise possible sources of contamination
in real time (Tian, 2016), various studies are currently considering the possibility of applying
blockchain to certification processes, especially in the agri-food industry. Besides, it would
decrease operational costs in certification and verification processes (Ramakrishna et al.,
2020). Both food safety and sustainability are significant topics to consider in order to prevent
these FLW and quantify its impacts respectively. In these areas the new technologies are
already spreading, setting up quite profitable applications like that of certification through
blockchain.
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2.4 Definitions, causes and destinations of FLW

Further elaborating on the topic of FLW, there are several aspects that must be clarified
regarding terminology. Such a terminology lays the foundation for precise and unambiguous
FLW quantification, which is crucial for rigorously measuring the impacts of FLW prevention
actions. Defining each term properly, and identifying the root causes where the problem of
FLW generation originates as well as the possible solutions (destinations) for such a problem
are essential steps to standardise the methodology presented in this dissertation. For that
purpose, a literature review was conducted to gain insights into the viewpoints of the scientific
community and European legislation as concerns definitions. The focus was on understanding
and establishing common terminology for the research, specifically examining terms such as
food, edible food, inedible food, food loss (FL), and FW. During this review, inconsistencies
and variations in definitions were observed across different sources. However, certain terms
did exhibit widely accepted definitions that were consistently referenced in multiple sources.
The definitions given in relevant sources of information for the terms “food”, “edible food” and
“inedible food” are presented in Table 1, and for “food loss” and “food waste” in Table 2.
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Source

(High Level Panel of
Experts on Food
Security and Nutrition
et al., 2014)

Table 1. Definitions in the literature for the terms “food”, “edible food” and “inedible food”.

Definitions

Edible food

Inedible food

"What WRAP calls “unavoidable waste”."

(Teuber & Jensen,
2016)

"The categories avoidable versus unavoidable and
edible versus inedible are not clear-cut but depend on
food safety considerations, available technologies and
cultural factors."

(Hanson et al., 2016)

"Any substance—whether processed, semi-processed,
or raw—that is intended for human consumption.”

"Components associated with a food that, in a
particular food supply chain, are not intended to be
consumed by humans."

(Garcia-Garcia et al.,
2017)

"It is or has been expected to be consumed by humans
at any point during its life cycle, otherwise the product
is inedible."

It requires the product to be in demand, otherwise, it is
considered inedible.

"Inedible food waste is thus considered unavoidable
waste."

(Ostergren et al.,
2014)

"Any substance or product, whether processed,
partially processed or unprocessed, intended to be, or
reasonably expected to be eaten by humans."

It excludes inedible food.

It depends on "whether or not a substance or product
is intended to be, or reasonably expected to be eaten
by humans, which is determined by the

person/company currently handling the raw material."

It depends on "whether or not a substance or product
is intended to be, or reasonably expected to be eaten
by humans, which is determined by the

person/company currently handling the raw material.”

(FAO, 2014)

"Any substance, whether processed, semi-processed
or raw, which is intended for human consumption, and
includes drinks, chewing gum and any substance
which has been used in the manufacture, preparation
or treatment of "food" but does not include cosmetics
or tobacco or substances used only as drugs. (Codex
Alimentarius Commission, Procedural Manual, 2013)
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Source

(FAO, 2019)

"Any substance, whether processed,
semi-processed or raw, intended for human
consumption.”

Definitions

Edible food

Inedible food

"Food components that, in a particular
food supply chain, are not intended for human
consumption (e.g. bones, rind)."

(WRAP, 2015)

Edible = Avoidable

Inedible = Unavoidable

(WRAP, 2020)

"Any substance that is — or was at some point —
intended for human consumption.”

"Components associated with a food that would never
have been intended to be consumed by humans."

(WRAP, 2021)

"The parts which were intended for human
consumption.”

"Those parts associated with food that are not intended
to be consumed (such as bones, egg shells)."

(European
Commission, 2002)

"Any substance or product, whether processed,
partially processed or unprocessed, intended to be, or
reasonably expected to be ingested by humans."”

(European
Commission, 2021a)

"Any substance or product, whether processed,
partially processed or unprocessed, intended to be, or
reasonably expected to be ingested by humans.”

"Edible food parts are the components associated with
a food, in its fresh mass status, that are

usually consumed by humans, either as-is (raw
consumption) or after processing or cooking. The
definition of edible food parts might differ from country
to country, or from region to region, according to local
culture and habits."

"Food also includes inedible parts, where those were
not separated as by products from the edible parts
when the food was distributed or processed, such as
bones attached to meat destined for human
consumption, orange peels, seeds..."
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Source

(High Level
Panel of
Experts on
Food Security
and Nutrition et
al., 2014)

Table 2. Definitions in the literature for the terms “food loss” and “food waste”.

Definitions

Food waste

Food loss

"Decrease, at all stages of the food chain prior to the consumer
level, in mass, of food that was originally intended for human
consumption, regardless of the cause."

It does not include inedible food.

"Food appropriate for human consumption being discarded or left to spoil at the consumer level — regardless
of the cause.”
It does not include inedible food.

(Teuber &
Jensen, 2016)

It states that a general definition for food loss and food waste may not be feasible due to the complexities of FSCs. "It might be more realistic to work with different definitions
according to the research objectives tackled."

(Hanson et al.,
2016)

"The FLW Standard is designed to allow for the fact that different organizations will have different reasons for quantifying food loss and waste. These different goals lead to (or
government regulations may even explicitly state) different definitions of what constitutes food loss and waste."

(Garcia-Garcia
etal., 2017)

"Food materials (including drinks) originally intended to be used to feed humans and not ultimately sold for
human consumption by the food business under study, and inedible parts of food."

It includes donated food as food waste.

Food wasted by consumers and managed at home (like home composting) is not considered.

(Teigiserova et
al., 2019)

"The streams that are truly lost, i.e. inexplicable, whether

: . "Food that cannot be expected to be eaten by humans, due to either natural inedibility or inedibility due to the
because —not accounted for or disappearing from the

management of food, throughout the whole FSC."

accounting."
(FUSIONS "Decrease in mass (dry matter) or nutritional value (quality) of "Any food, and inedible parts of food, removed from the food supply chain to be recovered or disposed
2016) ' food that was originally intended for human consumption.” (including composted, crops ploughed in/not harvested, anaerobic digestion, bio-energy production, co-
(FAO, 2013) generation, incineration, disposal to sewer, landfill or discarded to sea).”
"Removal from the FSC of food which is fit for consumption, or which has spoiled or expired, mainly caused by
economic behaviour, poor stock management or neglect.”
(FAO, 2014) "The decrease in quantity or quality of food." It states that it is different from food loss because "the underlying reasons, economic framework and

motivation of the FSC actors for wasting food are very different from the unintended food loss, and
subsequently the strategies on how to reduce food waste are conceived in a different, targeted manner."
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Source

Food loss

"Decrease in the quantity or quality of food resulting from

Definitions

Food waste

"Decrease in the quantity or quality of food resulting from decisions and actions by retailers, food service

(FAO, 2023) decisions and actions by food suppliers in the chain, excluding : N
. . . " providers and consumers.
retailers, food service providers and consumers.
"The decrease in the quantity or quality of food resulting from
decisions and actions by food suppliers in the chain, excluding | ., . . . ) - ) . .
(FAO, 2019) retail, food service providers and consumers.” aTnZecgﬁZLerﬁZ?s'T the quantity or quality of food resulting from decisions and actions by retailers, food services
It indicates that the Food Loss Index, which is part of SDG 12.3, ’
includes the inedible parts in its quantification.
"Any food that had the potential to be eaten, together with any unavoidable waste, which is lost from the
human food supply chain, at any point along that chain."
(WRAP, 2015) It includes edible and inedible.

It includes only food produced for human consumption.
It excludes food surplus heading animal feed.

(WRAP, 2020)

"Determining the difference between what may be defined as
food loss versus food waste consistently can be difficult. The
term ‘food waste’ as defined in this document is intended to
cover all stages of the supply chain."

"Any food and inedible parts sent to any of the Food Waste Destinations listed below. This definition excludes
any material that is sent for redistribution to people, animal feed or conversion into industrial products
(collectively referred to as ‘food surplus’)."

Total food waste = edible food + inedible parts.

(WRAP, 2021)

"Any food that has become waste under these conditions:

1. it has entered the food supply chain,

2. it then has been removed or discarded from the food supply chain or at the final consumption stage,

3. itis finally destined to be processed as waste."
(European It does not include losses at stages of the food supply chain where certain products have not yet become food
Commission, as defined in Article 2 of Regulation (EC) No 178/2002, such as edible plants which have not been harvested.
2021a) It does not include by-products from the production of food. It also excludes: straw and other natural non-

hazardous agricultural or forestry material used in farming, forestry or for the production of energy from such
biomass through processes or methods which do not harm the environment or endanger human health and
animal by-products including processed products covered by Regulation (EC) No 1774/2002, except those
which are destined for incineration, landfilling or use in a biogas or composting plant.
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The review yielded several noteworthy findings:

Consistently across the sources consulted, the requirement for a product to be intended
for human consumption emerged as a defining characteristic of "food." This criterion
also serves to distinguish between edible and inedible food.

Edible and inedible food are often equated with avoidable and unavoidable FLW,
respectively.

As noted by FAO, FL is frequently associated with a decline in quality or quantity of
food along the FSC.

The influence of culture is a significant factor in determining the boundary between
edible and inedible food in each region.

The final point merits special attention, as it implies that the quantification of FLW may not
be possible to become completely standardised across regions. Consequently, the applicable
solutions for managing potential FLW would also vary. In other words, the optimal approach
to managing the same type of food surplus with the goal of minimising the environmental
impact may differ between geographical areas.

The causes of FLW generation are also an important area to standardise. These determine the
origin of the problem and serve as the first step in identifying potential solutions to prevent
such FLW. In order to identify the underlying factors contributing to this generation of FLW,
an extensive review of the literature was conducted, resulting in the identification of numerous
causes. These causes have been categorised in 11 groups and are presented below:

Stakeholders decisions: The attitudes of farmers, managers, and retailers play a crucial
role in contributing to FLW generation. In some cases, farmers perceive FLW resulting
from food overproduction as an acceptable deficiency, leading to a lack of preventive
measures being taken. Additionally, the absence of standardised procedures to manage
food surplus creates an environment that favours such situations (Beausang et al.,
2017; Garrone et al., 2016; Peira et al., 2018; Pullman & Wikoff, 2017). Furthermore,
the lack of awareness among consumers and other actors exacerbates this issue (Diaz-
Ruiz et al., 2018).

Transport related issues: Inappropriate food sourcing strategies for perishable goods
and logistical challenges contribute to FLW (Rijpkema et al., 2014). Factors such as
traffic issues and adverse weather conditions (Zhu, 2017), including temperature
control and inadequate packaging, further exacerbate the problem (Arivazhagan et al.,
2016; Diaz-Ruiz et al., 2018). Additionally, FLW occurs in international trade,
primarily influenced by political changes (AL-Dalaeen et al., 2021).

Food aspect and quality: Cosmetic and quality requirements contribute to the
generation of FLW. These requirements are not only imposed by restrictive policies
and standards but also arise from a self-imposed condition by stakeholders (de Hooge
et al., 2018; Devin & Richards, 2018; Gillman et al., 2019). The behaviour of these
actors is influenced by consumer demands, market competition, pricing, logistics, and
production costs (de Hooge et al., 2018). The "one-third rule,” an unspoken rule, leads
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to the disposal of still edible food. It divides the shelf life or best before date of a product
among the industry, supermarket, and consumption stages. If a product exceeds its
designated time segment in the industry or supermarket stage, it is prematurely
removed from the FSC (Diaz-Ruiz et al., 2018). Apart from FLW caused by adherence
to aspect and quality standards, the uncertainty and misinterpretations surrounding
them contribute to broader waste (Diaz-Ruiz et al., 2018). Last, adverse weather
conditions also pose a threat to the integrity of food quality and shelf life (Mena et al.,
2011).

e Business deals: One of the factors contributing to FLW in this context is the occurrence
of returns and order cancellations between suppliers and retailers. This results in
retailers increasing their economic gains while suppliers incur additional expenses and
assume responsibility for the generation of FLW (Eriksson et al., 2017; Ghosh &
Eriksson, 2018). Additionally, some retailers tend to order excessive quantities of
products, resulting in waste, as their primary goal is to obtain discounts and better
prices. Another driver of FLW is the limited flexibility that companies have in
managing surplus food items under their own brand, which cannot be sold elsewhere
(Barilla Center for Food and Nutrition, 2012; Gustavsson et al., 2011; Institution of
Mechanical Engineers, 2013; Monier et al., 2011; Parfitt et al., 2010). The
implementation of take-back agreements (TBAs) aggravates the problem by subjecting
providers to the control of supermarkets, who are only obligated to pay for the products
they manage to sell, leading to overordering and placing the burden of costs on the
suppliers (Devin & Richards, 2018; Ghosh & Eriksson, 2018). Supermarkets further
contribute to the generation of FLW by engaging in hoarding practices that restrict the
opportunities for flexible buyers to store a variety of seasonal products in accordance
with current availability (Feedback, 2018).

e Operational aspects of retailing: This encompasses various situations within the retail
sector that contribute to the escalation of FLW. These include efforts to meet
fluctuating consumer demand, the presence of perishable items with limited shelf life,
excessive quantities of products acquired from suppliers or accumulated during
promotional periods, the aim to provide a wide range of products for extended
durations, and the obligation imposed on supermarkets to maintain full on-shelf
availability of items (Diaz-Ruiz et al., 2018; Teller et al., 2018).

e Packaging-related challenges: Inappropriate packaging design and excessive
packaging can inadvertently contribute to FLW instead of preventing it, as intended.
In some cases, packaging design can make it difficult to access and retrieve the food,
leading to unnecessary waste (Wohner et al., 2020). Additionally, certain packaging
practices can inadvertently contribute to increased FLW. For instance, a study by
Goossens et al. (2019) highlighted how a package of apples can result in complete waste
if even one apple spoils. The negative environmental implications of this case are even
greater, since packaging is unnecessary for certain food items like apples. In
opposition, insufficient packaging can also contribute to FLW. During transportation,
inadequate protection due to poor packaging can pose a threat to the integrity of the
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products, especially when faced with challenging road conditions (Arivazhagan et al.,
2016).

e [Inadequate food management: FLW is also a result of improper practices during
harvesting, cleaning, screening, and processing of food. The collection of products
regardless of their maturity and the damage caused during harvesting and cleaning
processes are identified as contributing factors. Additionally, the mishandling of food
due to labour shortages further amplifies the issue (Arivazhagan et al., 2016). The lack
of scientific methods undermines the efficiency of these activities (Balaji & Arshinder,
2016). Furthermore, consumers in supermarkets also contribute to FLW by
mishandling fresh food (Diaz-Ruiz et al., 2018). And of course, cold chain breakages,
which can lead to the occurrence of FLW (Diaz-Ruiz et al., 2018).

e Stakeholder network: The coordination and communication among stakeholders in
the FSC are identified as additional factors that contribute to FLW (Balaji & Arshinder,
2016). When examining the FSC as a cohesive system, its effectiveness relies on the
strength of its interconnections. Therefore, any lack of coordination or communication
results in inefficiencies in the management of the product.

e Consumer behaviour: Within households, consumers contribute to FLW through
misunderstandings or confusion regarding shelf life and best before dates, inadequate
planning of purchases, and common cooking mistakes such as preparing more food
than needed or neglecting to utilise leftovers due to a lack of knowledge (Diaz-Ruiz et
al., 2018). Inadequate food preservation practices also play a role. Dietary choices may
also contribute to FLW in a similar manner (Diaz-Ruiz et al., 2018). Additionally,
limited cooking skills can hinder optimal utilisation of food resources. In certain retail
settings like buffets, consumers may generate FLW by taking more food than necessary
and failing to properly handle the excess elsewhere (Barilla Center for Food and
Nutrition, 2012; Gustavsson et al., 2011; Institution of Mechanical Engineers, 2013;
Monier et al., 2011; Parfitt et al., 2010). These behaviours can become even more
challenging to anticipate during periods of significant weather fluctuations (Mena et
al., 2011).

e Agricultural conditions: Similar to the challenges faced by retailers and stores, demand
prediction at the farm level poses an obstacle to avoiding FLW. Moreover, farmers may
prioritise the cultivation of crops based on profitability, considering previous season
prices (Diaz-Ruiz et al., 2018). This approach can result in disproportionately high
production during certain seasons, leading to food surplus that goes unconsumed. In
the same way, farmers may choose not to harvest certain products when market prices
decline and they are no longer economically viable (Muriana, 2017). Additionally,
individualistic attitudes among farmers during trading can hinder the ability of
farmers' cooperatives to effectively manage food surplus situations. Furthermore,
certain policies, such as production subsidies, can promote overproduction of food
(Bengtsson et al., 2018; Pritchard, 2012), contributing to FLW. Lastly, farmers'
reliance on climatic conditions can be a driving factor for FLW, as favourable weather
patterns may lead to excessive production (Diaz-Ruiz et al., 2018).

e Lack of financial resources to avoid FLW: Efforts and resources invested in preventing
FLW are crucial for effective mitigation. Innovations and technical training targeted at
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reducing FLW play a significant role in this regard, yet their implementation and
recognition are often insufficient (C. Chauhan et al., 2021).

As the last part of this section, a FLW hierarchy in which the destinations for FLW will be
categorised is proposed. The hierarchy encompasses various levels, including prevention,
recycling, recovery, and disposal. It is important to note that not all options within the
prevention level are considered "destinations” per se, as they involve solutions implemented
at the point of generation (PoG). The definitions of the four levels in the hierarchy are based
on the Waste Framework Directive (European Commission, 2008b). It is worth mentioning
that reuse is not included as an alternative within the FLW hierarchy, as its definition assumes
that the product has already been consumed. This classification aligns with the FLW hierarchy
established by the Waste and Resources Action Programme (WRAP), as depicted in Figure 5
(WRAP, 2018).

Food and drink material hierarchy Most preferable option
Prevention
&  Waste of raw matenals, ingredunts
and product arsing is reduced
measured in averall reduction i wasto

_ * Redisirbulion Lo people
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s Waste sond to anaerolbsc d -:J."'l.!‘-|=l‘:"‘-. ar

= Waste composted

* |ncingration of wasig
wilh gnigr Qy recCovery

Disposal

« Waste incinerated without

ENergy recovery

* Waste senl to landhill

= ‘Waste ingredient/product
Qoing o Sewer

Least preferable option

Figure 5. FLW hierarchy. Source: WRAP (2018).

Apart from this approach, other similar ones have been taken in the literature. In their study,
Teigiserova et al. (2019) introduced a proposal that includes the distinction between food
surplus and FLW depending on the destination. It considers reuse, however, to be a level of
prevention.

The alternative waste hierarchy presented by the European Commission offers a different
perspective, incorporating insights from Teigiserova et al. (2019) and other sources. While the

39



Methodology for the sustainability assessment of food loss and waste prevention actions

first three levels remain similar, the fourth level is renamed as "Reuse by products/Recycle
food waste." This revised version, developed by the Joint Research Centre (JRC), includes
nutrient recovery as part of the recycling level and introduces a new option for disposal at the
final level: discharging it through sewage.

Although the last 2 pyramids are more recent, because of the reasons exposed above the
WRAP’s approach was considered the most correct one. So, taking such a waste hierarchy as
a model, a review was conducted to collect all possible destinations in the literature. Various
scientific papers were identified as relevant sources, which provided valuable insights on the
subject. These studies, conducted by Caldeira, De Laurentiis, & Sala (2019), Beausang et al.
(2017), European Commission (2019), Filimonau & De Coteau (2019), Garcia-Garcia et al.
(2017), Garrone et al. (2016), Girotto & Piazza (2022), Pinto et al. (2022), and Sdnchez L6pez
et al. (2020) analysed the topic and alluded to a series of destinations to be considered.
Hereunder the final list of destinations used in this dissertation is outlined, as well as a
definition for each of them:

Prevention: The subsequent destinations/solutions represent those where the food has not
yet reached the status of FLW, in accordance with the Waste Framework Directive (European
Commission, 2008b). The following approaches are considered as preventive measures:

¢ Improvement of the supply chain efficiency: Strategies classified as supply chain
efficiency strive to optimise the FSC (before consumption), thereby minimising FLW.
This optimisation can be achieved through improvements in processes, products, or
packaging (Caldeira, De Laurentiis, & Sala, 2019). In the context of this dissertation
this category will include solutions such as: demand forecasting, cold chain
traceability, quality forecasting, stocks optimisation, certifications on FLW prevention,
or tools that help analyse data and identify patterns in order to enable the application
of one of the aforementioned solutions.

e Consumer behaviour change: These actions are directed at inducing a shift in
consumer behaviour patterns to reduce FLW (Caldeira, De Laurentiis, & Sala, 2019).
They include programs that raise awareness among the public about the issue of FLW
and its environmental impact (Filimonau & De Coteau, 2019), as well as digital tools
to empower consumers with knowledge and resources that facilitate FLW prevention
efforts.

o FLW prevention governance: This category encompasses all voluntary or mandatory
initiatives designed to promote and facilitate the adoption of FLW prevention
measures, such as: voluntary agreements, regulatory frameworks/policies, national
FLW prevention programmes, or fiscal incentives (Caldeira, De Laurentiis, & Sala,
2019).

e Sales with promotions and discounts: This approach involves selling food in primary
markets through promotional offers and discounts, which can help prevent wastage
when there is a risk of expiry (Garrone et al., 2016). This also includes dynamic
discount pricing, which is a pricing strategy that adjusts the price of a product based
on its characteristics and condition changes, reducing wastage while offering
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consumers the opportunity to purchase food according to its expiry date (Liu et al.,
2008).

e Sales in secondary markets: When primary market options are not available,
companies explore alternative sales channels such as specialised distributors or
managed outlets known as secondary markets (Garrone et al., 2016).

¢ Internal distribution: This involves providing food to a company's own workers either
for free or at reduced prices, typically when the product is no longer marketable but
still edible (Garrone et al., 2016).

e Marketing actions and sponsorships: Organising events such as sports, charity, or
tasting events can help prevent FLW by distributing food to participants and
promoting specific brands (Garrone et al., 2016).

e Donation: This entails redistributing surplus food for human consumption to non-
profit organisations such as soup kitchens, social supermarkets, and food banks,
ensuring it reaches those in need (Garcia-Garcia et al., 2017; Garrone et al., 2016).

e Animal feed: This solution involves using surplus food as feed for animals when it is
no longer suitable for human consumption, serving as an alternative to disposal
(Garcia-Garcia et al., 2017).

It is important to distinguish between the first 3 prevention destinations outlined in this
hierarchy and the subsequent ones. The initial 3 destinations refer to prevention at the PoG,
and so address the root causes of FLW, representing more impactful solutions. Conversely, the
remaining destinations target the management of already generated food surplus, as the root
causes were not previously addressed. This distinction is crucial for understanding the
effectiveness of prevention strategies. While the definitions for the first three destinations
were adapted from Caldeira, De Laurentiis, & Sala (2019), a slight modification was made for
the "Improvement of supply chain efficiency" destination. In the referenced report, this
category appears to combine prevention at the PoG solutions with broader prevention
measures. For instance, "price discounts" and "imperfect product sales™" are included, which
do not directly address the root causes of FLW (inaccurate demand forecasting and consumer
perception on ugly food, respectively). To maintain consistency and ensure a comprehensive
and rigorous classification system within this dissertation, these examples have been excluded
from the "Improvement of supply chain efficiency” destination.

Recycling: Recycling, as defined by the Waste Framework Directive (European Commission,
2008b), involves the reprocessing of previously generated FLW into materials or substances.
The following recycling destinations are considered:

e Remaking the same product: In cases of production errors or faults in labelling or
packaging, companies may opt for remanufacturing or repackaging specific products,
such as chocolate, pasta, or meat, depending on the nature of the product (Garrone et
al., 2016).

e Revalorisation of FLW into new food products: This approach involves transforming
FLW into new food items, such as making breadcrumbs from bread or recovering
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nutrients to create a different food product, although the latter is a less preferred
option (Girotto & Piazza, 2022).

Revalorisation of FLW into value-added products: Processing FLW or food by-
products can lead to the creation of different products with added value, while
preserving the inherent molecular bonds in the material. This solution may involve
collaborations with external companies, fostering industrial symbiosis (Pinto et al.,
2022; Sanchez Lopez et al., 2020).

Left in the field: This process involves spreading food scraps on the ground to enrich
the soil with nutrients (European Environment Agency, 2022; Garcia-Garcia et al.,
2015).

Ploughing back into the soil: Prior to spreading food scraps, the soil is ploughed as part
of this management option.

Composting: Composting is a biological decomposition process of organic matter,
which can be conducted aerobically or anaerobically and results in the production of
compost (Eurostat, 2015)

Anaerobic digestion: Anaerobic digestion is a biological process that decomposes
organic matter through the action of bacteria, generating biogas and digestate as by-
products (United States Environmental Protection Agency, 2023).

Recovery: In the case of recovery three destinations were included, all of which refer to
processes where the energy content of the FLW is harnessed. Which according to the Waste
Framework Directive (European Commission, 2008b), correspond to recovery operations.
They are:

Gasification: Operation in which energy is extracted from the waste to obtain synthesis
gas with the use of air below the stoichiometric level (Dong et al., 2019).

Pyrolysis: Operation in which energy is extracted from the waste to obtain synthesis
gas in the absence of oxygen (Dong et al., 2019).

Incineration with energy recovery: Combustion process where the energy generated as
a result of the exothermic reaction is harnessed (Eurostat, 2013).

Disposal: In accordance with the Waste Framework Directive (European Commission,
2008c), disposal destinations encompass processes that do not fall under the category of
recovery. These options, considered the least preferred in the FLW hierarchy, include:

Incineration without energy recovery: This involves a combustion process where the
energy generated from the exothermic reaction is not utilised and is dissipated
(Eurostat, 2013).

Drained as or with wastewaters: This refers to disposing of the FLW by flushing it down
the sink (European Commission, 2021a).

Landfill: This involves the deposition of waste in designated land areas, either on the
surface or underground (Eurostat, 2013b).
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This section presents a comprehensive review of the terminology and approaches utilised in
the existing literature regarding definitions, causes, and destinations related to the subject
matter. Within Section 5 of this document, the chosen terms and approaches that form the
foundational framework of this dissertation are documented.

2.5 FLW quantification

To effectively address and mitigate the issue of FLW generation, it is imperative to establish a
unified methodology that ensures consistent quantification of FLW. This methodology will
encompass standardised specifications and considerations to ensure uniformity and
comparability of FLW measurements.

Initially, the related literature provided various methodologies for FLW quantification. A
highly cited standard that should be mentioned here is the FLW Standard (Hanson et al.,
2016). This standard was developed by the FLW Protocol to provide requirements, guidance,
and examples for quantifying and reporting on FLW. The standard aims to facilitate consistent
and transparent quantification of FLW, supporting strategies for minimising FLW to achieve
economic, food security, and environmental benefits. It is designed to be practical and
voluntary, applicable to entities of all sizes and sectors worldwide. The FLW Standard allows
users to develop inventories based on their specific goals, and it can be used for internal
decision-making, compliance with FLW-reduction efforts, and informing policy or initiatives.
The standard's flexibility allows users to choose the most appropriate scope for their FLW
inventory. Additionally, it is worth mentioning the FLW protocol ranking tool. This tool
facilitates the selection of appropriate methodologies for quantifying FLW in a specific
context. This resource is accessible at the FLW  protocol website:
https://www.flwprotocol.org/flw-standard/.

Apart from this, in the academic literature the study conducted by Xue et al. (2017) stands out.
They analysed 202 publications that reported on FLW, offering valuable insights in this
domain.

In response to this need for standardised FLW quantification methods, the EU introduced the
EU Delegated decision 2019/1597. This regulation establishes what should be measured and
what should not be measured as FLW, as well as the quantification methodologies to be used
at each FSC stage (Annexes 11 and 1V). These methodologies can be seen in Figure 6. Priority
order is established from left to right.
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Figure 6. FLW quantification methodologies and FSC stages. Source: European Commission (2019).

Countries belonging to the EU are obliged to quantify their FLW generation in concordance
with the requirements of the delegated decision. In 2022, the FLW generated by these
countries in 2020 was reported for the first time following such a methodology. The results
were published on the Eurostat website (Eurostat, 2023a). In addition, the delegated decision
recommends the utilisation of Nomenclature of Economic Activities (NACE) codes for
categorising the actors within the FSC (Annex 1), and European Waste Codes (EWC) for
grouping FLW (Annex I1) depending on the FSC stage where it is generated.

In the particular case of Spain, in January 2024 the Spanish government approved the Food
Loss and Waste Prevention Law project (Spanish government, 2022). This law points out that
public administrations will promote the necessary means for the measurement of FLW in
accordance with the Delegated Decision (EU) 2019/1597. The key points of the law include the
obligation for all actors in the FSC, including primary sector operators, retail businesses,
hospitality establishments, social entities, food banks, and public administrations, to comply
with the provisions of the law. These entities are required to have FLW prevention plans and
collaborate with other organisations to avoid FLW, with a priority given to human
consumption through donation or redistribution. The project also emphasises the
transformation of food surplus into products such as jams or animal feed, and the utilisation
for composting, or biofuels production. Additionally, the law grants restaurant customers the
right to take home leftover food and encourages the sale of imperfect or close-to-expiry-date
products. Non-compliance with the law may result in fines ranging from minor to severe
offences, with penalties reaching up to 500,000 euros. Amendments made during the
legislative process include the entry into force of the law one month after its publication,
exemptions for small supermarkets below a certain size, provisions for microenterprises and
public procurement contracts, and limited liability for social entities involved in food
donation.

After the publication of the delegated decision, relevant research articles dealing with the topic
were identified, all of which are gathered in Table 3. The terminology used to allude to the FSC
stages and the FLW quantification methods is the same as in the delegated decision.
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Table 3. Methodologies employed for quantification of FLW in the recent literature.

Reference Definitions stgg?e?(s) FLWn?gtin;gEg)zitlon Geographical scale Temporal scale
Q&l
PP CPS
Q&l
P&M CPS
MB One calendar
&l Country level (Cyprus) year (2018)
(loannou et al., 2022) Not mentioned. It only refers to the Delegated decision. It is RDF CPS
" assumed they followed their definitions. MB
Q&l
RFS MB
2 weeks (then
HH D 68 households extrapolated to
one calendar
year)
Food loss: "Any substance, drink that is intended for human
consumption includes edible parts and inedible parts measures
. along production and supply chains, including post-harvest RDF
(Z'Bge;r)]ommm etal, losses." RFS WCA Country level (Thailand) )?en; ((:S(Iﬁrg;ar
Food waste: "Any substance, drink that is intended for human HH
consumption includes edible parts and inedible parts measures at
retail, food service, and households."
. . One month
. Regional level (Valencia,
((;Zrﬂa;g;oz)-z:;\mumo Food loss: FUSIONS' concept. PP g&sl tSpain): lﬁ parcels with 10 (erfgtgié\lg\i/c
rees eac 2019)
Food loss: "Decrease in the quantity or quality of food resulting
from dgcision; and actions by food suppliers in the chain, pp Before and
(Amicarelli et al EXC'F‘d'”G re_ta||ers, food P&M during the
2022) " service providers and cor_lsumers..." _(FAO) _ _ RDE MB Country level (Italy) COVID-19
Food waste: "Decrease in the quantity or quality of food resulting HH lockdown
from decisions and actions by retailers, food service providers
and consumers.” (FAO)
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Reference

Definitions

FSC
stage(s)

FLW gquantification

method(s)

Geographical scale

Temporal scale

Food waste: "Decrease in the quantity or quality of food resulting

City level (Lahore, Pakistan):

Questionnaire participants:
48 restaurants

Four months

(Afzal et al., 2022) from decisions and actions by retailers, food service providers RFS S&I ﬂ.‘) hOthI'S. (From Nov 2020
and consumers.” (FAO) Di we |n'g.cater(.ers to Feb 2021)
iary participants:
8 restaurants
1 hotel
Food loss and waste: "Intending food (including inedible parts) EEM
(Amicarelli et al., discharged, lost, degraded, consumed by pets or utilised in non- One calendar
2021) food or energy fields. Donation of food surpluses is hot accounted SEg MB Country level (ltaly) year (2018)
for in the present paper." HH
. Food loss: "A decrease in the mass of edible food originally Regional level (Chile): 177 Two months
(Herrera-Quinteros & . . ; (June and
Jara-Rojas, 2023) intended for human consumption. Food losses occur at trle PP Q&l small-scale producers in 2 September
production, postharvest, processing, and storage stages. different regions 2020)
PP
(Alshabanat et al., Not cl ;g’;ﬁ MB c level (Arabia Saudi One calendar
2021) ot clear. RO Qal ountry level (Arabia Saudi) year (2016)
HH
Food loss: "Decrease in the quantity or quality of food resulting PP
(Bedoya-Perales & from food suppliers’ decisions and a_tctions in t_he chain." P&M 11 years_(From
Dal’ Magro, 2021) Food waste: "Decreases the quantity or quality of food at the end RDF MB Peru 2007 until 2017,
! of the food chain, resulting from decisions and actions by retailers, | RFS both included)
food services, and consumers." HH
DM (VA) Two months
Food loss: A reduction in the weight or quality of food at the DM (WA) Company level (Dairy (January 2018
(Téth et al., 2021) beginning of the FSC (production, harvesting, processing). It is P&M MB Hungarian company) and Januar
caused by logistical and infrastructural barriers. CPS 9 pany 2019) y
Q&l
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Where:

o As FSC stages: PP = Primary production; P&M = Processing and manufacturing; RDF
= Retail and other distribution of food; RFS = Restaurants and food services; HH =
Household.

o As FLW quantification methods: MB = Mass balance; Q&I = Questionnaires and
interviews; DM (VA) = Direct measurement (Volumetric assessment); DM (WA) =
Direct measurement (Weighing assessment); C&PS = Coefficients and production
statistics; WCA = Waste composition analysis; D = Diaries; C/S = Counting/scanning.

The main conclusions drawn from these scientific articles are:

e Definitions used, geographical and temporal scales, and FSC stages classifications are
not always the same, which must be deemed when conducting comparative analyses.
Moreover, sometimes it is not even stated which definitions are being used.

e All in all, the quantification methods can be classified according to those of the EU
Delegated decision 2019/1597. So, such a list is comprehensive and seems to comprise
all possibilities.

e Preharvest FL are excluded in some studies that cover PP, despite representing
approximately 15% of the global FLW (WWF, 2021). Ignoring this aspect results in a
significant gap in the data.

e Data accessibility and availability are usually an issue. Diverse assumptions are made
to fill the gaps.

2.6 Sustainability in the field of FLW

To effectively measure and promote sustainability in the field of FLW, Key Performance
Indicators (KPIs) are the most commonly used tools. KPIs provide a standardised and
guantifiable method to assess environmental, economic, and social impacts. By utilising KPlIs,
stakeholders can systematically evaluate the efficiency and effectiveness of FLW prevention
actions, ensuring that efforts are aligned with broader sustainability goals. The incorporation
of sustainability KPIs in supply chains has gained significant attention in recent years.
Sustainability KPIs provide a quantifiable means of assessing the progress made towards
sustainable practices, enabling organisations to identify areas of improvement, set targets, and
track their performance over time. So much so that the SDGs themselves establish a series of
indicators within each target to measure progress towards the SDGs (United Nations, 2023a).

The literature extensively examines the process of identifying sustainability KPIs for
monitoring supply chains. The sustainability KPIs found in these sources cover a wide range
of issues, including reduction in GHG emissions, energy consumption, transport costs,
customer satisfaction, demand forecasting accuracy, wastewater discharge, inventory
turnover, number of employees, solid waste reduction, percentage of recycled water, and
expenses in R&D, among others. To select them, authors employ different approaches and
units of analysis. Perera et al. (2013) focused on a manufacturing company, using Analytic
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Hierarchy Process (AHP) to quantify environmental performance with latent variables as
criteria, KPIs as sub-criteria, and multiple product lines as alternatives. Saeed & Kersten
(2017) expanded the scope by incorporating standards and guidelines, resulting in 70
sustainability KPIs. Himanen & Martikainen (2019) took an empirical approach, compiling
KPIs through literature review, interviews, and analysis of company websites and reports.
Haddach et al. (2017) developed a mathematical model and used AHP to obtain a single score
for tracking sustainability information in supply chains. Neri et al. (2021) performed a
literature review to establish a balanced set of KPIs considering their repetition, priority, and
coverage of literature gaps. Yontar & Ersdz (2020) focused on FSCs and obtained KPIs through
literature review, expert interviews, and questionnaires for FSC actors. Statistical techniques
such as Confirmatory Factor Analysis and AHP were employed to evaluate parameter
performance and calculate an overall sustainability score for the studied FSC.

To effectively address the challenge of FLW prevention, it is crucial to implement a range of
targeted solutions. In this context, a significant contribution has been made by the JRC
through their comprehensive report titled "Assessment of food waste prevention actions"
(Caldeira, De Laurentiis, & Sala, 2019). This report introduces two distinct groups of KPIs that
enable the evaluation of the impact of FLW prevention solutions. These KPIs focus on
assessing the effectiveness and efficiency of various preventive actions and are tailored to
different types of interventions. The identified categories include food redistribution,
consumer behaviour, supply chain efficiency, and FLW prevention governance. By considering
these dimensions, these KPIs aim to provide a holistic assessment framework that captures
the multifaceted nature of FLW reduction efforts.

Recently the company Verra published a new methodology (Saez de Bikufa et al., 2023) to
measure the GHG emissions that are avoided when conducting FLW prevention actions. The
methodology is designed for project activities that aim to reduce FLW making more food
available for consumption. It provides procedures to quantify the net GHG emission
reductions resulting from keeping food in the FSC, diverting it from FLW destinations that are
in lower levels than that of prevention (e.g., soil amendment production, energy recovery,
landfill without biogas capture). To qualify, actions must reduce the amount of FLW compared
to the baseline scenario, adhere to food health and safety legislation, and divert food away
from specific FLW destinations. The methodology does not apply to actions that shift food
from one destination to another that is not in the prevention level. In other words, the action
must not just scale up in the FLW hierarchy but avoid FLW generation.

The literature on sustainability KPIs demonstrates robustness in terms of data sources,
drawing from scientific publications, standards, expert opinions, and insights from
stakeholders involved in FSCs. This diverse range of information sources enables a
comprehensive and multidimensional approach in assessing sustainability. Moreover,
sustainability KPIs commonly align with the three pillars of sustainability, either by clustering
them under latent variables or by further subdividing them into more specific subjects within
each pillar. These KPlIs are predominantly pragmatic, as they are adaptable to different scales
and do not rely on complex formulas. However, there is room for improvement, as certain lists
of KPIs often lack critical analysis, leading to potential issues of redundancy and triviality.
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While some studies employ statistical techniques like the AHP, the consolidation of criteria to
assign scores is often missing. Notably, none of the reviewed studies encompass the entire
supply chain as the unit of analysis, with most focusing on specific stages, leaving gaps in the
overall understanding of FLW dynamics. In this context, which specifically examines FSCs,
only one selected study delves into this area, but it does not provide a comprehensive set of
KPIs targeting FLW.

2.7 LCA In the field of FLW

Life cycle assessment (LCA) is a standardised methodology defined by the ISO in 1SO 14040
(1SO, 2006b) and 1SO 14044 (1SO, 2006c). More specifically, 1ISO 14040 describes LCA
principles and framework making the concept understandable for any reader interested in it.
Meanwhile 1SO 14044 is intended to assist LCA practitioners as a reference, outlining more
technical information (Finkbeiner et al., 2006).

ISO 14040 (1SO, 2006b) states that “LCA deals with the environmental aspects and potential
impacts throughout the whole life cycle of a product from the raw materials acquisition,
production, use, final treatment, and recycling, to the final disposal (i.e. from cradle to grave)”.

In LCA there are 4 distinct stages according to 1SO 14040 (1SO, 2006b):

o Goal and scope definition: The LCA goal will affect the thoroughness and breath of the
study. Likewise, the LCA scope will depend on the goal and will establish the limits of
the system as well as the processes included, the functional unit (FU), etc.

e Life cycle inventory (LCI) analysis: It contains an inventory of the system inputs and
outputs. The data gathering is part of this phase.

e Impact assessment: In this step the results are analysed in order to understand and
assign to every impact the importance it requires.

e Interpretation: In the interpretation phase a discussion takes place with the aim of
coming to conclusions and making decisions in accordance with the goal and scope
previously determined.

This scheme is depicted as follows in Figure 7:
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Figure 7. LCA stages. Source: International Organization for Standardization (2006b).

LCA offers a holistic and interdisciplinary approach that enables a better decision-making
process by evaluating the environmental impacts of a product or a service (Zamagni et al.,
2013). For instance, one of the aforementioned CE principles leans towards extending the
useful life of the product for as long as possible. Which might be counterproductive on some
occasions. This can be detected through the use of the LCA methodology (Pefia et al., 2021).
Actually, when it addresses those impacts taking into consideration the three pillars of
sustainability (environment, society and economy), it is called Life cycle sustainability
assessment (LCSA) (UNEP, 2011). Thus, being a helpful tool in order to achieve a CE.
Moreover, LCA can bring interesting solutions since it is the most effective way to apply
ecodesign (McAloone & Pigosso, 2018).

One of the benefits that LCA brings to the table is the avoidance of the trade-offs of impacts
along the life cycle. It ensures that the processes involved in the upstream, core, and
downstream stages of the life cycle are being considered. In other words, LCA helps in the
evaluation of CE solutions making it easier to understand whether they can be achieved and
to what extent. As well as in identifying the points of the life cycle where it is more important
to act on (hotspots) (Pefa et al., 2021). A practical example of this would be the replacement
of an imported food product for a local one, which will require the impact assessment of the
foreign supply chain (Pefa et al., 2021). Even if LCA is standardised, there are still additional
efforts needed to be made with the aim of facilitating the task of comparing LCA studies, and
so CE strategies based on LCA (Pefa et al., 2021). This includes the FU, system boundaries,
cut-off rules, allocation criteria, assumptions, etc.

LCA in combination with the new technologies taking over and creating the industry 4.0 offers
a great potential to address the environmental impacts of a product/service in real time. In a
system like that, equipment and instruments would continuously record data of input and
output flows. This new concept would even transform the way a FU is defined in conventional
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LCA. The possibilities that smart manufacturing brings habilitates the calculation of the
environmental impacts of a single process or of a region for instance. Under this framework
no physical boundaries would be required as before, since 10T devices would allow this
analysis to be conducted at an individual level. Many of the assumptions usually undertaken
in an LCA would be softened or overcome by gathering specific identity data (Raihanian
Mashhadi & Behdad, 2018). Such specific identity data is more pertinent for those products
whose use stage stands a significant hotspot (Raihanian Mashhadi & Behdad, 2017a, 2017b).
Which would vastly increase the credibility of the study, as average and steady data is
substituted by a much more trustable and less biased one. As a consequence, the achievement
of more ambitious economic, environmental, and social objectives would become an easier
task coupling this system with optimisation techniques (Raihanian Mashhadi & Behdad,
2018).

LCA is also applied in the field of waste management, and consequently, in the field of FLW.
In such afield, LCA is utilised for evaluating the environmental consequences of technologies
and policies related to FLW management, as well as for identifying the most effective
combinations of technologies and policies that reduce environmental impact the most (Lundie
& Peters, 2005). In fact, LCA indicators should be included when measuring the
environmental impact of waste prevention to obtain an objective view of the outcome (Nessi
et al., 2013). Notable studies include the one conducted by Scherhaufer et al. (2018), which
assessed the environmental impact of FLW at the European level, considering nine different
products. The study conducted by Omolayo et al. (2021) is also noteworthy, as they conducted
a comprehensive review of the state of the art in LCA applied to the FLW area focused on FLW
management policies. Many gaps were identified in this study, ranging from the fact that the
objectives of these LCAs should aim for the highest level of the waste hierarchy (prevention),
to the need for improving data transparency. Specifically, in the evaluation of waste prevention
performance (as it is the case of this dissertation), it is acknowledged in the literature that LCA
has certain limitations (Bizcocho & Llatas, 2019; Nessi et al., 2013). These limitations
primarily pertain to the determination of the FU and the establishment of system boundaries
(Bizcocho & Llatas, 2019). Both of which are typically different and yet key to allow fair
comparisons between LCA studies (Omolayo et al., 2021). The following table illustrates the
FUs and system boundaries employed in different studies that deal with FLW prevention.
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Reference

Table 4. Functional units and system boundaries in LCA studies that deal with FLW prevention.

Objective

Functional unit

System boundaries

To assess the sustainability of FLW
(Albizzati et prevention actions including the Cradle-to-grave approach. They use system
al., 2022) rebound effect caused by the Tonne of avoided FLW expansion to account for the consequences of
" monetary savings coming from that avoiding FLW and thus saving money.
FLW avoided
(Omolayo et | Defines the state of the art of LCA -14 art'des used 1 tonne of FW. The 22 reviewed studies utilised 10 different system
- 6 articles used 1 tonne of food consumed. .
al., 2021) focused on FW. . Lo boundaries.
- 2 articles used food products consumed by 1 individual.
. “Examine the FLW of a produce s
(Canovas retailer and estimate the prevention "FSC with associated FLW related to 1 tonne of fresh produce Cradle-to-grave approach: It |ncludes all the FSC
Creus etal., otentials due to a prevention delivered at the retailer gate." stages, the waste treatments in each stage, and the
2018) P ., P gate. prevention alternatives.
strategy”.
(Salemdeeb Present_ a model to evaluate FLW Tonne of household FW They exclude the upstream processes.
etal., 2017) prevention.
Approach 1: Prevention is considered a waste management
scenario. Approach 1: Prevention is considered a waste
- “The integrated management of the waste potentially management scenario.
To calculate the environmental producible over a given period in a given geographical area (or - They don't include upstream processes in the
(Nessi et al.,, | impacts of municipal solid waste by one of its inhabitants), in which waste prevention activities will | baseline.
2013) management systems including be undertaken”. Approach 2: Prevention is NOT considered a waste
prevention actions. Approach 2: Prevention is NOT considered a waste management scenario.
management scenario. - They don't include the avoided upstream processes
- "The management of the waste produced over a given period in | in the waste prevention action scenario.
a given geographical area (or by one of its inhabitants)”.
- Primary FU: "Amount of material (mass or volume) addressed
by the municipal solid waste management system on an annual
(Clea Presents a methodology to address basis". Thev vary depending on the tvpe of waste
2010)ry’ prevention in municipal solid waste - Secondary FU: Only applicable when the prevention activity revyentio);l acF;ion 9 yp
LCAs. implies dematerialisation. It guarantees that municipal solid p '
waste management scenarios are comparable, i.e. their product
services are functionally equivalent.
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As can be observed, the related literature exhibits a lack of consensus when it comes to
these aspects. As is well understood in LCA, this will also depend on the objective of the
study, which is not always the same as indicated in the table. For instance, while some
studies aim to evaluate the impact of waste prevention actions, others focus on assessing
waste valorisation technologies. In the latter case, adopting 1 kg of waste as the FU is
justified.

2.8 Certifications and environmental labelling

According to the 1SO (2023a), a certification is “the provision by an independent body of
written assurance (a certificate) that the product, service or system in question meets
specific requirements.”. Namely, it is a procedure aimed at attesting that a product or
service meets a standard’s requirements suitable for such product or service. Those
standards assist companies with the traceability process throughout the supply chain
(Verzijl et al., 2015). As stated by Purwandoko et al. (2018), the first step when
developing a traceability system as the ones that are used for certification purposes, is to
identify the information needed to be monitored. With that ultimate goal, surveys may
be implemented to map stakeholders and their interconnections, have an outline of the
supply chain and so determine the information that will be collected. In the same way,
interviews and data from records are also relevant data sources to obtain more in-depth
details. All that data will be stored and managed by the traceability system from a series
of capture points along the supply chain (Purwandoko et al., 2018). A comprehensive
example of which data is tracked in every capture point is given by Purwandoko et al.
(2018) in the case of an organic rice certification.

Certification is closely linked to traceability. For example, to obtain a food safety
certification the traceability of a series of parameters must be ensured. From the results
of the dashboard presented in Figure 4, it is assumed that in food safety the most widely
measured parameters comprise temperature, humidity and location. In addition to
others like CO,, SOg, light, gas, ethylene, salinity, heavy metals, pressure, vibration,
viscosity, wind, rain, microbial activity, etc. Likewise, the monitoring of specific
parameters is also required for environmental certifications. These certifications, also
called “ecolabels”, give insights into either the overall or specific environmental
properties of a product or service. This information may serve to influence and guide
consumers or users when making decisions in a purchasing situation. Which in turn can
lead to an eco-innovation process, where the market is steered towards a vicious cycle
that boosts ecolabelling due to business competition (1SO, 2022; Rennings, 2000).

Ecolabelling is governed by the Regulation (CE) n® 834/2007 (European Commission,
2007) about organic production and labelling of organic products. In this regulation
organic production is defined as “an overall system of farm management and food
production that combines best environmental practices, a high level of biodiversity, the
preservation of natural resources, the application of high animal welfare standards and
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a production method in line with the preference of certain consumers for products
produced using natural substances and processes”. It is worth highlighting that in the
Spanish version, this regulation uses the equivalent term for “ecological” where the
English version uses “organic”. This may lead to confusion since both terms do not share
the exact same meaning.

The 1SO standard 14020 which controls ecolabelling and environmental product
declarations (EPD), distinguishes between 3 types of environmental labelling:

e Type I. Environmental labellings that certify the product is complying with
specific environmental requirements. Validated by a third party (1ISO, 2018).

e Type Il. Self-declared environmental labels made by the manufacturing company
(IS0, 2016).

e Type IlIl. Environmental product declarations (EPD). They follow the LCA
methodology and are validated by a third party (1SO, 2006a).

In these ecolabels the inclusion of all the life cycle of the product is required (1SO, 2022).
For this reason, the traceability that new technologies offer fits perfectly with their
requirements, adding a substantial added value.

In the particular case of type I11 ecolabels, 10T would revolutionise data collection, which
is the toughest and the most cost and time-consuming part in the LCA (70%-80%)
(Curran, 2012; Miah et al., 2018; Mieras et al., 2019). Data collection is part of the LCI
analysis, a stage where all the material and energy inputs and outputs from the product
system to the environment during the life cycle are measured (I1SO, 2006b). Procedure
that would be conducted in real time through the use of 10T, capturing on-site data
instead of collecting statistical data (Mieras et al., 2019). Studies concerning this issue
have already been carried out, showing how the introduction of these new technologies
to collect data (using also a cloud platform to enable it) make more effective the use of
LCA models, together with the later dissemination of results with a greater range than
ever before (Mieras et al., 2019). Considering that data quality is one of the biggest
challenges to deal with in the area of LCA (Djekic et al., 2019), 1oT would be a major
breakthrough in this regard as it allows to detect outliers by making the measurements
on-site (Mieras et al., 2019). The integrity of the results that blockchain grants, offers an
excellent solution to this problem as shown in the pioneer study performed by Zhang et
al. (2020), which presented for the first time an LCA framework based on a blockchain
system.

For type I and 11 ecolabels, 10T would also be used with the purpose of obtaining data of
inputs and outputs in every stage of the life cycle (as ISO standards state), although it
would need to adapt to the particular requirements of each. In the 1SO 14020 it is
specified that the utility and effectiveness of the ecolabels are based on the
meaningfulness and reliability of the information they provide (ISO, 2022). And
monitoring with 10T has demonstrated being capable of decreasing the mistake in
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comparison with that of the human being (Kishore Austeen et al., 2019; Saha et al.,
2018), as well as managing data of high quality (Mieras et al., 2019).

Additionally, it is worth mentioning that ecolabels are being more and more ambitious
with regard to the sustainability concept. So that health and social aspects are starting to
be included as well (Asensi & Kaulins, 2019).

In this context, 10T would be applied in the form of surveys for workers, consumers, and
other stakeholders throughout the FSC. Via loT it would be much easier to standardise
the data gathering, resulting in an improvement of the reliability and the rigour of these
studies (Grubert, 2018; Mieras et al., 2019).

Once the data is collected by 10T devices, and stored in the blockchain cloud, by using
smart contracts the compliance of the applicable standards or guidelines is ensured.
Thereby promoting auditing and certification processes. This guarantee is due to the
immutability that characterises the blockchain technology (Rejeb et al., 2019). What is
more, since it is a decentralised technology and it does not need intermediaries
(Mougayar & Buterin, 2016; Treiblmaier, 2018), these audit processes are conducted in
a much faster way. Then the complementation between 10T and blockchain permits
enhanced audit processes with a higher level of detail (Ma et al., 2019; Rejeb et al., 2019).
Lastly, the information of the product can be delivered with smart labels, whose inks are
even able to spot changes in environmental variables (Gligoric et al., 2019; Ramundo et
al., 2016).

In summary, the application of loT and big data will foster a huge progress in the agri-
food sector in all the 3 pillars of sustainability: society (food safety, demand control, more
product quality...), economy (more productivity, improvement of processes...) and
environment (reduction of impacts, improvement of the resources use efficiency...)
(Misra et al.,, 2022). Indeed, LOpez-Morales et al. (2020) points out that the
incorporation of loT strengthens the agroindustry capabilities to minimise its
environmental impact. By means of three use cases, this study demonstrated that the
transformation of logistics processes that 10T entails, leads to an environmental footprint
reduction along with other benefits. This progress is already a reality because of a rising
interest registered as regards the implementation of the CE in this new industrial
technology paradigm. Leveraging like this the fulfilment of the SDGs (Dantas et al.,
2021). In the light of these results, it becomes a matter of scientific interest to research
and analyse deeper the connection between these two branches of knowledge in the agri-
food sector: sustainability and new technologies.

The indicators developed in this doctoral dissertation are intended to be integrated into
a certification scheme. The inclusion of sustainability KPIs within certification processes
proves to be highly valuable for several reasons. Firstly, sustainability KPIs provide a
standardised and objective measure of an organisation's environmental, social, and
economic performance, allowing for meaningful comparisons across different certified
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entities. By incorporating these indicators, certifications can effectively communicate the
level of sustainability achieved by a certified organisation, promoting transparency and
accountability. Additionally, sustainability KPIs enable continuous improvement by
establishing clear targets and benchmarks, encouraging organisations to strive for higher
levels of sustainability performance over time. Furthermore, the integration of KPIs
within certification frameworks promotes the adoption of sustainable practices and
encourages innovation by guiding organisations towards more sustainable strategies and
operations. Ultimately, it enhances the credibility and relevance of certifications,
empowering consumers, stakeholders, and decision-makers to make informed choices
that contribute to a more sustainable future.
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3 Motivation

The review of the state of the art served to identify several gaps and challenges. In the
present chapter these identified gaps will be illustrated, serving as the motivation for the
formulation of the research objectives. This approach ensures that the contributions of
this study significantly enriches the knowledge domain in question.

Firstly, there is room for improvement in the existing FLW quantification
methodologies, especially as concerns the lack of specificity in the EU Delegated Decision
2019/1597. These methodologies do not adequately capture the complexities of FLW
across different stages of the FSC. This insufficiency poses a significant barrier for FSC
actors striving to measure and reduce FLW effectively. A more comprehensive approach
to quantify FLW is needed to facilitate this process for FSC actors.

Secondly, robust methodologies and sustainability indicators are necessary to track and
evaluate the effectiveness of FLW prevention actions. There is not a widely accepted set
of sustainability KPIs to measure such an impact. Challenges in this regard include
ensuring that the KPIs: allow to measure sustainability performance; are applicable to
all FSC stages; provide a holistic vision of the entire FSC; are aligned with current FLW
regulatory frameworks; and are shaped by integrating input from experts and FSC
stakeholders. It is also an added value to consider the digitisation capability of KPIs to
guarantee the reliability of the data and their contribution to achieving the SDGs,
particularly SDG 12.3. This set of metrics must be capable of allowing comparisons
between different types of FLW prevention actions, deployed in different FSCs and
contexts. This demands adequate criteria and factors to rigorously evaluate their overall
impact on preventing FLW. In the particular case of environmental impact KPlIs, robust
methodologies such as LCA are essential for assessing the environmental impact of FLW
prevention actions. However, the state of the art in this domain lacks a thorough LCA
methodology to assess the net environmental impact of different FLW prevention
strategies. This includes the definition of the FU and system boundaries. Besides, there
is anotable lack of data transparency and insufficient emphasis on prevention at the PoG.

Thirdly, integrating ICTs in the agroindustry presents a significant opportunity to
measure the sustainability of FSCs in a faster and more reliable manner. While the
digitisation of FSCs has been growing in recent years, its application for sustainability
purposes remains uncommon. This growth sets the stage to introduce sustainability
performance KPIs, which can foster sustainable data-driven decisions. This is key to
building more sustainable food systems based on real-time information on the impact of
the implemented FLW prevention actions.

By addressing these gaps, this dissertation aims to develop a comprehensive and
practical framework for evaluating the sustainability performance of FLW prevention
actions ultimately contributing to the achievement of SDG 12.3.
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4  Objectives

The main objective of this dissertation is to develop a standardised methodology capable of
measuring the environmental, social, and economic impact of food loss and waste (FLW)
prevention actions undertaking a holistic life cycle perspective. This methodology aims to be
universally applicable across food supply chains (FSCs), irrespective of their composition or
the type of food product under analysis. Moreover, it seeks to facilitate seamless comparisons
between different FSCs, promoting ease and accuracy in evaluating their FLW prevention
performance.

This goal can be reformulated in the following hypothesis:

If this standardised methodology is applied to assess FLW prevention actions in an FSC, then
opportunities for FLW prevention and management can be identified, and their sustainability
impacts can be evaluated from a holistic perspective.

For the achievement of this objective, a series of specific research goals are outlined below:

1. To define a taxonomy to address the FLW problem in the FSC.

2. To define the economic, social and environmental KPIs that enable the measurement
of the sustainability of FLW prevention actions under a life cycle approach.

3. To develop a comprehensive methodology to quantify FLW, going beyond the
specifications of the Delegated Decision 2019/1597, in order to identify solutions for
moving up in the FLW hierarchy and their room for improvement.

4. To develop a thorough LCA methodology to assess the environmental impact of FLW
prevention actions focusing on FLW prevention at the point of generation.

5. To analyse how digitisation assists in the measurement and analysis of the defined
KPIs to enhance the standardisation, transparency and reliability of the data.

6. To validate the methodology through the assessment of circular economy scenarios
that promote different types of FLW prevention actions covering every FSC stages in a
real case study.

By achieving these obijectives, this research aims to identify the optimal strategies for
minimising FLW and advancing the fulfilment of SDG 12.3 without compromising other
sustainability dimensions, ultimately paving the way for more sustainable food systems.
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