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Abstract: Packaging is often criticized as a symbol of today’s throwaway society, as it is mostly
made of plastic, which is in itself quite controversial, and is usually used only once. However, as
packaging’s main function is to protect its content and 30% of all food produced worldwide is lost
or wasted along the supply chain, optimized packaging may be one of the solutions to reduce this
staggering amount. Developing countries struggle with losses in the supply chain before food
reaches the consumer. Here, appropriate packaging may help to protect food and prolong its shelf
life so that it safely reaches these households. In developed countries, food tends to be wasted rather
at the household’s level due to wasteful behavior. There, packaging may be one of the drivers due
to inappropriate packaging sizes and packaging that is difficult to empty. When discussing the
sustainability of packaging, its protective function is often neglected and only revolves around the
type and amount of material used for production. In this review, drivers, issues, and implications
of packaging-related food losses and waste (FLW) are discussed, as well as the implication for the
implementation in life cycle assessments (LCA).
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1. Introduction

Food production is associated with a significant consumption of resources. Today,
approximately 30% of the earth’s land and 70% of all extracted freshwater is used for growing crops.
Additionally, the production and usage of pesticides and fertilizers can pollute air, water, and soil,
and hence, poses a risk for human health and ecosystems as a whole [1]. Even worse is if this resource
consumption is in vain when food misses its ultimate goal of human consumption and is lost or
wasted instead.

According to the Food and Agriculture Organization of the United Nations (FAO), around 1.3
billion metric tons or approximately one-third of all food produced for humans is wasted worldwide
each year [2]. In total, around 3.3 billion metric tons of CO:z equivalent, 250 km? of blue water, and 1.4
billion hectares, which represents approximately one third of the world's agricultural area, is
associated with not-consumed and, therefore, wasted food [3]. Further, other estimates point out that
the amount of the world’s food waste could be as high as 44% of the dry mass of agricultural crops
[4]. In addition to environmental impacts, food waste also includes a social or ethical dimension, since
795 million or around 11% of the world’s population suffer from hunger [5]. With the world’s
population projected to reach 10 billion people in 2050 [6], there is already a great deal of pressure on
food availability and thus the urgency to reduce food waste.

At the international level, concern about food waste has been addressed by passing the
Sustainable Development Goals (SDG). Goal 12.3 reads as follows: ‘By 2030, halve per capita global
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food waste at the retail and consumer levels and reduce food losses along production and supply
chains, including post-harvest losses’ [7]. With the amendment to the European Union (EU) Waste
Directive adopted in 2018, which adopts the wording of SDG 12.3, this will indeed be legally binding
for EU member states [8].

When referring to food waste, one has to highlight that there is currently no standardized
definition of this term [9]. Frequently, a distinction is made between food waste and food loss, as well
as between waste, which is edible or inedible, avoidable or (partially) unavoidable. For example,
Parfitt et al. (2010) refer to ‘food loss’ as a ‘decrease in edible food mass throughout the part of the
supply chain that specifically leads to edible food for human consumption” and that it occurs at the
stages before reaching the customer [10]. Here, and in FAO reports [2,3], losses at the end of the food
chain are called ‘food waste” and rather relate to human behavior, while in the reports of the British
“Waste Resources and Action Programme’ (WRAP) [11] and in the EU Food Use for Socian Innovation
by Optmising Waste Prevention Strategies (FUSIONS) project [12], there is no distinction made between
‘food waste” and ‘food loss’. Some authors do not declare food that was initially intended for human
consumption, but then was fed to animals as waste [13]. However, some losses at the primary
production, as well as at the post-harvest and handling stages, can also be seen as wasteful [14].
Furthermore, losses at one stage of the food supply chain could be caused in different stages [15,16].
Against this background, the present study uses the expression food loss and waste (FLW) to avoid
confusion due to differing definitions.

A comparison of different regions shows that the stages of FLW hotspots along the supply chain
vary strongly [2]. Apparently, in industrialized regions, such as Europe and North America, the
amount of wasted food at the consumption stage is significantly higher than in developing regions,
such as sub-Saharan Africa, South and Southeast Asia, and Latin America, where food is more likely
to be lost or wasted at the stages between primary production and retail [2]. The FAO states that
‘losses at almost every stage of the food chain may be reduced by using appropriate packaging” and
that the higher losses at pre- and post-harvest stages in developing countries are ‘underscoring the
need to focus on packaging solutions’ [17].

The present paper addresses the question about the direct and indirect effects of packaging in
terms of the contribution to FLW across the supply chain. There has been relatively little research on
whether more, less, or different types of packaging cause FLW in relation to the available literature
on FLW. Furthermore, new approaches to the integration of these effects into life cycle assessments
(LCA) are discussed. For this review, literature searches were performed in the online database,
ScienceDirect. The keywords for the search were ‘food waste’ as well as the two keywords, ‘food
waste’” and ‘packaging’, combined with the inclusion of the search operator, “AND’. The search for
literature about the integration of FLW into the LCA of packaging was performed with the additional
keyword, ‘LCA’. For the literature selection, peer-reviewed research articles were preferred.
However, reports of highly renowned organizations (e.g., FAO, WRAP) were also included. In total,
88 references were identified as suitable for this review and 17 additional references, which were
necessary for laying the framework of this review.

2. Functions and Sustainability Aspects of Packaging

The main functions of packaging are to contain, to protect, to facilitate handling, and to
communicate information (Figure 1) [18,19]. The protective function includes FLW-related features,
such as mechanical protection, barrier (e.g., against oxygen or water vapor), and thermal and sealing
properties. The “facilitate handling’ function includes features, such as unitization, apportionment,
resealability, and emptying. FLW-related features of the communication function consist mostly of
product and packaging information and instructions, as in how to properly store, open, and dispose
of the package [18]. Additionally, packaging can contain instructions on how to prolong the shelf life
of the packaged food by encouraging consumers to freeze leftovers [20]. Furthermore, the
communication function is responsible for the fulfillment of legal obligations, such as the provision
of nutritional information, best before/use by dates, and ingredients [21].
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Figure 1. Packaging functions, based on [18,19].

However, while optimizing the protective function of a package, it is very important to pay
particular attention to the needs and attitudes of consumers. As a survey in Norway shows,
consumers with high amounts of food waste tend to be less environmentally aware with regard to
packaging solutions (i.e., recyclability, material perceived as eco-friendly) than ‘no-wasters’, but
show a higher willingness to pay more for packaging that helps to keep food fresh than no-wasters.
One possible reason may be that high-wasting consumers buy bread more frequently, as well as more
bread per shopping trip [22].

In a report by the American Institute for Packaging and the Environment (AMERIPEN), the
authors emphasize the protective function and refer to packaging as an “under-utilized solution that
could significantly reduce food waste’ [23]. One of the arguments is derived from a negative
correlation between the proportion of packaged goods and the observed FLW. However, there is a
growing public discourse about the environmental impact of using increased amounts of packaging
and its actual contribution to sustainability. Globally, 348 million metric tons of plastic are produced
each year [24], which gives rise to about 400 million tons of CO, including waste management [25].
In Europe, 39.7% of the plastic is used for packaging. However, only 40.8% of this plastic packaging
is also recycled [24]. Every year, 4.8-12.7 metric tons of plastic waste enters the ocean, including
plastic packaging [26]. In a business-as-usual scenario, by 2050, there could be more plastic than fish
in the sea [25]. Another criticism of plastic packaging concerns impacts on human health. Particularly,
some additives, such as bisphenol A or phthalates, are recognized as having endocrine effects [27,28].

Several environmental non-governmental organizations (NGOs) take an opposing position to
the packaging industry in their report, ‘Unwrapped’ [29], which states that since 2005, the amount of
food waste in European households has increased along with the amount of plastic packaging used.
From this correlation, the authors of the study deduce that ‘while some packaging has a role to play
in protecting food and extending shelf life, many packaging practices increase wastefulness of both
food and packaging’. Although the conclusions of both the AMERIPEN and the Unwrapped report
are based on correlations and not on actual or implicit causalities, they hint at the importance of
having a deeper look at the interrelation between food waste and packaging.

However, consumers identify a food product’s sustainability more with minimal or the complete
absence of packaging rather than with packaging that keeps food fresh longer [30,31]. Furthermore,
in a report by WRAP [32], half of the surveyed consumers stated that packaging is harmful to the
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environment and only a quarter agreed that packaging extends the shelf life of a product. Further,
consumers identify the key benefits of packaging as ‘keeps products safe and hygienic’, “provides
important information on labels’, and “protects the food from the factory to the shop and on the way
home’, while only 13% think that packaging also protects the food at home. When asked whether
packaging or food waste would be more environmentally harmful, opinion is divided. This is more
or less in agreement with an Italian survey [33], where 60% of the consumers were convinced that
packaging has a greater environmental impact than food waste. However, contrary to the conception
of consumers, the contribution of FLW to the carbon footprint in a food packaging system is, in most
cases, higher than that of the production and waste management of the packaging [34]. In general,
the more resource-intensive the food production is, the more worthwhile is a more elaborate
packaging [35]. In most cases, packaging accounts for only 1%-12% (typically around 5%) of
greenhouse gas emissions in a life cycle assessment of a food packaging system [36]. Following this
line of argument, prevention of FLW may arguably be seen as one, if not the most, important strategy
for packaging optimization for most types of food [37,38]. Nevertheless, as long as consumers are not
aware of the importance of FLW reduction by appropriate packaging, this represents a conflict of
objectives and, hence, the main challenge for all stakeholders in the packaging design process.

3. Causes of Food Losses and Food Waste Related to Packaging

A first approach to determine packaging-related food loss or waste is to identify the stages in a
food supply chain in which food is in a package. Once a product is packed —whether for transport or
product packaging—this packaging can or may lead to a loss of contents. An estimate based on a
survey of Swedish households’ waste behavior showed that packaging-related FLW (PFLW)
contributes to 20% to 25% of a household’s total amount of food waste [39], but otherwise such data
are scarcely available [40].

If FLW occurs, it does not necessarily mean that the food was originally inedible. Edible food
may also be discarded only because the expiration date is exceeded. Hence, packaging-related FLW
can refer to edible or inedible food. What is meant by a so-called expiration date are actually two
dates, the ‘best before” and the ‘use by’ date. The ‘best before’ date is a date of the minimum shelf life
and signals the date until the food retains its quality, such as flavor and texture. Retailers are
permitted to sell food after the best before date has passed. For food that is “highly perishable” and,
after a short period, is likely to ‘constitute an immediate danger to human health’, the best before
date is to be replaced by a “use by’ date [21]. After the ‘use by’ date, food is deemed to be unsafe, in
contrast to the exceedance of the ‘best before’. Interestingly, 64% of consumers in the EU misinterpret
the meaning of the best before date [41]. While consumers often confuse best before and use by dates,
they state that they need more information about the shelf life of food once a package has been opened
[42].

Looking at the food supply chain, there are many different stages and reasons why food may be
wasted. As packaging is generally first introduced right after harvest, the identified stages of the food
supply chain where PFLW can occur start with the post-harvest stage and end with the serving of
food (see Table 1). Mechanical damage to food and/or its packaging and therefore the discarding of
the product can occur during any stage of transportation while in transport packaging [17].
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Table 1. Packaging-related food loss and waste along the food supply chain.

Stage Type of Packaging-Related Food Losses and Waste References
Primary
production
Post-harvest Damage of products due to contaminants,
handling and sharp edges or splinters of field containers, [43,44]
storage over-packing of field crates
Food in the . Problems in the filling process [45-48]
. Processing and . . ; .
supply chain ) Packaging failures while sealing [49]
packaging . .
Packaging changes due to marketing reasons [16]
Packaging does not provide enough mechanical
Distribution protection (inappropriate packaging material,
. . . [45,50,51]
and retail poor stackability, no packaging at all)
Damage to barcodes on packaging
Difficult to open packaging [52,53]
Food in households Difficult to empty packaging [39,54]
Inappropriate packaging size [55-60]

Source: Own elaboration, references for the different food supply stages: [10,61,62].

3.1. PFLW in the Supply Chain

As there is no packaging involved in the primary production of food, packaging-related FLW
may start during the post-harvest handling and storage stage of food. If produce is harvested and
packed in field containers, these should be properly cleaned beforehand to not introduce any
contaminants into the food [43], as well as be free of any sharp edges or splinters that could damage
the food [44].

At the processing stage, the main causes of FLW are overproduction, misshaped food, and
packaging damage [63,64]. Technical malfunctions are mainly comprised of filling problems. During
a manual filling process, food can be lost through bad handling due to poor work conditions [45]. In
an automatic filling process, losses can occur when packaging and filling machines are not well
matched or if there is a malfunction of the machinery, e.g., resulting in bottle overfilling [46]. As there
are strict requirements for food companies on the filling level, companies tend to overfill rather than
underfill their containers [48]. Furthermore, losses can occur due to the batch process itself and
corrections that are needed before the filling machine can run correctly [47]. After filling, packaging
may leak due to a failure in the closure (e.g., the heat seal) [49]. Another issue at the packaging stage,
for which the retail sector is actually a key driver, is ongoing changes to the packaging of food
products for marketing reasons [16]. As packaging is often bought in large amounts, this may lead to
packaging waste, but could also contribute to FLW if already packed food is discarded.

While in distribution, food losses may occur due to damage of the packaging, the exceedance of
expiration dates, or poor stock management [65]. Products may be packed poorly, e.g., without
sufficient protection, or loaded without any packaging at all. Roads in bad condition increase the risk
of damaging the food during transport [45]. An important packaging function to consider concerning
PFLW while storing and distributing food is stackability. If crates cannot be well stacked, damages
can lead to a collapse of the lower levels due to the pressure from high loads. This led to a loss of
around 30% in the case of an investigated supply chain of citrus fruits [50]. Inappropriate stacking of
trays was also one of the main causes of FLW reported in the case of strawberries in the UK [66]. In a
comparative assessment of two different product and transport packages (corrugated cardboard and
plastic crates) for eggs, an average breakage rate of 1.1% was observed while the results of the four
different packaging scenarios varied between 0.56% and 2.38%. These damages were attributed to
poorly stacked crates, as well as the inadequate quality of the corrugated board used and mismatched
primary, secondary, and tertiary packaging [51].
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After distribution, food is stored in the retail sector, a sector which is responsible for around 5%
of FLW in Europe [67]. As reported by the retail chains, expired shelf life is the main reason for the
generation of FLW [37,68]. This may be due to delays at the pre-distribution stages, while premature
spoilage may occur due to improper packaging and storage temperatures or rough handling [37].
Packaging damage is rather rare and may just mean that the imprinted barcodes are unreadable [45].

Since it is time-consuming to remove food from a package, some supermarkets may forgo this
procedure [49,69]. If a package contains only partly spoiled food, this may lead to the disposal of
otherwise saleable goods [70]. Food and packaging are then disposed of as a whole as residual waste
instead of as separated organic waste for food, and plastic or municipal waste for the packaging. The
separation does not necessarily occur in the downstream waste treatment either and even if it does,
food-contaminated packaging reduces the possibility of a potential mechanical recycling of the
packaging, further contributing to a higher environmental impact [71].

3.2. Packaging-Related FLW at the Consumer

3.2.1. Effects of Packaging Design

Besides the primary function of protecting its content, a package has also to be able to facilitate
handling. Therefore, the packaging manufacturer has to enable the easiness of unpacking,
openability, and emptying of a package with the design [18]. Poor openability can lead to FLW as
consumers may spill food or beverages if the opening of a package proves difficult. This is
particularly true for elderly people or for those with disabilities [52,53].

When talking about the ability to empty the packaging entirely a distinction can be made
between the terms, ‘easy-to-empty’ and ‘easy-to-access’, according to Plastics Recyclers Europe. In
their online recyclability assessment tool for plastic packaging, RecyClass [72], the easy-to-empty
index is intended for ‘packaging where the content is not accessible for emptying (i.e., bottles, tubes)’
and the easy-to-access index for packaging ‘where the content is accessible for emptying (i.e., pots)’.
‘Easy to empty’ means that a package can be emptied without force (i.e., flipping and holding the
open package vertically for a period of time) and ‘easy to access’ simulates a regular use by a
consumer (i.e., using a spoon to empty a yogurt cup). Plastics recyclers are concerned about food
residues, as these may interfere with the recycling process of the packaging [73].

Food residues in packaging were addressed in an exploratory study with Swedish households
[39]. In this study, yogurt and sour milk in liquid packaging board contributed 75%, liquid margarine,
jam, porridge, mayonnaise, and soups in plastic, glass, fiber-based, or metal packaging 25% to the
‘difficult-to-empty” waste. The viscosity of the food is likely to play an important role, as products
with high viscosity were more inclined to stick to the inside of the packaging. In total, waste due to
the poor emptiability of packaging led to approximately 4% of the total amount of FLW generated by
the surveyed households. The process of emptying a package is not only influenced by the packaging
design, but also the person responsible for opening it, particularly in the case of the ‘easy to access’
function. As the authors state, the waste associated with emptying a yogurt package was very
different between the two surveyed groups, one with education about environmental issues and one
without [39]. This was further substantiated with a test of the emptying behavior of 1000 mL milk
packages, where residues of 4.7-14.7 mL were found. The authors point out that the simulation of a
final stirring process by the consumer significantly influenced the resulting waste. Further important
factors that influenced the emptying behavior could be attributed to the presence of a fold at the
bottom of the package and corrugations in its internal wall, as well as the shape of the package itself
[54].

3.2.2. Effects of Packaging Size

At the household level, spoiled food may be seen as a symptom of many different problems and
not as a reason for waste per se. Hence, one has to look at the root causes of what leads to a household
not eating purchased food in time [68]. Of course, this may be due to unexpected events, however,
there is evidence to suggest that inadequate packaging sizes are a key factor in the generation of FLW.
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Packaging size is a growing concern for consumers as well as retailers, but for the latter, more in the
context of packaging waste instead of FLW [16].

The potential amount of FLW may be dependent on the packaging function ‘apportionment’,
i.e, when a product is divided from the large-scale production units into the desired amount and
size. If a product is offered in two packs of 75 g that can be separately opened instead of one 150 g
pack, there is a greater amount of packaging used per packed food. This may result in a higher
environmental impact of packaging, as consumers have to buy multiple packages in a single visit
[55], but also may result in a higher chance of consuming food in time [18]. An optimized
apportionment not only helps households in reducing FLW, but also the retail sector by enabling a
better management of stock [50]. Only 17% of surveyed consumers in Italy state that portions
‘generally reflect their needs’ [60]. At the same time, consumers who buy larger packages also waste
more food. As the household size has a strong influence on the total amount of generated food waste,
it is clear that packaging size has too. Single households generate the most food waste per capita and
by comparison, people in four-person households waste less than half than a person in a single
household [56].

When asked about which activities or interventions would help to reduce food waste in their
homes, most households state meal planning, the change of preferences and food habits, and of the
need for different packaging options at retail [58]. Interestingly, households that state that purchasing
too large packages is ‘at least sometimes a reason for wasting food” have greater amounts of food
waste than others. This is even more significant in households that say it is the reason ‘most of the
time’ or “always’. Households that believe they may be able to reduce food waste by buying smaller
packages waste more food than others [59]. All in all, a third of the households claim that they would
generate less food waste if the packaging size of food products would be more suited to their needs
[60].

Furthermore, consumers in Germany and Italy point out that the packaging sizes of many types
of fresh produce, as well as dairy products, baking ingredients, meat products, and pasta, are too big,
while complaining about the higher price of smaller packages in comparison to larger ones [56].
Buying large packages contributes significantly to excessive purchasing, which is true in particular
for low-income households, where this leads to over-preparing and thus to the generation of FLW
[57]. The simple solution would be to just shrink packages then, but understanding the impact of
packaging size on FLW is anything but trivial [74].

That is to say, it is hard to estimate how much consumers waste due to packaging size or
apportionment [75], as long as there is a lack of empirical studies.

3.2.3. Effects of Packaging Technology

Currently, both packaging and future developments in material technology have a huge
potential to minimize FLW [15,17] and to contribute to food safety and security [45]. In the context of
technology, packaging potentially prolongs shelf life. As material technology is always making
advances, more and more polymer-based multilayer packaging is used, which extends the shelf life
of food while reducing packaging weight [76]. Due to good barrier properties, multilayer materials
are suitable for modified atmosphere packaging (MAP). Such packages contain a modified gas
composition, mainly nitrogen, carbon dioxide, or oxygen, which aims to reduce microbial growth
and chemical deterioration of the packaged food and therefore increases its shelf life [77]. The
downside of multilayer packaging is that it is usually landfilled or incinerated due to poor
recyclability [78].

Another promising technology is active and intelligent packaging, which is set to become more
prevalent in the future. Active packaging contains ‘deliberately incorporated components intended
to release or absorb substances into or from the packaged food or from the environment surrounding
the food’ [79] and has, therefore, the purpose to extend the shelf life of food [80,81]. Intelligent
packaging is comprised of ‘materials and articles that monitor the condition of packaged food or the
environment surrounding the food’ [79] and may be able to reduce FLW by abandoning the system
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of a fixed best before data by providing dynamic information about the actual condition of the food
[82].

4. Integration of FLW in LCA of Packaging

As elaborated upon, it is important to emphasize the aspect of packaging-related FLW when
talking about the environmental performance of packaging. A well-known and commonly used
method to investigate environmental impacts of food across the supply chain is LCA [83]. However,
in relation to available food LCAs, only a few studies integrate packaging-related FLW [84]. The
studies investigated for this review include the calculation of the environmental impacts of (i) food
loss probabilities dependent on the shelf life, (ii) break-even rates of FLW compared to packaging,
(iii) scenarios of FLW amounts based on expert opinion, and (iv) a (e.g., protection) function-based
approach in ex-ante LCA.

Most LCA studies of food use 1 kg produced or packaged food as a functional unit, a quantified
performance in a system for use as a reference unit [85]. In contrast, a functional unit of 1 kg
consumed food allows an accounting for the impact of packaging-related FLW [86-90]. This enables
a comparison between packaging that wastes more and packaging that wastes less food. As a result,
in some cases, the total carbon footprint of the respective food-packaging system may be lower with
resource-intensive compared to resource-efficient packaging (Figure 2).

100 1~
75
2
B
=
z 71
% 50 2
o™
o
]
[='e]
25 4
45
18
0
Cheese, sold at the counter Cheese, at shelf

M Packaging [ Food losses and waste

Figure 2. Carbon footprint of two packaging options for cheese, per 150 g cheese, adapted from [35].

Unfortunately, in most cases, there is no actual FLW data available for a specific food-packaging
system [90]. To that end, methods have to be developed for estimating packaging-related FLW. A
novel approach is the calculation of food loss probabilities of packages due to different best before
dates [91,92]. For instance, by extending the shelf life of specific products, such as yogurt and cream,
a considerable reduction of FLW can be reached [93]. There is, however, no direct relationship
between a longer shelf life and FLW generation [94], meaning that an extended shelf life does not
automatically translate to less FLW for every food product. The best before date can have a significant
impact on the purchase decision [95] and depends not only on the product category, but also on the
size of the retailer. Medium and larger supermarkets can benefit from faster turnovers, while for
smaller supermarkets, it is better to place fewer orders and have products with a longer shelf life [96].
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The issue of quantifying FLW reduction in relation to its shelf life is therefore challenging. If a
packaging is already on the market, research suggests that the integration of the emptying behavior
of a package in its LCA is feasible as well as advisable [54].

The calculation of break-even rates could be one way to deal with uncertainties about packaging-
related FLW amounts. This means that packaging designers or LCA analysts could calculate when
an increase in packaging would pay off in return for less FLW [97,98]. In addition, an LCA analyst
may calculate scenarios with different packaging-related FLW rates based on expert opinion [99].
Another example is a function-based approach, to be used when altering or redesigning food
packaging. An ex-ante LCA of food packaging may compare two different packaging design
decisions by looking at parameters, such as stackability and oxygen or water vapor transmission
rates, and calculate the LCA by adjusting the required amounts accordingly [100].

5. Discussion

Thirty percent of all food produced becomes waste. The use of appropriate packaging may be
one way to reduce this percentage. Particularly in developing countries, a lack of packaging is stated
as one of the main drivers of food losses or waste by the FAO [17].

In industrialized countries, the contribution of packaging to FLW is less clear-cut. Packaging
plays an essential part in food protection and thus can reduce FLW. Examples include non-adequate
packaging (too large packaging sizes, inappropriate material, contaminated packaging, technical
failures in the packaging process) [43-45,48,50,51,55-60] or packaging that is too difficult to open
[52,53] or to empty [39,54] so that its contents spill or are left in the package. Packaging saves food by
mechanical protection or prolong its shelf life by a material with good barrier properties [76], through
the use of modified atmosphere packaging [77] and, in the future, by intelligent or active packaging
through the dynamic display of its microbiological status [82]. As increasingly more food is
consumed outside the home [101], the food service sector contributes a significant share to the
amount of FLW [12]. Here, an easy way to reduce FLW may be the use of a so-called ‘doggy-bag’,
which can be used to take leftovers to be eaten at a later date [45].

Packaging designers should focus on the influence of the packaging design choices on FLW
prevention. In order to reduce packaging-related FLW, packaging has to be designed with the
interrelations between primary, secondary, and tertiary packaging in mind [51]. Although a
systematic analysis and quantification of packaging design aspects has not yet been performed,
optimal product protection and optimization of the shelf life can be considered essential. In addition,
packaging may offer design features, such as compartments, that can be opened individually or
packaging, which is easily reclosable. A design for easy portioning and small package sizes are
further important assets [20,102]. Furthermore, packaging can contain instructions about how best to
store the food and to encourage people to freeze leftovers [20], as well as how to serve food to avoid
residues in the package [54].

Although FLW and packaging are getting attention in the scientific literature, packaging-related
FLW (PFLW) is largely unexplored. As this review shows, there is no reliable data on quantities of
PFLW. Furthermore, the quantification of PFLW proves to be difficult, whether with household
surveys or waste analysis. Household surveys can lead to wrong quantifications of FLW because
answers are often biased by social desirability, a lack of motivation for documenting waste, or simply
due to forgetfulness [39]. Waste composition analyses have limitations on information about specific
waste quantities by food category and do not include alternative disposal routes of households, such
as a separate bio-waste collection, home composting, or the use as pet food [103], but above all, there
is no generation of information about the causes of the FLW. These causes are rather complex and are
often the result of multiple interacting activities [104] so it is challenging to identify FLW as (at least
partially) packaging-related, even when interviewing consumers directly about whether their FLW
is connected in any way with packaging [39]. Future research is needed to develop new methods for
determining PFLW.

This review has identified further research needs in the implementation of PFLW into the LCA
of packaging. Resource-intensive packaging can have an overall lower carbon footprint compared to
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FLW if its PFLW is lower than a resource-efficient packaging (Figure 2). As a result, the assessment
of the contribution of packaging to a sustainable food system can be turned upside down. Therefore,
the quantification and implementation of PFLW into the LCA of packaging is of great importance.
However, there is a lack of LCA studies on packaging considering PFLW [84]. However, in the
reviewed research articles, there is agreement on the importance of PFLW and a number of authors
already support the call for further research on this topic [39,40,84,87,92,97].

6. Conclusions

Future packaging developments should focus on further advancements in packaging
technology, but should not neglect the importance of indirect effects of packaging. Stakeholders in
the packaging design should understand the demands of the packaging across the whole supply
chain to optimize their product in reducing food losses and waste. This should be done by
undertaking studies on consumer behavior as well as the provision of education and the collaboration
between producers, manufacturers, and retailers [105]. More research is required to quantify
packaging-related food loss and waste so that life cycle assessments can incorporate the direct as well
as the indirect environmental effects of packaging to help facilitate the environmentally preferable
choice.
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