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a b s t r a c t

The role of packaging systems to reduce food waste is rarely modelled in life cycle assessment (LCA)
studies. This means that a packaging system format with a lower environmental impact that causes high
food waste, may appear to be a better alternative than a packaging system with a higher environmental
impact that reduces food waste. This can be contradictory to the purpose of using LCA to reduce overall
environmental impacts, because food generally has a higher environmental impact than the packaging
system. This paper highlights packaging attributes that may influence food waste, and demonstrates via
six packaging scenarios how the environmental impact for the functional unit of “eaten food” can be
calculated when food waste is included. The results show that the function of “avoiding food waste” is a
critical packaging issue. The connection between packaging design and food waste should be
acknowledged and valued by relevant stakeholders such as: food producers, manufacturers, brand
owners, retailers and consumers, and also in packaging regulations. To fully explore the potential for
packaging systems to reduce their overall environmental impact, food waste should be included.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The purpose of this paper is to analyse the consequences of
dismissing food waste from life cycle assessments (LCA) of pack-
aging systems. The paper highlights packaging attributes that in-
fluence food waste, and presents a developed method and
scenarios to illustrate how foodwastemay be integrated into future
packaging LCAs.

Like any material, packaging materials contribute to environ-
mental issues associated with the consumption of resources and
energy, and resultant waste stream at end-of-life. The resources
used to produce packaging, and resultant problems with waste
management have been the subject of environmental concern and
research. So far, most attention has been focused onminimising the
environmental impacts associated with sourcing and producing
packaging materials, as well as resource recovery at end-of-life.
Strategies have included: the light weighting of materials in the
change from rigid plastics to flexible films and pouches, the se-
lection of more renewable materials, and enhancing the efficiency
and energy consumption associated with sourcing, producing and
tröm).
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converting packaging materials. Regulatory frameworks including
the Directive on Packaging and Packaging Waste in Europe
(European Council, 1994; European Commission, 2006) and the
voluntary Australian Packaging Covenant (APCC, 2010) have assis-
ted the packaging supply chain to rethink the design of packaging
materials and formats to reduce their environmental impacts.

The primary function of packaging is to protect the content,
however this is often neglected in the environmental analysis of
packaging systems. The function of packaging to reduce food waste
has rarely been discussed in Packaging Directives (European
Council, 1994). In the APC’s Sustainable Packaging Guidelines,
there is one question that seeks a response to consider product
residue remaining in pack.

The packaging system often consists of primary packaging (in
direct contact with the product and the one that the consumer
purchases) and secondary packaging (e.g., a corrugated carton to
group and contain a number of primary packaging units conve-
niently). The containment of primary and secondary packaging on a
pallet with additional packaging is tertiary level packaging
(Hellström and Saghir, 2007). Produce like fruits sometimes have
no primary packaging, but bags provided at the retailer serve the
same function. The secondary and tertiary packaging would have
been used through the supply chain tomove the fruit from the farm
through to the retail shelf.
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The packaging system should protect the content (food) from
being wasted from the field to fork. Packaging should facilitate
convenient handling all the way from the farm through to trans-
port, wholesale, retail, and final consumption in preparation for
serving. Packaging design and food waste is dynamic, influenced by
the complex array of changing consumption patterns, industry and
supply chain structures and trends, improvements in the effi-
ciencies of supply chains and an increased focus upon policies to
reduce food waste (Verghese et al., 2013). From field to fork, there
are a number of possibilities for food loss and waste to occur. And it
does occur. For food, it has been approximated that up to 50% of the
edible food produced, does not reach the fork (Kader, 2005). Food
waste studies at present are hindered by poor data resolution
(Parfitt et al., 2010; Mena et al., 2011). However Gunders (2012)
estimates in Fig. 1 food losses and waste at each step in the sup-
ply chain. Numerous studies have also reported that 20e30% of the
food purchased in the industrialized world is wasted by consumers
(Ventour, 2008; Quested and Johnson, 2009; WRAP, 2009).

When this food is lost all of the embodied resources associated
with food production are also lost. These losses are significant given
that food contributes to approximately a third of a person’s carbon
footprint (Dey et al., 2007). Service institutions (Engström and
Carlsson-Kanyama, 2004) and restaurants (SRA, 2010) have also
reported similar food loss figures. These figures do not include
inedible food components such as bones, seeds, and peels etc. This
consumer phase also creates demand for waste management with
food representing approximately 38e41% of municipal waste in
Australia (Dee, 2012), with associated environmental impacts from
collection and treatment. During its degradation in landfill, food
waste may produce methane contributing to global warming.

The focus of this paper is on food packaging and its relationship
to consumer food waste. This focus is due to the high percentage of
food waste at the consumer stage of the supply chain. It is
acknowledged that many of the reasons for food losses in produc-
tion and retail may not relate to packaging. Cosmetic imperfections
(Dorward, 2012; White et al., 2011), spillage and degradation dur-
ing processing (Parfitt et al., 2010), inaccurate forecasting of de-
mands and promotions that lead to oversupply in the market
(Mena et al., 2011) all contribute to food waste. These, however are
outside the scope of the paper.

At the household stage of the supply chain, a causal relationship
is proposed to exist between packaging and food waste. Williams
et al. (2012) estimated that 20% of food waste in households
could be attributed to packaging (not including food waste of fruit
and vegetables due to too little packaging). This causal relationship
between packaging and food waste is scarcely investigated in LCA.

By excluding food waste when estimating the environmental
impact of packaging systems means that packaging with a lower
environmental impact that causes high food waste, may appear to
be a better alternative than packaging with somewhat higher
environmental impact that reduces food waste. This is contradic-
tory to the purpose of using LCA to reduce environmental impacts,
because food generally has a much higher environmental impact
consumer
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Fig. 1. Food losses at each step in the supply chain (Gunders, 2012).
than the packaging (Hanssen, 1998). For example, the climate
impact of bread packaging could be doubled, if it led to a reduction
in bread waste by 5% (Williams and Wikström, 2011). A packaging
LCA that has not included bread waste may favour larger packaging
for geometrical reasons, as well as the lower ratio of packaging
material/kg of food product.

The importance of consumer behaviour in a food LCA is some-
times stated (e.g., Verghese et al., 2012a) but seldom included. There
canbe several reasons for this, primarily the lackof empirical studies
on how the design of different food products and packaging effect
heterogeneous consumer behaviour. However, if one acknowledges
that packaging attributes may contribute to or ameliorate food
waste then more comprehensive packaging LCA’s that include food
product and foodwaste are desirable. This requires an “upscaling” of
the functional unit (Verghese et al., 2012a; Wikström andWilliams,
2010) to become the delivery of eaten food.

Upscaling the functional unit to include food waste presents
methodological challenges for LCA, in that it is hard to imagine how
the user phase can be standardized to make LCA studies compa-
rable. This also raises questions of why LCA is used. Is it to improve
environmental performance or to compare products? The main
purpose of this paper is not to solve these problems, but to
demonstrate how packaging attributes may affect consumer
behaviour and food waste, and thus influence the outcome from a
LCA study on packaging. The intention of this paper is to demon-
strate the importance of considering and calculating food waste
impacts, so that this can influence different packaging designs and
environmental optimisations.

Section 2.1 presents the methodology used in streamlined LCA
to analyse the environmental outcome of packaging systems when
the functional unit is eaten food. Section 2.2 presents a discussion
on how service-thinking could be used to identify packaging at-
tributes that influence food waste. Section 2.3 presents the 6
packaging scenarios utilised in the study. The LCA results for the
packaging scenarios and how food waste alters environmental
impacts are presented in Section 3. The paper closes with a dis-
cussion of the effects of including food waste in LCA and possible
methods that could assist in including food waste within LCA
studies.
2. Method

2.1. Theory

In food-packaging LCA, the functional unit is normally expressed
as “a unit of food delivered to home”. As stated earlier, food waste is
usually not included in the functional unit, and we propose an
upscaling of the functional unit to be the unit “eaten food”. The
equation for the amount of eaten food e, is:

e ¼ B� BL (1)

B is the amount of purchased (Bought) food and L is the fraction Lost
[0e1], whichmake BL the amount of purchased food that is wasted.
(See also Table 1 for nomenclature.) Rearranging, the equation
becomes:

B ¼ e=ð1� LÞ (2)

This equation illustrates that a non-linear relationship between
L and total environmental impact. If L ¼ 0.5 (50% of purchased food
is continually wasted), then it would be necessary to produce twice
as much food and packaging (100% increase) to compensate for the
food loss relative to if no waste existed. This contrasts the often-



Table 1
Nomenclature.

Symbol Denotes Unit

e Eaten food kg, litre, nutrient content, etc.
E Energy use or environmental impact MJ, carbon dioxide equivalents, etc.
B Amount of purchased food kg, litre, nutrient content, etc.
L Fraction of food lost in the

consumer phase, (L ¼ 0 means no losses, L ¼ 1
means that all purchased food is lost)

No dimension

F Energy use or environmental impact to
produce and distribute one unit food to the consumer,
with the exception of packaging.
F includes storing of food at home.

MJ, carbon dioxide equivalents, etc.,
per unit of the food item (not related to the amount purchased)

P Energy use or environmental impact to produce the package for the purchased food item. MJ, carbon dioxide equivalents, etc.
WP Waste handling of the package. MJ, carbon dioxide equivalents, etc.
W Energy use or environmental impact of

waste handling per unit of the
food lost in the consumer phase.

MJ, carbon dioxide equivalents, etc., per unit of food
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assumed linear relationship between food waste and the total
environmental impact.

To calculate the environmental impact per unit eaten food,
Wikström and Williams (2010) developed a model dependent on
consumer food waste levels, here slightly modified to better adapt
to the way data generally are given in databases. (Food waste up-
stream consumer phase can also be included.) E is the environ-
mental impact of a specific food item in a package, equal to the sum
of the environmental impact of purchased food (BF), packaging (P),
and waste handling of packaging (WP) and food (WBL):

E ¼ BFþ P þWPþWBL (3)

F is the environmental impact per kg (or volume) of the food item
and includes agriculture, food processing, retailer, and transport
phases. At best, it includes all environmental impacts from field to
fork or waste, including storing and preparation at home. The
environmental impact of the packaging production (P) and pack-
aging waste (WP) are per package of the food item. W is the envi-
ronmental impact of waste handling per unit of lost food at the
consumer. The last term in Eq. 3 is the waste handling of food lost,
often neglected in food-packaging LCA. See also Table 1.

Eq. 3 can be rearranged to express the specific environmental
impact per eaten unit food:

E=e ¼ ðBF þ P þWPÞ=eþWðB� eÞ=e (4)

if Eq. 1 is used to substitute L in Eq. 3.
The environmental impact (E) may be calculated for example:

energy use, global warming potential (GWP), eutrophication po-
tential, etc. In this paper, while it is acknowledged that this can
restrict the environmental comparison, carbon dioxide equivalents
(100-yr eqv, IPCC, 2007) are only used to simplify the presentation
of the results.

Data on the majority of food types (F) can be found in food LCA’s
from peer reviewed journals and Environmental Product Disclosure
(EPD) websites available in the public domain. For example, the
authors identified CO2e data for 200þ foods from 62 studies.
Audsley et al.’s (2009) study alone provides environmental impact
data on 100þ foods in the United Kingdom, and the International
EPD system (2012) lists 44 EPD’s from a range of brands. In our
study, GWP of food were calculated using data from peer reviewed
LCA’s (Carlsson-Kanyama, 1998; Lindenthal et al., 2010).

Data for packaging production (P) and waste (WP) can also be
found in the public domain. Streamlined LCA tools such as the
Packaging Impact Quick Evaluation Tool (PIQET) may assist in
quickly evaluating and re-evaluating changed packaging system
specifications (Verghese et al., 2010). Similarly, full LCA software
packages such as SimaPro may be used. The calculations in this
study were completed in excel. P and WP was calculated using
factors from the Ecoinvent database (2012).

The environmental impact of food waste treatment,W, depends
on the characteristics of the food item and the treatment method.
Composting and biogas production facilitate nutrient recycling. If
food waste is landfilled it can result in long-term methane emis-
sions. There are no available data for specific food items in specific
waste treatments so generic data has been utilised in the case
studies below.

The part of the equation that lacks sound data, and is most
variable is the percentage of food wasted per food-packaging sys-
tem. Therefore this paper utilised six packaging formats and three
waste level percentages to generate multiple scenarios that illus-
trate the altered environmental impact on the packaging system
when food waste is included.
2.2. How packaging attributes assist in reducing food waste

The broader design literature does acknowledge the ‘scripting’
role of designed goods (Jelsma, 2006). Product attributes enable or
restrict consumers to act in a particular way. Jelsma (2006) points
that wemay design ‘moralized products’ that encourage consumers
to act in the most desirable way. For example, packaging that
reseals properly after opening may script a reduction in waste.
Understanding the context inwhich consumers purchase, store and
consume food is critical to ensuring that the entire product-
packaging supply chain is designed to minimise food loss from
field to fork (Verghese et al., 2013; Svanes et al., 2010).

By taking a service perspective, the focus can move from the
product itself, to the process it is used for (Vargo and Lusch, 2004;
Edvardsson et al., 2005). The product can be described by attri-
butes. Each attribute provides prerequisites for the service to occur
and be experienced and assists to script individual behaviour and
experiences, and potentially the environmental outcome e.g., the
amount of food waste generated. The consumer interaction with
the product depends on the design of the product, the consumer
preferences and experiences, and the context of the consumer
(Löfgren, 2006).

For example, consider the attribute contain the desired quantity.
If the offered quantity of fresh bread does not agree with the
desired portion, the service of eating fresh bread may not be used
for the entire piece of bread. Some may be frozen, some may be
eaten “old”, and some may be wasted depending on consumer
preferences and behaviour. Therefore, the size of the bread can
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affect the consumer behaviour and the amount of food that is
discharged, and thus the environmental outcome. In Australia,
Bakers Delight introduced small block loaves of bread to provide a
simple alternative to the full loaf of bread e potentially reducing
associated food waste for single person or small households
(Verghese et al., 2011). By understanding the consumer preferences
and behaviour that the services provide for, a specific packaging
attribute can be designed to better meet the consumer needs and
facilitate consumers to waste less food. Williams et al. (2008)
identified a range of packaging attributes that may ameliorate
food waste, introduced below.

Packaging should provide for mechanical protection. The pack-
aging should not leak and it should protect fragile products from
mechanical impact. The packagingmust resist pressure, strikes, and
rips and should facilitate ease of handling and stacking at the
retailer, home transport and storage and handling at home. Pack-
aging also offers physicalechemical protection of the product, such
as protecting the product against oxygen, water or other agents
from the surrounding atmosphere. This can be achieved by intro-
ducing different kinds of barriers in the packaging material or by a
modified atmosphere. These solutions can extend the time that the
product is fresh.

The attribute resealability can affect physicalechemical protec-
tion by avoiding degradation of food in an opened package, for
example a packaging placed where it can incorporate odour from
other food products and result in a reduction of experienced con-
sumer quality. A better resealability can also help to avoid spillage
during consumer handling in home or “on-the go”.

Spillage during handling could also be avoided by the accessi-
bility attributes easy to: open, grip, dose and empty. There is a wide
range of consumers that handle packaging, be that children, the
elderly, people with reduced strength in their hands, visually
impaired, etc., giving different needs of attributes and their func-
tions. The ease at which packaging is accessible e to open, grip and
dose and to visually read ingredients and directions, is an
increasingly important attribute that packaging technologists and
designers are only starting to realise its implications (Barry, 2012).
About one-third of a group of elderly reported that spillage
occurred frequently in connection with opening (Duizer et al.,
2009). The design of the packaging’s opening, the shape and the
surface of the packaging can affect how much food is wasted.
Packaging that is too large or too heavy can also increase the risk for
spillage. A smooth surface can be made safer to grip by using
laminate on the surface, making creases in board packaging or by
making the surface ribbed. The attribute easy to dose may be
improved for example, by introducing a spout mechanism. The
ability to dose/empty can be influenced by surface treatment inside
the package, possibility to reach all food in the package, and ability
to mechanically squeeze the last food out of the packaging.

Contains the correct quantity is an important attribute of
packaging, as mentioned above. If the food quantity in a package is
higher than the turnover of the food item in the household, the
risk that the food item is wasted increases, either because of
physical degradation of food, or because the product is out-of-date
(see below). In a Swedish food waste diary study, the households
documented “too large packaging” as one important factor for
food losses (Williams et al., 2012). If the quantity of product in a
package is slightly more than desired, there is a possibility that it
increases the surplus that is wasted directly, or worse, too much
food is prepared and wasted after the meal. The waste of prepared
food can be significant in households (Ventour, 2008; Katajajuuri
et al., 2012; Williams et al., 2012). As the amount of single
households and elderly increases in many countries, it is especially
important to offer suitable packaging sizes to avoid food waste.
The amount of wasted food per person was noted to be higher in
households with few persons (Williams et al., 2012; Baker et al.,
2009).

Food safety/freshness information is also important. One of the
most important reasons for food waste is consumer confusion
about date coding (Ventour, 2008). “Best before”, “Sell by”, “Use by”
and other dating nomenclature that indicate the premium quality
period are treated as dates when the food should be thrown away.
These misconceptions cause substantial food waste, either at the
retailer (food items with “short” dates are rejected) and at home.
Food waste could probably be reduced with better information on
the packaging that explains the dating system, if and when the food
item could be unhealthy, and how the consumer could judge the
quality of the food item. The introduction of smart labels or
‘intelligent indicators’ that indicate when the food item is safe/of
high quality is also a possibility (Mahalik and Nambiar, 2010). Other
information channels other than packaging can also be used, but
the packaging has the advantage to provide specific information on
the particular item just when it’s needed. Consumers are interested
in packaging that gives clear messages about how to store, ‘freeze-
ability’ and ‘use by’ and ‘best before’. Better communication about
the packaging functions that influences food waste can help con-
sumers waste less. However, consumers are not using the infor-
mation that is already on the packaging about how to increase shelf
life and are generally not aware of packaging functions (such as re-
closable, materials and atmosphere combinations) that increase
shelf life (Plumb et al., 2013). How this information should be
provided is an important issue to explore.

The packaging should facilitate sorting of household waste, so
that the packaging components can be easy to clean, separate into
different fractions and/or fold when necessary (Langley et al., 2011).
This is essential in the design stage of the packaging to make sure
that if it is designed for mechanical recycling that the materials and
components are compatible in the recycling system and that the
design is such that is supports the consumer in this. The packaging
can also provide information of how this should be done with the
use of diagrams, logos or text.

This list is by nomeans complete; however, it demonstrates that
there are many packaging attributes that influence consumer
behaviour and food waste. In the “move towards sustainable food
packaging, the relational complexity between the role of packaging
and reduced foodwaste needs to be included beyond just extending
shelf life to consider user behaviour” (Verghese et al., 2012a, p 402).

2.3. Data for case studies

Two food items, rice and yoghurt, and a number of different
packaging types are used to illustrate the possible outcome of the
attributes “contains the correct quantity” and “easy to dose”. The
food items are chosen because of the variation in GWP per kg, and
their documented high wastages. Jean-Babtise et al.’s (2011) anal-
ysis of kitchen food waste diaries identified cooked rice as a com-
mon food prone to waste. In the UK, 57,800 tonnes of cooked rice is
wasted (Ventour, 2008). Consumption of uncooked rice is 5.6 kg/
capita (Schenker, 2012), with a population of 61million in 2007 this
equates to 12% of rice being wasted in the UK. The Australian state
of New South Wales (NSW) Love Food Hate Waste survey indicated
that a third of recipients found it hard to estimate howmuch rice to
cook per person (DECCW, 2009, p.2).

Ventour (2008) showed that 67,300 tonnes of avoidable yoghurt
and yoghurt drinks was wasted in all types of packaging types.
With the consumption of yoghurt products from Nov 2012 of
574,720 tonnes (DairyCo, 2012) this results in 12% wastage. How-
ever in the study by Ventour, yoghurt products poured out into the
sink was not included. Yoghurt is mainly wasted due to past ‘best
before date’, which indicates that consumers are buying too much



Fig. 2. The different packaging types used in the calculations. i) a 250 g pre-cooked rice packaging in a plastic laminate flexible pouch, ii) a bulk purchase 1 kg plastic bag, iii) 1 kg
container with measuring cup, iv) a 70 g yoghurt in laminate pouch, v) 6 pack 175 g connected tubs of yogurts and vi) a 900 g yoghurt in a polypropylene tub.
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(Ventour, 2008). This could have to dowith too large packaging and
consumers not finishing the product in time. Once opened, the
large yogurt tub needs be consumed in a timeframe that is not al-
ways met, whereas the individual packets are generally consumed
in one serve.
Table 2
Data from other sources. CO2e per 100 yr (IPCC, 2007). Food data from field to fork.

kg CO2e/kg

Pack mtr LDPE, extruded 2.6

Pack mtr PP, injection moulded 3.3

Pack mtr PET,
blow moulded

3.54

Pack mtr GPPS,
thermoformed

4.19

Pack mtr PE þ Alu 4.82

Pack mtr Aluminum 12.5

Recycling LDPE �1.8

Recycling PP �1.7

Recycling PET �2.4

Recycling Aluminium �11.7

Recycling PE þ Alu �4.1

Recycling GPPS �3.23

Incineration, 100% dry LDPE 2.99

Incineration, 100% dry PP, 3.01

Incineration, 100% dry PET 2.03

Incineration, 100% dry PS 3.16
Incineration, 100% dry Al 0.019
Incineration PE þ Alu,

energy rec.
1.19

Rice (F) 6.4
Youghurt (F) 1.2
Food compost (W) 0.2

a Rule of mixtures based on a mixture of 23% aluminium, 77% PE by weight. Split take
b Avoidance credits given.
c Recycling may not be technically feasible. Rule of mixture as in.a
d No energy credits given.
Six packaging formats were included in the case study to illus-
trate impacts of different sizes and design, see Fig. 2. First, the GWP
of the six packaging formats were analysed for the packaging itself,
as in a traditional packaging LCA. Calculations were made for 100%
material recycling and 100% incineration. Second, the GWP per unit
Source

Ecoinvent 2.2 database (2012)
CO2e/100 yr (IPCC, 2007)
Ecoinvent 2.2 database (2012)
CO2e/100 yr (IPCC, 2007)
Ecoinvent 2.2 database (2012)
CO2e/100 yr (IPCC, 2007)
Ecoinvent 2.2 database (2012)
CO2e/100 yr (IPCC, 2007)
Ecoinvent 2.2 database (2012)
CO2e/100 yr (IPCC, 2007)a

Ecoinvent 2.2 database (2012)
CO2e/100 yr (IPCC, 2007)
Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)b

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)b

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)b

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)
Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)c

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)b

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)d

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)d

Ecoinvent database (2012)
CO2e/100 yr (IPCC, 2007)d

Ecoinvent database (2012) CO2e/100 yr (IPCC, 2007)d

Ecoinvent database (2012) CO2e/100 yr (IPCC, 2007)d

Ecoinvent 2.2 database (2012) CO2e/100 yr (IPCC, 2007)a,d

Carlsson-Kanyama (1998)
Lindenthal et al. (2010)
US EPA (2006) (recalculated)

n from film thicknesses for commercially available multi-layered packaging.



Table 3
Measured and assumed data. Rice case. 250 g precooked rice equal to about 180 g
uncooked rice, intended for two persons.

Packaging type Pouch Packet Container

Packaging material weight 8 g LDPE 10 g LDPE 34 g PP
87 g PET

Amount rice in package (B) 180 g 1000 g 1000 g

Table 4
Measured and assumed data. Yoghurt case. The flaps of the connected tubs are well
below 1 g and are neglected in the calculations.

Packaging type Pouches Connected tubs Tub

Packaging material weight 2 g PE þ Al 6 � 7 g PS 35 g PP
4 g PP 2 g Alu

Amount yoghurt in package (B) 70 g 1050 g 900 g
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eaten food were analysed for three food waste levels (5, 12 and
20%), and two packaging waste scenarios (100% material recycling
or 100% incineration without energy credits). Food waste was
assumed to be composted in an industrial setting. This can repre-
sent end-of-life waste management in Europe for example.

The data used for food production, packaging materials and
waste handling are given in Table 2. Data for the six packaging
formats are given in Tables 3 and 4.
3. Results

A comparison of the global warming potential (GWP) of
different packaging formats for rice and yoghurt are presented in
Fig. 3. The results were calculated per unit of purchased food, and
do not include the GWP of the food item itself This kind of result is
representative of traditional packaging system LCA’s. As can be
expected, packaging with low material weight per unit of food
seems to be the best alternative, i.e., the rice packet and yoghurt
tubs. The large yoghurt tub has about the sameweight per unit food
as the small tubs, but is made with polypropylene that has a higher
Fig. 3. The GWP of each packaging per kg purchased food ((P þ WP)/B). Packaging materia
assumed. The GWP of the food itself is not included; the figure shows the relative GWP of t
have the lowest environmental impact.
impact (when recycling is included) than the polystyrene used in
the small tubs.

The importance of the food waste levels in the results is obvious
when the packaging system and food waste is included in the
analysis. Figs. 4 and 5 shows the GWP per unit of eaten food. The
absolute levels of GWP are much higher when food is included.
Generally, food waste levels are of much higher importance than
the packaging itself with respect to the environmental outcome.
When rice packages are recycled, there are hardly any differences
between the packaging formats for a certain rice waste level. The
performance of the packaging to assist to reduce rice waste turns
out to be the most important factor. If the use of rice pouches or the
rice containers included measuring cup assist to reduce rice waste
levels in comparison to the rice packet, it may be better to invest in
these alternatives despite their higher climate impact from the
packaging system. However, if packaging materials are incinerated
without energy credits, the reduction of rice waste must be high to
motivate the use of the rice container.

The waste level of yoghurt is less important for the outcome
than in the rice case scenario. This is due to the higher GWP in the
production of rice than in yoghurt. When all packaging materials
are recycled, the waste level of yoghurt determines the best alter-
native, like in the rice cases. However, when packaging materials
are incinerated without energy credits, it becomes hard to motivate
the use of yoghurt pouches from a climate perspective. This is
especially valid if pouches are incinerated and some fraction of the
tubs material are recycled, a likely alternative in many countries
that recycles packaging.
4. Discussion

To summarize the last sections, we can conclude that:

� the inclusion of food waste substantially changes the outcomes
of the GWP for different packaging formats

� a reduction of food waste may often motivate a packaging
format with higher climate impact
l recycling better alternative:(left) or incinerated (right) is included, no food waste is
he packaging itself. Packaging materials with lowest weight and low-impact materials



Fig. 4. The GWP per unit of eaten food (rice) according to Eq. 4, for three food waste levels, 5, 12 and 20% of purchased food. GWP of food production and waste handling of food and
packaging are included. Packaging materials are assumed to be recycled (left) or incinerated (right) and food waste is composted. Generally, the food waste level is of higher
importance for the environmental outcome than the packaging itself. The difference is marginal between different packages in the recycling scenario, but about 0.4 kg CO2e
between food waste levels for each packaging type. This means, for example, that if the measuring function of the rice container reduce the waste level to 5%, and the use the rice
bag results in 12% waste, the container is the best choice despite the higher impact of the packaging itself (see Fig. 3).
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� the higher degree of packaging material recycling, the more
important to consider food waste

� the impact of food waste levels are strong for food products with
high production GWP (rice, meat etc.)

For food items with very high GWP impact, like red meat
(25.5 kg CO2-eq/kg bone free meat (Eady et al., 2011)) almost any
packaging measure that can reduce meat waste would be worth-
while from a climate perspective, regardless of the waste treatment
systems. For food items with lower GWP, the relative importance of
packaging and packaging waste treatments is higher, and it is more
important to include realistic packaging waste treatment data. The
calculations can also be done for different scenarios with landfill,
biogas production, incineration etc.

For food products with high waste levels, the non-linear rela-
tionship between food waste levels and environmental impact (Eq.
2) indicate that the reduction of food waste levels may be very
important also for low GWP food products. The waste levels used in
the scenarios above are conservative in many cases. Waste levels of
rice up to 40% are reported (Today Newspaper, 2013) indicating that
the waste scenarios utilised for rice waste may be conservative.
Also,12% yoghurt waste is likely to be conservative since no yoghurt
poured into the sink was included in the references above. High
waste levels are also reported for bread, vegetables and fruits
(Gustavsson et al., 2011). This indicates that the inclusion of food
wastewould most likely transform the results of many existing LCA
studies where waste is excluded.
Fig. 5. The GWP per unit of eaten food (yoghurt) according to Eq. 4, for three food waste leve
and packaging are included. Packaging materials are assumed to be recycled (left) or inc
environmental impact of the packagings is more important relative the food waste in this ca
than the production of yoghurt. The use of yoghurt pouches can hardly be motivated unless
especially if the pouches are incinerated and the tubs recycled. In the incineration scenario,
the other two packaging generate 20%. There are small differences between the small yo
alternative.
Anecdotal evidence from the authors own studies indicate that
bulk packaging may have higher waste figures than small ones. In a
small personal study, yoghurt waste was measured at an average of
7% after consumption by the authors’ children. The single serve rice
pouch also had low wastage levels. Generally, each food-packaging
system must be judged in its own context, ideally with empirical
evidence exploring the link betweenpackaging types towaste levels.

It is beyond any doubt that one of the most important envi-
ronmental issues for packaging development is to reduce food
waste, from field to fork. The next question is how this can be
accomplished. This paper illustrates a first step. Packaging attri-
butes such as “contains the correct quantity” and “easy to dose” can
be analysed for different packaging formats using a simple scenario
technique. Data for food production, packaging materials and end-
of-life treatments are fairly easy to find in the public domain.

The difficult part is to understand and estimate the relationship
between packaging attributes and food waste for different food
items and packaging formats. This is an important field for future
research. By understanding the consumer preferences and behav-
iour, the services that are provided from a specific packaging
attribute can be designed to better meet the consumer needs and
facilitate consumers to waste less food. The packaging attributes
that influence food waste elaborated in Section 2.2 provide a guide
for packaging designers to assist them in designing packaging to
facilitate reduced food waste by the consumer. Simple improve-
ments should not be neglected, for example better communication
on different serving sizes. The portion size differs obviously
ls, 5, 12 and 20% of purchased food. GWP of food production and waste handling of food
inerated (right) and food waste is composted. The same pattern as in Fig. 4, but the
se. This is because the production of rice causes higher emissions of greenhouse gases
the yoghurt waste levels are strongly reduced compared to the packaging alternatives,
pouches only turns out to be the best alternative if they generate 5% yoghurt waste and
ghurt tubs and the large tub, the one that generate least yoghurt waste is the best
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between a teenager boy and an elderly person. It is noteworthy that
the instructions of the amount of rice to cook in three different
brands sold in Australia were 60 g, 70 g and 100 g, respectively.

A recent stakeholder engagement forum in Australia with food
brand owners identified that they rarely complete user trials on how
packaging is actually used in the home (Verghese et al., 2012b). To
test the success of alternate packaging scenarios requires ‘additional
fieldwork and empirical research outside the traditional boundaries
of LCA’ (Verghese et al., 2012a, p. 403). The newlypublished study by
Plumb et al. (2013) included some new methods of worth e.g.,
accompanying consumers in home and at shopping.

At present, simple scenario analysis and reasonable assump-
tions on waste levels for different packaging types in intended user
situations are a starting point, for example considering an elderly
person, or single-person households may be useful in the pack-
aging development process. This analysis itself may raise important
questions and observations.

Also, we want to emphasise that packaging design to reduce
food waste should not always have to result in an increase in the
environmental impact of packaging in isolation. Traditional pack-
aging design solutions such as light-weighting and material se-
lection could apply as well, for example to reducematerial intensity
of the yoghurt tub in this case. Consideration of regional waste
treatments is also important.

This study has focused on the inclusion of consumer food waste
in LCA studies. The same methodology could be expanded to
include food waste in distribution and retail. In order to develop
packaging systems that reduces the environmental impact, the
primary packaging needs to be developed in conjunction with its
secondary and tertiary packaging. Changes in primary packaging
will effect what is needed for protection of food in secondary
packaging and vice versa. For example, introduction of shelf ready
packaging (SRP) may have positive effects on food waste due to
more efficient product rotation and support a more efficient stock
accountability (Jackson, 2012). However, the secondary packaging
of perforated shippers, which allows for easy opening, reduces the
box strength and may be damaged during handling processes in
storage and transport, thus increasing food waste.
5. Conclusion

The results of this paper show the importance of including food
waste in LCAs of packaging systems. Scenarios that explore the
potential of packaging systems to reduce the overall environmental
impact via reducing food waste are desirable. Generating a stan-
dardized method to estimate food waste is challenging, however
the results indicate that the inclusion of food waste in LCA pack-
aging studies dramatically alters the results. The connection be-
tween packaging design and foodwastemust be acknowledged and
valued by all involved stakeholders, including food producers,
manufacturers, brand owners, retailers and consumers, and also in
packaging regulations.

This paper illustrates a first step, in simple scenario analysis that
may explore how the outcome of different packaging attributes
may influence the reduction or prevention of food waste. The
change of the functional unit to “eaten food” rather than “delivered
food” or “bought food” is a key for progress. For the future, there is
an urgent need for empirical studies to explore how packaging
attributes affect food waste in different circumstances.
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