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Meeting the needs of both present and future generations forms the foundation of
sustainable development. Concern about food demand is increasing alongside the
continuously growing population. In the pursuit of food security preventing food waste
is one solution avoiding the negative environmental impacts that result from producing
food unnecessarily. Packages offer one answer to preventing food waste, as they 1)
preserve and protect food, 2) introduce the user to the correct way to handle and use the
food and package and 3) allow the user to consume the food in its entirety. This thesis
aims to enhance the sustainability of food packages by giving special emphasis to
preventing food waste.
The focus of this thesis is to assist the packaging designer in being able to take into
account the requirements for the sustainability of food packages and to be able to
integrate these requirements into the product development process. In addition, life
cycle methods that can be used as a tool in the packaging design process or in assessing
the sustainability of finished food-packaging combinations are evaluated. The methods
of life cycle costing (LCC) and life cycle working environment (LCWE) are briefly
discussed. The method of life cycle assessment (LCA) is examined more thoroughly
through the lens of the literature review of food-package LCA case studies published in
the 21st century in three relevant journals. Based on this review and on experiences
learned from conducting LCAs, recommendations are given as to how the LCA
practitioner should conduct a food packaging study to make most of the results.
Two case studies are presented in this thesis. The first case study relates the results of a
life cycle assessment conducted for three food items (cold cut (ham), sliced dark bread
(rye) and Soygurt drink) and the alternative packaging options of each. Results of this
study show that the packaging constitutes only 1–12 % of the total environmental
impacts of the food-packaging combination. The greatest effect is derived from the food
itself and the wasted food. Even just a small percentage of wasted food causes more
environmental impacts than does the packaging. The second case study presents the
results of LCC and LCWE analysis done for fruit and vegetable transport packages. In
this thesis, the specific results of the study itself are not the focus, but rather the study
methods and scope are analysed based on how these complement the sustainability
assessment of food packages.

This thesis presents reasons why prevention of food waste should be more thoroughly
taken into account in food packaging design. In addition, the task of the packaging
designer is facilitated by the requirements of sustainable food packaging, by the
methods and step-by-step guidance on how to integrate sustainability issues into the
design process, and by the recommendations on how to assess the sustainability of food
packages. The intention of this thesis is to express the issues that are important in the
field of the food packaging industry. Having recognised and implemented these issues,
businesses can better manage the risks that could follow from neglecting these
sustainability aspects.
Keywords: Packaging, food waste, food losses, life cycle assessment
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1 Introduction
1.1 Background and research environment
The United Nations has estimated that by the year 2050, the population of Earth will
reach 9 billion people (UN, 2011). Ensuring the food supply of this abundant amount of
people poses a great challenge in the near future as we are already struggling to feed the
current population. It is assumed that there are around 1000 million undernourished
people in the world (FAO, 2010). Our planet has a limited amount of fresh water and
cultivation area, and these resources are divided up unequally in the world. Meeting
food supply goals also conflicts with preserving biodiversity. The agricultural area and
infrastructure land use is increasing to the detriment of natural ecosystems and different
species (van Vuuren and Faber, 2009). Rockström et al. (2009) have suggested that the
rate of biodiversity loss has already overstepped the safe operating boundaries of
planetary systems. This indicates the urgency at hand to tackle this problem of
preserving biodiversity, but the solutions should be found in such a way that the food
security of Earth’s population is met as well.
Some suggestions have been made as to how to deal with this dilemma (van Vuuren and
Faber, 2009). First, valuable ecosystems are to be protected. However, a balance needs
to be struck between cultivating plants for nutrition and cultivating them for bio-energy.
Secondly, more food could be achievable from our current agriculture if the yields could
be increased through more efficient technology and management practises. Thirdly,
changes to less meat-intensive diets would also decrease the land needed for agriculture,
because meat production, especially beef production, requires a great area of
agricultural land relative to its caloric intake. Finally, van Vuuren and Faber (2009)
suggest reducing post-harvest losses as a measure to meet the food demand without
compromising biodiversity protection.
Food waste, also called food loss, is defined as edible products going to human
consumption wasted or lost in some part of the food supply chains (Parfitt et al., 2010;
FAO, 2011). The term ‘food waste’ is generally used when speaking of food waste
caused by the retailer and consumer. Conversely, food losses/spoilage relate to wastes
occurring earlier in the food supply chain, or are linked to systems that require
investment in infrastructure such as packing houses, storage facilities or cold chains.
(Parfitt et al., 2010.)
Total production of edible parts of food for human consumption is about 900 kg/year
per capita in Europe and North America. Of this amount, it is estimated that 280–300 kg
per capita of food is wasted annually. The share of food wasted by the consumer is
around 95–115 kg/year per capita. (FAO, 2011.) Another study from the EU27
countries presents a lower amount of waste for average Europeans: annually
approximately 179 kg per capita of food is wasted in total in the food supply chain,
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which is respectively 76 kg per capita in household level (BIOIS, 2010). The total
amounts of food waste are at similar level in developed and developing countries, but in
developed countries, more than 40% of food waste occurs at the retail and consumer
level, while in developing countries, the greatest losses occur by far at post-harvest and
processing levels (FAO, 2011).
In Finland, the amount of wasted food seems to be lower compared to the other
European values. Total food waste in the Finnish food supply chain is 62–86 kg per
capita annually. The majority of this food, 22–30 kg per capita per year, is wasted in
households. In terms of cost, the value of wasted food is 220 € per year in a household,
which represents about 5% of the sum used for purchasing food annually.
(Silvennoinen et al., 2012). According to a study conducted by Thönissen (2009) in
Parfitt et al. (2010), in the Netherlands, consumers discard 43–60 kg of the food they
purchase, which corresponds to 270–400 € per capita annually. The cost of treating the
food waste is also not negligible. It is estimated that in the Australian commercial and
industrial sector, the landfilling and recycling of the food waste and the value of the lost
food totals $10 530 million annually. This is by far the dominant cost in the commercial
and industrial sector when considering different input costs of materials which end up
being treated as waste. (Encycle Consulting Pty Ltd, 2013.)
Food waste itself causes an environmental impact e.g. through the expansion of land use
and methane emissions in landfills, but the environmental impacts of the needless
production of discarded food from all previous life cycle stages is important to take into
account. It has been estimated that the total food waste in EU27 countries during the
whole life cycle contributes at least 170 Mt of CO2 eq. annually (BIOIS, 2010). This is
equal to approximately 3% of the total EU27 greenhouse gas emissions in 2008 (BIOIS,
2010) and is about double the annual amount of Finland’s greenhouse gas emissions in
the 21st century (Eurostat, 2012).
Post-harvest losses or food waste occur(s) for various reasons. In the storage of
harvested produce, losses are due to insects, mould, deterioration or shrinkage (loss in
weight or volume). In food processing and wholesaling, losses arise from poor handling,
improper transportation, package failure, shrinkage in storage, and discard of
substandard items (e.g. bruised products). Some losses are unavoidable and are caused
from removal of inedible portions such as bones, peels and pits; in some cases, the
removed portions, such as skin and fat, are edible, but they are removed because of
consumer preference. In retail, food waste is due to over-stocking, over-trimming,
improper stock rotation, post-holiday discard of seasonal items, exceeding of the bestbefore date, and dented or otherwise damaged packaging. When people consume the
food in homes or restaurants, losses are caused by over-preparation, preparation discard,
cooking losses, plate waste, uneaten leftovers, misinterpretation of the date label leading
to the premature discard of food, impulsive and bulk purchases left uneaten and failure
in packaging. (Kantor et al., 1997; FAO, 2011; Gunders, 2012; Verghese et al., 2013.)
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One way to reduce post-harvest losses is by presenting packaging that minimises the
spoilage of the food item through preserving it longer and better, by introducing the user
to the proper handling of the package and the food, and by allowing the user to consume
the food entirely. Many of the contributing factors for food waste mentioned above can
be affected by packaging.
In this thesis, the issue of minimising food waste through packaging is discussed in light
of achieving packaging with a lower environmental impact. Although the thesis
emphasises the role of the package in preventing food waste, its purpose is to introduce
a package which takes into account all three pillars of sustainability. The three pillars of
sustainability are comprised of environmental, economic and social aspects. Packaging
exhibits all three pillars of sustainability: packages are needed to reduce resource and
product wastage, health risks, and increase economy efficiency (EUROPEN & ECR
Europe, 2009). When these pillars of sustainability are accounted for, it means that for
the optimal package, none of the individual aspects supplants the others, but rather all
aspects are taken into consideration within the same package-product combination.
Challenges that can be attached to the packaging value chain are presented in Figure 1,
in which the challenges are divided into economic, technical and functional challenges
as well as environmental challenges. For example, we cannot forget the functional
properties that are required of the package for the sake of environmental friendliness.
Even if a package is environmentally favourable and minimises food waste, if it is too
difficult to open or use, the consumer might shift to another product with better
packaging. The packaging is also likely to be rejected if it is too expensive to
manufacture, even if its other properties would be optimal for the user and the
environment.
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Figure 1. Economic, technical and functional challenges as well as environmental challenges of
packaging along the product value chain (Kuisma, 2011; Publication I)

In order to assess or improve the sustainability of food packaging, different methods are
needed. In this thesis, a more detailed approach is taken concerning the environmental
dimension through enhancing packaging design and assessing the environmental
performance of the package-product combination. Product development through design
for the environment (DfE) is understood to mean any design activity which integrates
environmental factors into the design process to improve the environmental
performance of the product e.g. (Hauschild et al., 2004). Design for the environment has
the same basis as life cycle assessment (LCA) has. In DfE the environmental
performance of the product is aimed at improvement throughout the product life cycle
(Jensen et al., 1997). In LCA the scope is similar, the environmental aspects and
potential environmental impacts throughout a product’s life cycle are addressed for
various reasons, which include not only process or product development but also
assistance in different decision-making situations, identification of the relevant
environmental indicators and opportunities to improve, and marketing purposes (SFSEN ISO 14044, 2006).
The historical basis of life cycle thinking and life cycle assessment is indeed in
packaging. In 1969 the first (unpublished) study, which has now been recognised as a
partial LCA study, was conducted for the Coca Cola Company for quantifying resource
consumption and environmental releases of different beverage package options (Hunt
and Franklin, 1996; Guinée et al., 2011). This study was followed by a United States
Environmental Protection Agency study in 1974, in which the researchers compared
nine different beer containers in resource use as well as solid waste, water pollutant
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effluent and air emissions production (Hunt et al., 1974). In the same year, a Swiss
study focused on a comparison of the environmental issues of PVC, glass, metal and
carton containers (Basler & Hofman Ingenieure und Planer, 1974). Also in the 1970’s,
Ian Boustead and his team carried out similar studies for different kinds of packaging
materials in the UK (Boustead, 1996).
Packages have been a long-time favourite throughout the history of life cycle
assessment studies till today. In package studies, the focus has been on assessing
material use and recycling possibilities of the packaging materials (Williams and
Wikström, 2011). Life cycle assessments indicate that the environmental impacts of
packaging are small compared to the packed food products (Hanssen, 1998; Erlöv et al.,
2000; Büsser and Jungbluth, 2009; Katajajuuri et al., 2010). The European Union has
expressed its will towards halving food losses by 2025 and has acknowledged ecodesign and optimal packages as one area of improvement (European Parliament, 2012).
Hanssen et al. (2012, 351) have suggested five strategies for packaging optimization
with regard to environmental impacts and resource use:
I.
II.
III.

IV.
V.

“Reduce food waste in the total value chain;
Reduce transport work by improving degree of filling of product in
packaging (both primary, secondary and tertiary packaging);
Increase use of recycled materials in the packaging (within restrictions
defined by food safety regulations) and increase recycling of materials after
use;
Reduce material intensity of packaging, both in primary, secondary and
tertiary packaging; and
Select low-impact materials and suppliers with low-impact production“

These strategies, and especially the first point of reducing food waste, act as a guiding
principle through this thesis.

1.2

Objectives and scope

The objective of this thesis is to understand the criteria needed to be considered and
included in the assessment regarding the sustainability of the food product-packaging
systems. The hypothesis of this thesis is that one of the most important requirements for
food packaging is the prevention of food waste. Food waste is assumed to have not only
environmental effects, but also social and economic negative impacts. Special emphasis
will be placed on the capabilities of the packages to prevent food waste and the impacts
associated with it. Also, it is discussed, what kind of tools and methods are needed when
developing more sustainable food packages. The criteria and tools are aimed to help
packaging designers in their work in enhancing the sustainability of food packages.
With this thesis, when an LCA is conducted, the purpose is to broaden the scope to take
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into account not only the food item and its packaging but also the avoidable food waste,
all of which are interlinked with the product-packaging combination. The process of life
cycle assessment is evaluated in order to achieve a course of action for LCA which
takes into account the environmental impacts of the packaging and the food as
comprehensively as possible.
This thesis concentrates on the six following research questions. The research questions
(RQ) are presented in Table 1.
Table 1: Research questions in this thesis
RQ #
Research question
RQ 1
How can sustainable food packaging be defined?
RQ 2
What is the significance of packaging in environmental impacts of food items?
RQ 3
What is the significance of food waste in environmental impacts of food-packaging
combinations?
RQ 4
How can sustainability (aspects) be integrated into the package design process
throughout the life cycle of the food-packaging combination?
RQ 5
How should life cycle assessment be conducted when food packages are assessed?
RQ 6
Can life cycle costing and life cycle working environment methods contribute
positively to the assessment of sustainability of food packages?

This doctoral thesis could be specified as a so-called hybrid thesis, meaning it falls
between a monograph and a compilation thesis. Some completed research has already
been peer-reviewed through accepted publications, but some research is presented in the
dissertation summary for the first time. Research questions 2–4 and 6 are answered with
the help of a publication and are further discussed in the dissertation summary.
Research questions 1 and 5 are not directly answered in any of the publications but are
instead discussed within this dissertation summary.
Table 2 lists the publications and combines the research questions with the publication
and/or the dissertation summary. The contributions of the publications are combined in
this dissertation summary.
Table 2: Research questions linked with publications or dissertation summary
RQ # Publication # Title
RQ 1
Dissertation summary
RQ 2
II
“Role of packaging in LCA of food products”
RQ 3
III
“Role of household food waste in comparing environmental impacts of
packaging alternatives”
RQ 4
I
“Framework for sustainable food packaging design”
RQ 5
RQ 6

IV

Dissertation summary
“A life cycle analysis of packaging systems for fruit and vegetable
transport in Europe” + Dissertation summary
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To begin with, the first research question defines what can be meant by sustainable food
packaging (RQ 1). Definitions for sustainable packaging in general already exist, but are
redefined here for the purpose of food packaging only.
As this thesis relates to the field of environmental technology, the environmental
impacts of food packaging are assessed more thoroughly than are the social and
economic aspects. The method of life cycle assessment is used in evaluating the
environmental impacts of packaging compared to the environmental impacts of food
items (RQ 2). After that, life cycle assessment is taken one step further: the significance
of the environmental impacts of food waste is estimated and compared to the total
environmental impacts of the food-packaging combination (RQ 3).
The fourth research question deals with the overall sustainability of food packaging and
asks what kinds of methods are needed to assess and improve this sustainability. This
fourth research question (RQ 4) and the first publication address the food packaging
design process and the improvements that could be made to the traditional product
development process to make the product, in this case the packaging-food product
combination, more sustainable.
The fifth research question discusses the conducting of life cycle assessment for food
packages on the basis of experiences gathered throughout this study. The best practises
for conducting life cycle assessment aim to find a way to make the most of an LCA
study for food packages (RQ 5). The emphasis is on a comprehensive approach which
takes into account 1) the life cycles of the packaging and the food item and 2) the
practises that should be included in developing and improving the product system from
the perspective of the packaging designer.
The fourth article assesses and compares the sustainability of three transport packaging
alternatives for fruits and vegetables by conducting life cycle assessment, life cycle
costing (LCC) and life cycle working environment (LCWE) analyses for each
packaging system. The results of the LCC and LCWE analyses act as background data
for assessing the capability of those methods of completing a sustainability assessment
from economic and social perspectives (RQ 6).

1.3 Research process and dissertation structure
This research was initiated through a fairly large, two-year long project funded by
Tekes. It was conducted in co-operation with several companies from the food
packaging industries and the retail sector and with five Finnish research organisations.
During the project, the author conducted LCA studies in co-operation with researchers
from MTT Agrifood Research Finland. As a result of this work, Publications II and III
were authored, presenting these LCA case studies. The LCA studies were
complemented by information gained from literature reviews and a consumer survey
about the amount of wasted food.
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It was also recognised that there is a need to improve and systematise the parallel food
product and packaging design process. Hence, a framework for sustainable food
packaging design was created, forming the foundation for this thesis (Publication I).
In Publication IV, the case assessing the sustainability of the packaging alternatives for
fruit and vegetable transportation was conducted by the following organizations:
Department Life Cycle Engineering (LBP), Fraunhofer Institute for Building Physics
(IBP), PE International, FEBE Ecologic, Environmental Management Research Group
Escola Superior de Comerç International (ESCI) and Bio Intelligence Service S.A.S.
The author of this thesis did not participate in the research project itself, but joined in at
the phase when the manuscript for a scientific journal was authored and submitted. The
author brought forward in the manuscript the need to also assess the food waste aspect:
in the comparison of the different packaging alternatives, it would also be relevant to
assess the packaging alternatives on the ability of these to prevent food losses.
Additionally, in this summary section of the thesis the analysis is taken one step further
based on the results and methods used in Publication IV: as stated, research question 6
discusses how the LCC and LCWE methods could be used in order to take the food
waste and usability issues better into account.
Continuing explaining the hybrid structure of this thesis, the summary section of this
thesis is complemented with two additional research questions besides the publications.
Research questions 1 (about the requirements of sustainable food packaging) and 6
(about conducting LCA for food packages) are posed and answered for the first time in
the summary section. These two research questions are discussed in order to form an
integrated whole of the thesis and fill in the gaps it would otherwise have had (see
Figure 6).
The research questions based on the publications and the summary section of this thesis
are presented in Figure 2. The three pillars of sustainability are represented as actual
pillars which uphold the aim of enhancement of food-packaging sustainability. The
requirements for sustainable food packaging lay the foundation in the thesis summary
section. Publication I forms the basis of aiming for sustainable food packages, as the
framework article deals with enhancing the sustainability of the packaging design
process and thus the whole life cycle of the food packaging. The other three
publications are case studies. In the case of Publication IV, all three pillars of
sustainability are taken into account, as presented on the bottom of the building in the
figure below. Publications II and III consider the environmental impacts related to food
items and their packaging alternatives; therefore, they represent the environmental pillar
in Figure 2. In the summary section, the LCA method is discussed in more depth
(environmental pillar), and the methods of LCWE (social pillar) and LCC (economic
pillar) are revisited.
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Figure 2: Structure of the research questions discussed through publications and the summary
section of the thesis

This thesis consists of four individual publications and this summary. The summary is
structured as follows. In chapter 1, the subject of the thesis is presented along with the
objectives of this thesis. Also included within the first chapter is the description of the
research approach with a presentation of materials and methods. Chapter 2 presents the
theoretical foundation for this research. Chapter 3 combines the results of the four
publications (which are attached as an appendix) and discusses the two research
questions not dealt in the publications. In chapter 4, the overall findings of the research
are discussed and concluded.
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1 Introduction

Research approach

As stated earlier, this thesis is built on four publications as well as a total of six research
questions. Different kinds of methods and materials have been used in the research of it.
The methods used in answering each of the six research questions are presented further
below in Table 3.
Life cycle assessment was used in all three publications, which are considered as case
studies in this thesis. The method of life cycle assessment has been standardised
internationally by ISO through ISO 14040 Environmental management – Life cycle
assessment – Principles and framework (SFS-EN ISO 14040, 2006) and ISO 14044
Environmental management – Life cycle assessment – Requirements and guidelines
(SFS-EN ISO 14044, 2006). Life cycle assessment has been widely recognised as best
method available for assessing environmental sustainability (Baitz et al., 2013). Within
the thesis summary portion, life cycle assessment is first presented as a method in
chapter 2.4.1. It is analysed further with an assessment of the LCA studies made of food
packages in chapters 2.4.2–2.4.6. Finally, recommendations for food packaging LCAs
are provided in chapter 3.5, and the best ways and choices are discussed based on the
literature survey and experiences of the author from LCA cases.
In the FutupackEKO2010 project, an LCA was conducted for three food items and
alternative package options of these. The results of the study are presented in both
Publications II and III and here in chapters 3.2–3.3. Just before the results, the
researched system and methodological choices are described in more detail.
Other methods were implemented in the projects in addition to life cycle assessment.
For example, in the Publication IV, the sustainability of three transport packaging
alternatives was analysed not only with LCA, but also with life cycle costing (LCC) and
life cycle working environment (LCWE). LCC is a standardised method used to assess
the total costs related to a product during its life cycle. In life cycle costing, it is
important to analyse characteristics such as product performance, safety, reliability, and
maintainability in different life cycle phases. These phases start from the acquisition
phase, continue with the ownership phase, and end with the disposal phase. (IEC 603003-3, 2004.)
One way to integrate social aspects into sustainability assessment is to assess workingenvironment issues. The life cycle working environment assessment method has been
presented by Poulsen and Jensen (2004), Benoît et al. (2009) and Makishi Colodel
(2009), and is referred to as either WE-LCA or LCWE. The life cycle working
environment method takes into account social and socio-economic aspects such as work
accidents and work atmosphere, and usually aggregates the results through used
working time over the entire life cycle of the product (Benoît, 2009). In Publication IV
of this thesis, the life cycle working environment has been applied by examining the
time of work, the time of women’s work, the time of work of differently qualified
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employees, and the number of accidents related to different transport packaging
alternatives.
In chapter 3.6 just before the LCC and LCWE results of the fruit and vegetable
transport packaging case are presented, the studied system is described. There the
system boundaries, functional unit, and the scope of the study are explained.
The material used during the thesis research is derived from several different sources.
The data and the case material are briefly described in Table 4. As life cycle studies
include a great deal of data, it would be impossible to present all the information used in
this dissertation summary. Therefore, it is recommended that the reader also visit
Publications II–IV as well as the project reports (Silvenius et al., 2011) and (Albrecht et
al., 2009). In the LCA case studies, primary data from primary (process) locations have
been used whenever available. LCA case studies include a great deal of literature data,
expert estimations and average information from LCA databases. Life cycle modelling
software GaBi (PE International, 2012) has been used in all case studies within this
thesis, and the database provided by the software has been used to some extent as well.
Apart from methods that are relatively easy to describe, such as LCA, LCC or LCWE,
different research approaches have been taken to produce the results to the research
questions 1, 4 and 5. A definition for sustainable food packaging, a framework for
sustainable food packaging design and some recommendations for conducting an LCA
study for food packages all are mainly derived from an analysis of the existing literature
on the subject. The studied literature is largely described within this thesis. In Table 4,
the chapter describing the studied data is indicated for each research question.
As an accompaniment to the literature research on the framework for sustainable
packaging design (RQ 4), the project group conducted interviews of packaging
designers in Finnish companies concerning the usability and exploitability of the current
tools for packaging design. The group also analysed the external communication
policies of international and national companies regarding their packaging development.
Through a combination of learned experiences and insights provided by the project
management group (comprised of experts in the industries of packing, food and retail),
this framework was constructed in an iterative process with several developing versions.

Studied
aspects
of sustainability
(or
specific
indicators)

Methods

Role in
this
thesis

Environmental,
economic and
social pillars are
studied by
categorising
different
requirements of
food packages
under these
pillars of sustainability.

RQ 1
To determine
sustainable
packaging, especially in the case
of packed food,
and define the requirements which
pertain to sustainable food packaging.
Review of the
literature on
existing requirements of sustainable packaging
and experiences
learned from LCA
case studies
(Publications II, III
and IV) and the
process described
in Publication I.

RQ 3
To determine the
significance of food
waste compared to
package options in
terms of environmental
impacts.

Environmental impacts, including global warming, eutrophication and acidification potentials.

Life cycle assessment of three food products and
alternative packaging options of these following
the LCA standards of ISO 14040 and 14044.
System boundaries of the study are presented in
Figure 8.

RQ 2
To determine the
significance of food
items compared to
their alternative
package options in
terms of environmental impacts.

Survey on the current knowledge of
sustainable food packaging based
on the existing literature.
Utilisation of the experience of a
group of researchers in the field of
packaging and environment as
representatives of the industries of
packing, food and retail in an
iterative process of presenting
changing versions of the
framework. An LCA case study
conducted and presented in
Publications II and III gives practical
information on the best ways of
conducting an LCA for the
comparison of food packages.
Sustainability and the pillars
comprising it are covered in general
by pointing out relevant
sustainability aspects along the
food packaging life cycle to be
taken into account in the packaging
design process.

RQ 4
To present a step-by-step framework for integrating sustainability
issues, especially the prevention of
food waste, into the packaging
design process.

Articles chosen for
the analysis were all
LCA articles; thus,
environmental
aspects with various
environmental
indicators were
included in the
review.

Literature review
and analysis on LCA
case articles published for food
packages and
experiences learned
from LCA case
studies (Publications
II, III and IV) and the
process described in
Publication I.

RQ 5
To give recommendations on how to
conduct life cycle
assessment in the
case of food
packaging.

Economic aspects (LCC study),social
aspects (LCWE study), and assessment
of the system working environment
(total time of work, total time of
women's work, working time by
qualification level, number of lethal and
non-lethal accidents).(LCA (primary
energy demand, global warming,
acidification, eutrophication,
photochemical ozone creation and
abiotic resource depletion potential))

LCA, LCC and LCWE of three packaging
alternatives for fruit and vegetable
transportation. The environmental
assessment follows ISO 14040 and
14044. System boundaries of the study
are presented in Figure 16.

RQ 6
To present the results demonstrating
life cycle costs and social indicators in a
study done for food transportation
packages, and to assess the usability of
LCC and LCWE methods in analysing
food package sustainability.
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Table 3: Methods used in this dissertation for each research question

No specific
materials, concerns packages in
general.

No specific food
items, concerns
food packages in
general.

Case food
items

RQ 1
The existing
definitions,
indicators and
metrics for
sustainable
packaging are
presented in
chapter 2.2.2.

Case
packages
(materials)

Data

Table 7.
Soy-based fermented yoghurt-like drink
(Soygurt),
sliced dark rye bread (bread),
whole meat cold cuts (ham).

RQ 2
RQ 3
Data on conversion of packaging came from
packaging manufacturers; data on production
chain of package materials were mainly from
secondary data sources (Plastics Europe,
European Aluminium Association, and Finnish
Corrugated Board Association).
Data on food were mainly derived from primary
sources of the production chain.
Data on food waste amounts were based on a
consumer survey carried out for each product
group. The survey had over 500 respondents
aged 18-64 for each product group.
Data on packaging waste amounts were derived
from Finnish packaging waste statistics by PYR,
and the waste treatment modelling was conducted with a combination of primary data on
treatment facilities, average data from the
literature and databases of GaBi 4.3.
Data sources are referred to in more detail in
Publications II and III as well as in the project
report (Silvenius et al., 2011).
Liquid packaging board carton and a polypropylene cup for Soygurt. A polyethylene bag, a paper/polyethylene bag and polypropylene bags in
two packaging sizes for bread. Two different
packaging sizes of plastic laminate cases with
different combinations of plastics (and carton in
one alternative), for ham. Packaging alternatives
are presented in more detail in
No specific food items, concerns
food packages in general.

No specific materials, concerns
packages in general.

RQ 4
Literature data of the current
definitions, indicators, metrics,
checklists and tools for
sustainable packaging and
Finland's national regulations and
international regulations as well
as packaging standards are
presented in chapters 2.2 and 2.3.
The study was complemented by
interviews of packaging designers
of Finnish companies concerning
the usability and exploitability of
the current tools for packaging
design, and by an analysis of the
external communication policies
of international and national
companies regarding their
packaging development (Kuisma,
2011).

The analysed articles
included various food
items (see chapter
2.4.2). Some articles
only studied the
package, excluding
the food item.

The analysed articles
included various
packaging materials,
as presented in
chapter 2.4.1.

RQ 5
37 articles of LCA case
studies on food
packaging published
between 2000-2012
in the International
Journal of Life Cycle
Assessment, Journal
of Cleaner Production
and Packaging
Technology and
Science. These articles
are discussed in chapter 2.4.

The food items (fruits and vegetables)
were excluded from the study.

Single-use wooden boxes,
single-use cardboard boxes,
and reusable plastic crates.

RQ 6
As the results of the LCA are not
focused on in this dissertation
summary, these results as well as the
data can be examined more closely in
Publication IV and the project report
(Albrecht et al., 2009).
The data on social aspects was derived
from specific questionnaires and
complemented with statistical data
from each respective industry branch as
well as from GaBi software data sets on
LCWE (GaBi, 2008).
The data on costs is mainly derived
from industry (Euro Pool System, IFCO
Systems) and market experts (Fraunhofer IML).

Table 4: Materials used in this dissertation for each research question
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2 Theoretical foundation
2.1 Background
In the hands of the consumer, packages leave behind a highly visible residue after the
product has been consumed or otherwise taken into use. The usefulness and purpose of
the package are overlooked by the consumer, and the packaging is seen only as waste
requiring efforts to dispose of. The packaging represents the evidence of western
overconsumption, but is merely made to be a scapegoat that is convenient to blame.
Sometimes the focus of the media and politicians can be too narrowed down because
they concentrate only on packaging waste rather than looking the big picture.
(EUROPEN & ECR Europe, n.d..)
It is important to keep in mind the role of packaging: Packaging is needed to contain, to
protect, to preserve, to distribute and to sell the product and to provide information
about it (e.g.Verghese et al., 2013). It should be noted, how packages are always
interlinked with the product they contain, and thus, play an important role in the global
food supply.
In the following chapters, current knowledge and views on the role of packaging in
sustainability are presented. This is done by briefly presenting the norms in existing
legislation and standards on packaging and packaging waste. There again, the strong
connection between packaging and waste can be seen – it is already in the official
names of EU directives and national legislation. Different organisations and individuals
have defined what exactly sustainable packaging means and have presented methods,
indicators and metrics to assess sustainability in packaging. These definitions and
methods are presented below in brief. Life cycle assessment cases carried out for food
packaging are presented in more detail. Current knowledge on the role of packaging in
preventing food waste is also presented according to the completed research.

2.2 Packages and sustainability
2.2.1

Packaging legislation and standards

Packaging legislation comprises statues which concern packages in general and
different product groups, such as food packages, in particular. The European Parliament
and Council Directive (94/62/EC, 1994) on packaging and packaging waste and
revision thereof (2004/12/EC, 2004) form the basis of packaging legislation in EU
countries. These directives are implemented in national legislation of Finland through a
government decision (92/1997) and a government decree (817/2005) on packaging and
packaging waste.
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The directives serve the dual purpose of harmonising management practices of packages
and packaging waste. Firstly, this is to prevent or reduce the impact packaging has on
the environment, and secondly, it is to ensure the functioning of the internal market by
avoiding obstacles in trading and distortion and restriction in competition within the
community. (94/62/EC, 1994).
Basic requirements for packaging are determined in the legislation. Packages are to be
manufactured in such a way that the packaging weight and volume is minimised without
jeopardizing the safety, the hygiene and the acceptance of the packed product and the
consumer. Packages are to be designed, produced and commercialised in a fashion that
permits their reuse or recovery as energy or material and that minimises the
environmental impact if the packaging is disposed of. Packages are to be manufactured
in such a way that use of noxious and other hazardous substances are as low as possible
in order to minimise the harm to the environment when production residues and
packaging waste are incinerated or landfilled. The sum of the concentration levels of
heavy metals (lead, cadmium, mercury and hexavalent chromium) present in the
packaging or packaging component is not allowed to exceed 100 ppm by weight.
(94/62/EC, 1994; 92/1997, 1997.)
There are two objectives of the directive. Its first priority is to prevent the production of
packaging waste. Secondly, it promotes the reuse of packages as well as recycling and
other forms of recovery of packaging waste in order to reduce final disposal (94/62/EC,
1994). Reusability of packaging is to be enabled 1) by using packaging with physical
properties and characteristics enduring a number of trips and rotations, and 2) by
allowing a safe and healthy processing environment for the workforce carrying out the
reuse procedures. To enable material recycling, the packaging must contain a certain
percentage by weight of material which is used in marketable products. (94/62/EC,
1994; 92/1997, 1997) Packaging waste heading to energy recovery must have minimum
inferior calorific values (94/62/EC, 1994; 92/1997, 1997), which are determined in the
CEN standard (SFS-EN 13431, 2005). To compost the packaging material, it should be
easily biodegradable, and should not hinder the collection or compost process or the
activity in which the compost is used. Biodegradable packaging waste should, after
undergoing physical, chemical thermal or biological decomposition, ultimately
decompose into carbon dioxide, biomass and water. (94/62/EC, 1994; 92/1997, 1997.)
The amendment to the directive (2004/12/EC, 2004) and the Finnish government degree
(817/2005, 2005) have raised the recycling targets from the original legislation of the
nineties. The recycling targets for different materials are similar between the EU and
Finnish legislation, with one small exception. The directive states that paper and board
(fibre) shall be recycled 60% by weight (2004/12/EC, 2004). The target is same for
recycling in Finland, but the overall recovery target for paper and board is set at 75%
(817/2005, 2005). Recycling targets set to be achieved in percentages by weight by
2008 for glass are 60%; for metals, 50%; for plastics, 22.5%; and for wood, 15%
(2004/12/EC, 2004; 817/2005, 2005).
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The recycling targets were achieved by 2008, as can be seen from Table 5. In the two
following years, the 2008 recycling targets were met as well with the exception of glass
in 2009, when a great amount of glass was stored (The Environmental Register of
Packaging PYR Ltd, 2011), presumably because of the shutdowns of two plants using
recycled glass in Finland in 2009. The high recycling rates in fibres are partly due to the
fibre material collected outside the recovery scheme, therefore not showing up in the
statistics. Reasons for this are threefold: 1) the omission of the packing companies and
importers with an annual turnover of under 1M€ who are not obliged to adhere to
packaging producer responsibilities, 2) internet sales and the resultant packages abroad,
as well as 3) free-riders who do act under producer responsibility but have neglected the
reporting component (Kaila et al., 2010; The Environmental Register of Packaging PYR
Ltd, 2011).
Table 5: Recycling targets and achieved rates by weight for all packaging waste and different
materials in Finland (817/2005, 2005; The Environmental Register of Packaging PYR Ltd,
2011)
Total
Fibre
Glass
Metal
Plastic
Wood
Recycling target 2008
55-80%
60%
60%
50%
22,5%
15%
Recycling rate 2008
Recycling rate 2009
Recycling rate 2010

56%
56%
55%

93%
95%
96%

80%
45%
61%

75%
84%
78%

23%
25%
26%

20%
21%
18%

The European Committee for Standardization (CEN) have presented a series of
mandated standards (EN 13427-13432) and two technical reports (CR 13695-1, -2) for
implementing the basic requirements in packaging and the packaging waste directive
94/62/EC. EN 13427 explains how other standards and technical reports are used in
order to fulfil the requirements of the directive (SFS-EN 13427, 2005). EN 13428
concentrates on packaging waste prevention through source reduction, specifically by
achieving minimum adequate weight and volume and also by minimising dangerous
substances (SFS-EN 13428, 2005). EN 13429 defines the preconditions that the
packaging has to fulfil in order to be claimed as reusable (SFS-EN 13429, 2005).
Standards for material recycling (SFS-EN 13430, 2005), for energy recovery (SFS-EN
13431, 2005) and for composting and biodegradation (SFS-EN 13432, 2001) each
determine the enabling criteria that every packaging component has to fulfil in order to
claim that the packaging is valid for that specific end-of-life treatment.
These CEN standards are valid in Europe, but in the near future the International
Organization for Standardization will publish international standards on packaging and
the environment (ISO 18601-18606).
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Definitions, indicators and metrics for sustainable packaging

Several organisations have created definitions for sustainable packaging. Definitions
have also been constructed with indicators and metrics to measure the sustainability of
the packaging options. Moreover, some checklists have been proposed to further
identify the requirements for sustainability in more detail.
The Australian Sustainable Packaging Alliance (SPA) released a definition of
sustainable packaging in 2004 and revised it in 2007, adding key performance
indicators. The definition was revised again in 2010. The SPA definition states that
sustainable packaging should meet the following four principles: 1) Packaging should
be effective in its functional role and at the same time minimise the environmental and
social impacts (SPA, 2010). (In a previous version of the SPA, definition effectiveness
also included cost-effectiveness (SPA, n.d.), thus the current update could be viewed as
weakened.) 2) The packaging is to be efficient by using material resources and energy as
efficiently as possible. 3) Packaging is required to be cyclic by preferring renewable
resources and recycling and reusing. 4) Packaging should be safe, which means that all
materials and components are as non-polluting and non-toxic as possible and therefore
pose no risk to humans or ecosystems. (SPA, 2010.) These indicators have been teamed
up with metrics by Verghese et al. (2012).
In 2005, the Sustainable Packaging Coalition (SPC) in the USA characterised
sustainable packaging and revised their definition in 2011 with the following criteria:
sustainable packaging 1) is beneficial, safe and healthy throughout its life cycle; 2)
meets market criteria for performance and cost; 3) is based on renewable energy
throughout its life cycle; 4) optimises the use of renewable and recycled materials; 5) is
manufactured using clean production technologies and best practices; 6) is made of
materials healthy in all life cycle stages; 7) is physically designed to optimise materials
and energy; and 8) is effectively recovered and utilised in biological and/or industrial
closed loop cycles (SPC/GreenBlue, 2011).
EUROPEN (The European Organization for Packaging and the Environment) also has
its own definition of the role of packaging in sustainability. It should be noted that
EUROPEN avoids using the term ‘sustainable packaging’ because they acknowledge
packaging only as one element in the aim to manufacture the product in a more
sustainable way. According to the vision of EUROPEN, packaging should contribute to
sustainability through 1) holistic design with the product in order to optimise overall
environmental performance; 2) use of responsibly sourced materials; 3) design, which
is effective and safe throughout its life cycle, meeting market criteria for performance
and cost, and meeting consumer choice and expectations; and 4) efficient recovery after
use. (EUROPEN, 2009.) Along with this definition, EUROPEN, together with ECR
Europe (Efficient Consumer Response), has delivered a report to guide corporate
decision making in sustainable development concerning packages (EUROPEN & ECR
Europe, 2009).
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The three above-mentioned definitions define sustainable packaging. In order to make
the most of these definitions, some indicators and metrics have also been produced to
further measure the sustainability of packages.
The Sustainable Packaging Coalition has additionally created indicators and metrics to
measure the sustainability of packages. This framework consists of 57 indicators of
sustainability, each of which is measured with one or more metrics examples. The
indicators cover the areas of material use, energy use, water use, material health, clean
production and transport, cost and performance, community impact and worker impact.
The authors of the report also state that the wide range of indicators and metrics are
subjected to selection of the organization using the frameworks in order to choose the
relevant indicators for their goals and operations. The indicators are divided into three
groups. The core indicators are considered to be of interest to most of the stakeholders.
The supplemental indicators complement the core indicators by offering more detailed
measure to the given aspect. The correlating indicators are still considered significant
but may not interest all stakeholders. (Sustainable Packaging Coalition, 2009.)
Using the work done in the SPC framework as a point of departure, The Consumer
Goods Forum developed indicators and metrics in its Global Protocol on Packaging
Sustainability (GPPS). The authors of this protocol recommend that the impact of
packaging should be encouraged to be reduced only in situations where this reduction
maintains or reduces the impacts of the packed product (The Consumer Goods Forum,
2011). It is relevant to point out that the report seeks an optimum packaging design
balance between under- and overpacking, as do the guides of EUROPEN and ECR
(2009). Also admirable in this report are the suggestions that the product and the
packaging should be designed simultaneously and that the packaging should be
considered in the context of the packed product (The Consumer Goods Forum, 2011);
this also applies to the EUROPEN and ECR guides (2009). An overview of the GPPS
indicators is presented below in Table 6.
The environmental attributes and life cycle indicators are comprehensive in taking
numerous different environmental inventory results and impact categories into account.
In some situations, as in complete life cycle assessment, it might not be possible for
example due to limited resources, and therefore, in chapter 3.5.5, some of the most
relevant environmental inventory results and impact categories are suggested.
The social attributes mostly concern corporate management issues rather than the users
of the packaging. This challenge is further discussed in chapter 3.1. Some new social
indicators are suggested in chapter 3.6 in which also the usability of the GPPS
economical attributes is discussed alongside the LCC.
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Table 6: Overview of the GPPS indicators (The Consumer Goods Forum, 2011)
Environmental attributes & life cycle indicators
Attributes
Packaging weight and optimization
Packaging-to-product weight ratio (Ratio
of weight of packaging materials and the
weight of the product)
Material waste

Assessment and minimisation of substances hazardous to
the environment
Production sites located in areas with conditions of water
stress or scarcity
Packaging reuse rate

Recycled content

Packaging recovery rate

Renewable content

Cube utilisation (Volumetric measurement of the packaging
design efficiency in a transport unit)

Chain of custody
Life cycle indicators - Inventory
Cumulative energy demand

Land use

Fresh water consumption
Life cycle indicators - Impact categories
Global warming potential

Photochemical ozone creation potential (POCP)

Ozone depletion

Acidification potential

Toxicity, cancer

Aquatic eutrophication

Toxicity, non-cancer

Freshwater ecotoxicity potential

Particulate respiratory effects

Non-renewable resource depletion

Ionizing radiation (human)
Economic attributes
Total cost of packaging

Packaged product wastage

Social attributes
Packaged product shelf-life

Community investment (monetary value of investment
made in community projects such as recycling education
programmes)

Corporate performance checklist
Environment
Environmental management system

Energy audits

Social
Child labour

Freedom of association and/or collective bargaining

Excessive working hours

Occupational health

Responsible workplace practices

Discrimination

Forced or compulsory labour

Safety performance standards

Remuneration

2.3 Tools for assessing sustainability of packages
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Envirowise has published a guide for packaging designers and management which
comprises a checklist for environmental packaging design (Envirowise, 2008). This list
might be the most complete checklist in the field of packaging eco-design taking into
account the whole life cycle of the packaging. The authors of the guide also recommend
the use of abridged or simplified LCA as an aid in decision making (Envirowise, 2008).
In chapter 3.1, “Determining sustainable food packaging”, a new definition based on the
definitions above, but specifically for food packaging, is proposed.

2.3 Tools for assessing sustainability of packages
The most advanced tools for assessing sustainability of packages are presented in this
section. These methods have been developed in research organisations and industry
working groups. Tools or methods provided by individual retailers or brand-owners also
exist, e.g. the Sustainable Packaging Scorecard by Wal-Mart, but are not presented here.
Svanes et al. (2010) present a methodology that can be used in packaging design aiming
for sustainability. Several indicators are grouped into five main categories which are
considered equally important: environmental performance, distribution costs, product
protection, market acceptance and user friendliness. Each category consists of a few
indicators or methods to evaluate the particular category. These indicator results are
presented in the form of a spider diagram, where the relative difference is shown
between the new design and the reference packaging. The emphasis of this methodology
is on the inclusion of the indirect impacts that packages have, e.g. influence on product
waste and transport efficiency (Svanes et al., 2010).
Some tools for assessing the impacts of the packaging systems are based fully or partly
on life cycle assessment, such as the PIQET tool (Verghese et al., 2010), the Pack-In
Tool by Envirowise (Envirowise, 2009) and COMPASS by SPC (Greenblue, 2012).
PIQET (Packaging Impact Quick Evaluation Tool) is based upon the full life cycle, and
it combines environmental impact assessment through streamlined LCA with
packaging-specific indicators. The packaging-specific indicators consist for example of
the ratio masses between the product and the packaging, the mass proportions of
packages going into landfills or recycling, the mass proportions of different packaging
levels, the share of recycled content and summary of the materials used. The life cycle
environmental impact indicators in PIQET consist of climate change, cumulative energy
demand, use of minerals and fuels, photochemical oxidation, eutrophication, land use,
water use and generated solid waste. (Verghese et al., 2010.)
The Pack-In tool assesses the packaging in terms of six different parameters. These
include the amount of recycled content, the ability to recycle the materials based on
current UK practices, the ratio between the masses of the product and the packaging, the
volumetric efficiency of the packaging compared to the volume of the product, the mass
of the carbon embedded into the packaging materials, and finally the impact of
transporting the packaging or packaging materials (Envirowise, 2009). It is unclear what
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kind of impact, whether environmental or economic, is meant by the final parameter
concerning transportation.
COMPASS (Comparative Packaging Assessment) tool by SPC assesses both a set of
life cycle environmental metrics as well as packaging attributes. The life cycle metrics
include the consumption of fossil fuels, water, minerals, and biotic resources as well as
the contribution to greenhouse gases, human impacts (through clean production),
aquatic toxicity and eutrophication. The packaging attributes consist of the following
four parameters: content (recycled or virgin), sourcing, solid waste, and material health.
(Greenblue, 2012.)
The packaging scorecard by Olsmats and Dominic presents a mapping tool for
identifying strengths and weaknesses of packaging options via 14 different criteria.
These include machinability, product protection, flow information, volume and weight
efficiency, right amount and size, ability to handle, other value-adding properties,
product information, selling capability, safety, reduced use of resources, minimal use of
hazardous substance, minimal amount of waste and packaging costs. These criteria are
weighted according to importance, and package performance is evaluated on a scale of
0-4 for each criterion. (Olsmats and Dominic, 2003.)
In chapter 3.4, “Packaging design for a more sustainable food-packaging combination”,
a new framework for packaging design is presented after an analysis of the existing
methods presented above.

2.4 LCA studies conducted for food packages
Life cycle assessment has been acknowledged to be a comprehensive scientific method
addressing the environmental impacts of a given product or service throughout its life
cycle. Within this chapter, first a closer look is taken at the method of life cycle
assessment in general based on the ISO 14040 and 14044 standards on conducting
LCA. Not all requirements which the standard states are presented here, but the
emphasis is on the issues that are the most essential and relevant to this thesis. The
section which follows reviews life cycle assessments (LCA) done for food packages.
Journal articles selected from three pertinent scientific journals serve as reference
material for this analysis. The 37 articles which qualified for this analysis are from the
International Journal of Life Cycle Assessment, Packaging Technology and Science,
and Journal of Cleaner Production, and were published between 2000 and 2012. It has
to be noted that some LCA articles focusing on food-packaging combinations and
maybe even discussing the food waste might have been left out of this review because
they were published in some other journals or outside the selected time frame.
The included 37 articles are first described based on their focus on discussing either the
packages alone or both the package and the food product. Secondly, an analysis is
performed on how the authors of the articles acknowledged food waste in their studies.
After that comes a summary on how widely the package levels, i.e. primary, secondary
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and tertiary packages, are taken into consideration in these studies. Next, the articles are
analysed based on the construction of functional units. Finally, clarification is provided
as to the types of environmental impacts taken into account in the articles.
Within the research contribution in chapter 3.5, “Recommendations for LCA of foodpackage combinations”, some conclusions that are reached as to what kind of measures
should be taken in the future to achieve a more uniform quality in the LCA studies for
food packages are also based on the following analysis.

2.4.1

Method of life cycle assessment

Life cycle assessment can be used to identify the environmental impacts of given
products and services during their life-cycle and to find opportunities to improve their
environmental performance. LCA can also assist industries, governments and nongovernment organizations in decision making. Results of LCA can also be used for
choosing relevant environmental indicators as well as for marketing purposes. Life
cycle assessment consists of four phases: the goal and scope definition phase, the
inventory analysis phase, the impact assessment phase, and the interpretation phase, as
presented in Figure 3. (SFS-EN ISO 14040, 2006; SFS-EN ISO 14044, 2006.)

Figure 3: Phases of life cycle assessment (SFS-EN ISO 14040, 2006)
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When the goal of the study is defined, it should clearly state what the intended
application of the study is, why the study is being carried out, to whom the results are
intended to be communicated, and whether the results are intended to be used in public
comparative assertions. In the scope definition, the following items should be
considered and described: the studied product system, the functions of the product
system, the functional unit, the system boundary, allocation procedures, LCIA
methodology and type of impacts, interpretation to be used, data requirements,
assumptions, value choices and optional elements, limitations, data quality
requirements, type of critical review (if any) and type and format of the report. (SFS-EN
ISO 14040, 2006; SFS-EN ISO 14044, 2006.)
The functional unit of the study should clearly specify the functions of the system
studied. Other than that, it should also be consistent with the goal and scope of the study
and clearly defined and measurable. System boundaries should be consistent with the
goals of the study. If certain processes, life cycle stages, inputs or outputs are excluded
from the study, the omission should be clearly explained and it should not significantly
jeopardise the overall results. (SFS-EN ISO 14044, 2006.)
The life cycle inventory analysis (LCI) phase involves data collection and calculation
procedures which quantify the relevant inputs and outputs in the product system under
study. This is an iterative process whereby the more data and information are gained,
the more new requirements and limitations may occur, even while still aiming to fulfil
the goals of the study. (SFS-EN ISO 14040, 2006.)
In the life cycle impact assessment (LCIA) phase, inventory results are associated with
specific environmental impact categories and category indicators. LCIA includes the
following of mandatory elements. These are selection of impact categories, category
indicators and characterization models; classification of LCI results into selected impact
categories; and calculation of category indicator results (characterisation). The choice of
impact categories, for example, may introduce subjectivity into the study; therefore, it is
critical to clearly define the assumptions made. The optional elements of LCIA include
normalisation, grouping and weighting of the indicator results. (SFS-EN ISO 14040,
2006; SFS-EN ISO 14044, 2006.)
In the interpretation phase, the findings from the inventory analysis and the impact
assessment are considered in tandem. Here, the significant issues arising from the LCI
and LCIA results are identified; the completeness, sensitivity and consistency are
checked; conclusions and recommendations are given; and limitations are explained
(SFS-EN ISO 14040, 2006; SFS-EN ISO 14044, 2006).

2.4.2

Focus of the articles

The crux of the studied LCA case articles is either the package itself or the food item.
Out of the total 37 articles, nine articles considered only the packaging excluding the
food item. The share of the articles with a main focus on conducting a life cycle
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assessment for a food item and where the package is also included in the study was 28
of the total 37 articles.
The nine articles focusing on LCA of packages concentrate on comparisons between
different kinds of material alternatives for a certain food item. One article compares
baby food packages made of different materials (glass and plastic) and of different
shapes (Humbert et al., 2009a). Humbert et al. (2009a) justified the exclusion of the
product by saying that it would not be any different when the packaging changes.
Another compares yogurt packages made of different materials (polypropylene and
linear low-density polyethylene) and of different sizes (Keoleian et al., 2004). A
comparison of packages for fresh fruits and vegetables of different packaging materials
combined with the option for reuse and single-use is also made (Singh et al., 2006; Levi
et al., 2011). A further article compares milk packages made of PA-PE-Al-laminate and
polyethylene in different packaging sizes (Xie et al., 2011). Yet another article makes a
comparison of egg packages made of recycled paper and polystyrene (Zabaniotou and
Kassidi, 2003). Another one compares strawberry packages made of polyethylene
terephthalate, bio-based PLA and polystyrene (Madival et al., 2009). Some of the
package articles take slightly different approaches, studying the impact of recycling rate
increases in aseptic milk cartons (Mourad et al., 2008), and the impact that the different
package shape has on environmental effects (Singh et al., 2011).
Next, the issues and drivers for these ‘only packaging’ studies are discussed. The aim of
Humbert et al. (2009a) was to compare two packaging systems in such detail which is
usually lacking in packaging LCAs. They included in their study the full impact
assessment with several impact categories, extensive uncertainty analysis and critical
review. The goal of Madival et al. (2009) was similar to Humbert et al. (2009a) as in to
complement previous studies about bio-based plastics with lesser exclusions in life
cycle phases and impact categories. Keoleian et al. (2004) wanted to address the
importance of taking the whole life cycle of packaging into account as their response to
the consumer criticism about changing the yogurt containers from coated paper to
plastic ones and thus hindering the recycling of the packages. Also the aim of
Zabaniotou and Kassidi (2003) was to compare the egg packages throughout the entire
life cycles of the packages. The aim to reduce packaging waste and material use in
China was the key driver behind the study of Xie et al. (2011). The growing all-year
demand for fresh-cut, ready to eat produce was the motivation to study the fruit and
vegetable distribution containers by Singh et al. (2006) and Levi et al. (2011). In some
of the studies, packaging cases were assessed on the basis of their own country, e.g.
China (Xie et al. 2011), Italy (Levi et al. 2011) and Brazil (Mourad et al. 2008).
In addition to comparative studies between different packaging options, traditional
drivers could be seen in these packaging LCAs: reducing packaging waste and material
use and setting up recycling targets. The articles also emphasised the finding of
scientific evidence to help decision making in the packaging and food sector as well as
consumer acceptance.
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The 28 articles with the main focus on food deal with different kind of food and drinks,
listed here in bold. These include fish (cod) (Ziegler et al., 2003; Svanes et al., 2011),
fish meals (Zufia and Arana, 2008), chicken meals (Davis and Sonesson, 2008;
Bengtsson and Seddon, 2013), butter (Büsser and Jungbluth, 2009; Nilsson et al.,
2010), margarine (Nilsson et al., 2010), potatoes (Röös et al., 2010), pasta (Röös et
al., 2011), bread (Andersson, 2000; Espinoza-Orias et al., 2011), fruits, vegetables
and mushrooms (Gunady et al., 2012; Ingwersen, 2012), tomato ketchup (Andersson,
2000), different types of “meta products” e.g. dry soups of a brand-owner (Milà i
Canals et al., 2011), yoghurt (González-García et al., 2013), milk (Eide, 2002; Fantin
et al., 2012), coffee (Büsser and Jungbluth, 2009; Humbert et al., 2009b), wine (Gazulla
et al., 2010; Mattila et al., 2012; Point et al., 2012; Neto et al., 2013), beer (Talve, 2001;
Koroneos et al., 2005; Cordella et al., 2008; Mattila et al., 2012;) and several different
types of beverages (Hanssen et al., 2007; Amienyo et al., 2012).
In this small sample of articles (37 articles), a shift cannot be seen towards articles
taking more and more both the packaging and the product into account. In these articles
packaging is usually seen as an essential part of the food value chain, and thus, it is
included, even though the focus was usually on the impacts of the food product.
The articles may be divided into two groups, according to their main focus. Some of the
articles discuss different package alternatives for the food item and the share of the
package of the total environmental impacts of the product-package system (Andersson,
2000; Hanssen et al., 2007; Cordella et al., 2008; Zufia and Arana, 2008; Humbert et al.,
2009; Espinoza-Orias et al., 2011; Levi et al., 2011; Milà i Canals et al., 2011; Amienyo
et al., 2012;). Some of these articles study — not necessarily as the key investigation
question, however — the share of the environmental impact caused by the current
package system, but with no other package alternatives (Talve, 2001; Eide, 2002;
Ziegler et al., 2003; Koroneos et al., 2005; Davis and Sonesson, 2008; Büsser and
Jungbluth, 2009; Gazulla et al., 2010; Nilsson et al., 2010; Röös et al., 2010; Röös et al.,
2011; Svanes et al., 2011; Fantin et al., 2012; Gunady et al., 2012; Ingwersen, 2012;
Mattila et al., 2012; Point et al., 2012; Bengtsson and Seddon, 2013; González-García et
al., 2013; Neto et al., 2013). One of the articles studies the impact of a communicative
package on the spoilage of pork chops resulting longer shelf life (Dobon et al., 2011).

2.4.3

Consideration of food waste

In this chapter, the articles are analysed on the basis of attitude toward generated
product losses. The phrase ‘food waste or losses’ is used instead of ‘product losses’ to
refer to the possible easy and quick deteriorating nature of nutritional products, whether
food or drink.
The majority of the articles studied do not acknowledge food waste. Twenty-seven of
the 37 articles do not take food waste into consideration or recognise its importance
(Talve, 2001; Zabaniotou and Kassidi, 2003; Keoleian et al., 2004; Koroneos et al.,
2005; Singh et al., 2006; Cordella et al., 2008; Mourad et al., 2008; Zufia and Arana,
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2008; Humbert et al., 2009a; Humbert et al., 2009b; Madival et al., 2009; Gazulla et al.,
2010; Nilsson et al., 2010; Röös et al., 2010; Levi et al., 2011; Milà i Canals et al.,
2011; Röös et al., 2011; Svanes et al., 2011; Xie et al., 2011; Amienyo et al., 2012;
Fantin et al., 2012; Gunady et al., 2012; Mattila et al., 2012; Point et al., 2012; Neto et
al., 2013). Some of the articles recognise the importance of food waste to the
discussion, even if the waste is left out of the study (Hanssen et al., 2007; Ingwersen,
2012; Bengtsson and Seddon, 2013) or the food waste is estimated to be the same
regardless of the package option, which is assumed to justify the exclusion of food
waste (Singh et al., 2011).
Dobon et al. (2011) study the environmental impacts of food at the retail level and the
minimisation of losses through the use of flexible best-before-date communicative
device attached to the packaging. They do not consider food waste at the consumer
level, in the process stages and in the delivery chain, because they assume that the
device has no effect on these (Dobon et al., 2011). In three of the articles (Talve, 2001;
Eide, 2002; Ziegler et al., 2003), food waste is recognised in the processing stages
included in the study.
Three articles include in part the environmental impacts caused by household-generated
food waste. Andersson (2000) includes a five percent loss of ketchup in the consumer
phase, but excludes the entire use phase in her study on white bread. Eide (2002)
includes the milk left in the emptied milk carton and the drinking glass and estimates
the amount to be 0.97%. The author provides the caveat that this may be an
underestimated figure which does not take into consideration the possibility that all the
milk might not be consumed due to expiration of the best-before date (Eide, 2002).
Gonzáles-García et al. (2013) assume 10% losses on yoghurt in the consumer phase.
Losses in other life cycle stages are said to be excluded due to the lack of data
(González-García et al., 2013).
Three of the studied articles can be highlighted as having taken a deeper approach to
consumer food waste in their studies. Büsser and Jungbluth (2009) study the
environmental impacts of coffee and butter packed in flexible packaging systems. The
study looks at two scenarios: no leftovers and 33% wastage. The study shows that
prevention of wastage leads to significant reductions in all the environmental indicators
used in the study. With the example of butter, the 33% wastage leads to an increase of
49% of the environmental impacts compared to the case scenario in which no wastage
occurred. The authors also discuss the role of packages in food waste. They recommend
that packages should be taken into consideration when one aims for environmental
impact reductions. This can be achieved through providing more tailor-made packages
that prevent food waste (Büsser and Jungbluth, 2009).
Davis and Sonesson (2008) compare the environmental impacts of a homemade and a
semi-prepared chicken meal. They include all the raw materials required to have one
meal ready for eating, including all the food waste from farm to table (Davis and
Sonesson, 2008), but excluding all the food waste which occurs if the meal is not eaten
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completely. The authors claim that a reduction of food waste of just 5% in industry and
10% in households contributes to a significant reduction in environmental effects,
especially for eutrophication (Davis and Sonesson, 2008). This article does not,
however, specifically discuss the relation that packages have on food wastage.
Espinoza-Orias et al. (2011) study the GWP of sliced white and wholemeal bread. Their
study estimates that 10% of bread is discarded at the household level. The results
indicate that 5–10% reductions in the GPW of bread could be achieved if household
food waste could be avoided (Espinoza-Orias et al., 2011). The authors calculate the
GWP for a plastic and paper bag, but no differentiation is made as to whether these
package solutions have any influence on the amount of discarded bread.

2.4.4

Included package levels

Packaging constitutes several levels. The primary package is the consumer package
closest to the product, and may contain several portion packs within it. The secondary
package ties in with several primary packages and may also act as a distribution or retail
package. The tertiary package correspondingly ties in with several secondary packages,
and is usually a loading pallet or a roll container. (94/62/EC, 1994; 92/1997, 1997;
Leppänen-Turkula et al., 2007.) The CEN technical report defines the primary,
secondary and tertiary packaging to directly influence each other; therefore, they should
all be included in LCA study (CEN/TR 13910, 2010).
Of the 37 articles studied, most of them include only the primary package in the study.
Twenty-one of the articles either mention that the study was conducted only for primary
packages or do not mention the phrase ‘primary package’, but it still can be assumed
that the consumer package was in fact in question (Andersson, 2000; Eide, 2002;
Zabaniotou and Kassidi, 2003; Koroneos et al., 2005; Singh et al., 2006; Hanssen et al.,
2007; Madival et al., 2009; Nilsson et al., 2010; Röös et al., 2010; Dobon et al., 2011;
Espinoza-Orias et al., 2011; Milà i Canals et al., 2011; Röös et al., 2011; Svanes et al.,
2011; Xie et al., 2011; Gunady et al., 2012; Ingwersen, 2012; Mattila et al., 2012; Point
et al., 2012; Bengtsson and Seddon, 2013; Neto et al., 2013). One article analysed the
transport packaging options (secondary packages) for fruits and vegetables (Levi et al.,
2011).
In seven articles, both primary and secondary packages are taken into consideration
(Talve, 2001; Ziegler et al., 2003; Davis and Sonesson, 2008; Büsser and Jungbluth,
2009; Humbert et al., 2009a; Singh et al., 2011; González-García et al., 2013).
In six other articles, all package layers, including the tertiary package if in existence, are
taken into consideration. Mourad et al. (2008) considers laminated milk cartons
arranged in corrugated paperboard trays and wrapped in plastic film. The tertiary
package is included as one-way wooden pallets (Mourad et al., 2008). Gazulla et al.
(2010) assume that wine is packed into glass bottles with corks, labels and tin caps, and
then packed into cardboard boxes and later onto pallets. Cordella et al. (2008) mention
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that including glass bottles and steel kegs as primary packages for beer and also
mention taking the secondary and tertiary packages into consideration (even though the
materials of secondary and tertiary packages are not specified in the article). Keoleian et
al. (2004) specifically study the delivery system of a yogurt product. They include the
life cycle of primary package as well as all additional packaging needed during
transportation (Keoleian et al., 2004). The pallets, plastic wrap, corrugated boxes and
box liners included in the study are all referred to as secondary packaging (Keoleian et
al., 2004). However, given the nature of these packages and the scope of the study, it
may be concluded that the term secondary may also encompass tertiary packages. The
reader gets the same impression from the milk packaging study (Ingwersen, 2012), even
though the terms tertiary and secondary packaging are not clearly defined in the article.
Humbert et al. (2009b) include in their study of spray-dried soluble coffee all three
package levels, from cradle to grave. They include different primary package
alternatives, cardboard boxes as secondary packages, and pallet and plastic wrappings
as tertiary packages (Humbert et al., 2009b). In the studies of Zufia and Arana (2008)
and González-García (2013) it can be concluded that all necessary package levels are
taken into consideration, and that tertiary packages do not exist in this particular
distribution chain of fish meals. For example, Zufia and Arana include the plastic tray
as primary packaging for the tuna meal and describe the distribution chain from
manufacturer to retailer, which includes cardboard boxes, ceramic containers and
polypropylene trays (Zufia and Arana, 2008).

2.4.5

Used functional units

In more than half of the articles, the functional unit is constructed based on one serving
(Davis and Sonesson, 2008; Büsser and Jungbluth, 2009; Humbert et al., 2009a;
Humbert et al., 2009b; Mattila et al., 2012) or one consumer package (Ziegler et al.,
2003; Koroneos et al., 2005; Büsser and Jungbluth, 2009; Gazulla et al., 2010; Nilsson
et al., 2010; Espinoza-Orias et al., 2011; Röös et al., 2011; Singh et al., 2011; Fantin et
al., 2012; Point et al., 2012; Neto et al., 2013). Zufia & Arana (2008) use a 2-kg tray as
a functional unit for pasteurised tuna with tomato, which is assumed to be a relevant
portion size for the target clients in catering, retail and distribution chains. Some authors
use one kilogram as a functional unit (Andersson, 2000; Röös et al., 2010; Svanes et al.,
2011) or one litre (Cordella et al., 2008; Amienyo et al., 2012) of the product, even if
the package size differs slightly from that amount.
In nine articles, the functional unit is chosen to be an even, large scale number of the
product (e.g. 1000 litres of milk) (Andersson, 2000; Eide, 2002; Zabaniotou and
Kassidi, 2003; Keoleian et al., 2004; Singh et al., 2006; Mourad et al., 2008; Madival et
al., 2009; Levi et al., 2011; Milà i Canals et al., 2011; Bengtsson and Seddon, 2013;
González-García et al., 2013) or the package (e.g. 505 multipacks of beer) (Talve,
2001). Hanssen et al. (2007) choose the functional unit as the amount of beverage
products consumed per capita in Norway in the year 2000, which is a realistic scale for
different beverages, but on the other hand may only be related to Norwegian
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consumption behaviour. A similar approach is used in the study on consumption on
carbonated drinks in the UK (Amienyo et al., 2012).
In more recent articles, the newest way to construct the functional unit is to base the
amount on the nutritional value of the food. Gunady et al. (2012) use 1 kJ of nutritional
energy equivalent of strawberries, lettuces and white button mushrooms as a functional
unit. Ingwersen (2012) goes one step further: he tailors the nutritional value of fruit to
the recommended daily allowance and uses one USDA serving of fruit as a functional
unit in his pineapple study.
Some articles exploit the functional unit more precisely, describing life cycle stages that
are included in the study (Andersson, 2000; Talve, 2001; Eide, 2002; Zabaniotou and
Kassidi, 2003; Ziegler et al., 2003; Keoleian et al., 2004; Büsser and Jungbluth, 2009;
Humbert et al., 2009a; Nilsson et al., 2010; Röös et al., 2010; Dobon et al., 2011;
Espinoza-Orias et al., 2011; Levi et al., 2011; Röös et al., 2011; Singh et al., 2011;
Svanes et al., 2011; Bengtsson and Seddon, 2013; González-García et al., 2013). Figure
4 illustrates how some of the functional units in these articles include a description of
the system boundaries of the study.

Figure 4: Descriptions of the functional units along the life cycle of the studied package (and
food item)
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Andersson (2000) includes in the functional unit a note concerning how food waste has
taken into consideration. Others who take food waste into consideration do not mention
this within the functional unit. The CEN technical report on packaging LCA states that
within the functional unit, it might be important to define the packaging performance,
such as the required strength of packaging or the preservation quality of the foodstuffs
(CEN/TR 13910, 2010), of which have been an admirable goal in Andersson’s (2000)
functional unit.

2.4.6

Studied environmental impact categories and inventory results

Figure 5 presents the environmental impact categories and inventory results studied
within the 37 articles. The pillars represent the number of times a certain environmental
impact category or life cycle inventory result occurs in the studies. In the figure below,
the environmental impacts or inventory results that are only taken into account in a
single article are excluded (the environmental matters left out are non-carcinogens,
winter smog, chemical oxygen depletion, radioactive waste, heavy metals in the air and
pesticides).

Figure 5: Number of occurrences of different environmental impact categories or inventory
results in the studied 37 articles divided between articles which focus on the food-packaging
combination or only on packaging
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As presented in the figure above, it is worth noticing that all 37 articles include climate
change or global warming as a studied environmental impact. As some articles are
considered to be carbon footprint articles (Röös et al., 2010; Espinoza-Orias et al., 2011;
Milà i Canals et al., 2011; Röös et al., 2011; Gunady et al. 2012), this is the only studied
impact category in them. These single impact category indicators are easy to
communicate but offer only limited meaning in terms of overall environmental
assessment (CEN/TR 13910, 2010). Acidification and eutrophication, both studied in 24
articles, are also very frequently used environmental impact categories. Nearly as
frequently included as an environmental impact category is ecotoxicity, with 20 articles
studying either terrestrial or aquatic ecotoxicity. Photochemical ozone creation
potential/photochemical oxidation is also quite often taken into account as an
environmental impact category (found in 19 articles). In addition, the ozone layer
depletion included in 17 and ecotoxicity (terrestrial and aquatic ecotoxicity) in 15
articles can be highlighted here.
As presented in Figure 5, energy consumption is presented in the results in nearly half
of the articles. Some articles also specify the source of energy as fossil or nonrenewable fuels. The other life cycle inventory results mostly consider the varying kinds
of resource use.
For these six most often occurred impact categories, the majority of the articles were
studies which included both the impacts of food and the packaging. It has to be noted
that the majority of all the articles studied (73%) took both the food and the packaging
into account, and thus, strong conclusions cannot be drawn about the incidence of these
impact categories because they occur in same relation as the articles are divided into
food-packaging or packaging only LCAs.
Water issues (consumption/depletion and footprint) were strongly linked only to the
food-packaging studies, and of those, only to seven. Only one packaging only study
took into account the water consumption in the packaging life cycle. This was the study
of Humbert et al. (2009a) in which they included the consumption of water when
comparing baby food packages made out of glass and plastic composites. They found
that the water consumption for the glass jar was slightly lower than that of the plastic
pot, but reminded that because of uncertainties in the databases, no real ranking can be
made.
Land use issues were studied only in seven articles, four of those being packaging only
LCAs. It could have been assumed that land use issues would have been more often
studied, particularly when studying agricultural products and packaging materials, of
which raw materials cause changes in the use of land (forestry and mining (for glass and
metals) in particular). Xie et al. (2012) compared plastic with fibre-aluminium
composite and found the impacts of the latter mainly deriving from the fossil fuels, land
use and respiratory inorganics categories, while the impacts of the plastic packaging
mainly come from the use of fossil fuels. Their results preferred the plastic package
instead of the composite; not because of its greater land use impact but because of the

2.4 LCA studies conducted for food packages

45

difficulty to recycle the materials in the composite. In the study of Humbert et al.
(2009a) the land use impacts of plastic packaging were much lower than the land use
impacts of glass.
In the studies on beer (Cordella et al., 2008), wine (Neto et al., 2013) and yogurt
(González-García et al., 2013), both the packaging and the food product were studied.
In case of beer, the land use is the second greatest environmental impact after the use of
fossil fuels, but presumably this is most due to barley cultivation rather than to the glass
bottles or steel kegs, of which the steel kegs had a slightly lower land use impact
(Cordella et al., 2008). Also in case of wine, the viticulture comprised most of the land
use impacts (88.7%), and glass bottles were the second most influential contributor with
a share of 10.7% (Neto et al., 2013). It has to be noted, that 61% of the glass used for
bottles was recycled glass, and if the share of virgin glass would have been greater, the
land use impact of bottles would have increased as well. The results of Neto et al.
(2013) also show the low relative contribution of the plastic packaging to the total
impacts of the yogurt system.
Assessing land use was maybe not common in the articles representing the early 21st
century, but as more recent articles are reviewed, it has become more popular (Cordella
et al., 2008; Humbert et al., 2009; Madival et al., 2009; Nilsson et al., 2010; Dobon et
al., 2011; Xie et al., 2012; Bengtsson and Seddon, 2013; González-García et al., 2013).
When comparing the included inventory results and impact categories in these articles
to the recommended GPPS indicators (Table 6), it can be seen that none of these articles
reported all 14 suggested life cycle indicators. Nevertheless, two articles studied in
practise all those recommended indicators because the missing indicators in the articles
of Humbert et al. (2009a) and Bengtsson and Seddon (2013) did not show the life cycle
inventory results of cumulative energy demand and non-renewable resource depletion.
Those results must have been calculated in order to get the final results for some of the
impact categories but were not reported in the articles. Just behind these two articles
was the study of Cordella et al. (2008) where non-renewable resource depletion and
photochemical ozone creation potential (POCP) were excluded.
These aforementioned three articles represent the best of the bunch in terms of the
coverage of different environmental life cycle indicators. But more interesting is to
analyse the articles, that picked only one or a couple of life cycle inventory results or
impact categories and to try to find out the reasons behind the limited selection of
indicators. Of the articles that studied only global warming potential, the studies of
Röös et al. (2010; 2011) focused on the uncertainty analysis of carbon footprint
calculations rather than resolving a more complete image of food-packaging
combinations for potatoes and pasta. Similarly, the aim of the study of Espinoza-Orias
et al. (2011) was to compare the GWP calculations made based on PAS2050 and ISO
14044 methodologies. The study of Milà i Canals (2011) focused on greenhouse gas
emissions because they have been identified as the main theme in the environmental
program in the company under investigation, Unilever. They acknowledged that GHG
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assessment needs by its side other environmental indicators and mentioned sustainable
sourcing as one. Gunady et al. (2012) studied the global warming potential of Australian
easily perishable products and their supply chain in the Australian horticulture sector in
order to find the hot spots and mitigation strategies in a sector where GHG emissions
continue rising. They did not discuss the relevance of other impact categories in this
scope.
The majority of the articles reviewed included often global warming potential (GWP),
acidification potential (AP), (aquatic) eutrophication potential (EP), photochemical
ozone depletion potential (POCP), ozone depletion potential (ODP) and (freshwater)
ecotoxicity potential, in this order of occurrence. Next, discussed will be the articles
where these ‘big six’ categories were studied including the possible reasons for their
selection.
Ziegler et al. (2003) made the selection of impact categories based on the issues that are
relevant to the food or in this case to fish, their habitat in the sea and the seafood
production. Limitations in the indicator selection were also discussed only through
fishing. In another fish LCA study, the rationale of Svanes et al. (2011) was similar to
Ziegler et al. (2003), although packages were discussed more, and they also pointed out
the importance of assessing the environmental impacts of the whole fish value chain,
not just fishing. In the article of Davis and Sonesson (2008), the choice of impact
categories was not justified. From their results highlighted can be the relatively high
contribution to POCP from the production of plastic packages for the chicken meals
under investigation. Nilsson et al. (2007) state clearly, that the selection of impact
categories was made based on food production systems (margarine and butter). Levi et
al. (2011) base their selection of impact categories to the study two different transport
packages on the recommendation the Environmental Product Declaration (EPD),
international system of certification and communication of the environmental
performances of products and services. Fantin et al. (2012) also base their selections on
PCR (product category rules) for milk, but acknowledge that it would have been
valuable to consider the impact categories of toxicity and land use outside the PCR list.
The issue of choosing relevant impact categories and inventory results food foodpackaging LCAs is further discussed in chapter 3.5.5.

2.5 Package relation to food waste
In the introduction of this thesis, the amount and causes of food waste were presented in
general and briefly discussed in terms of the whole food supply chain. This section
concentrates on the distribution, retail and consumer stages of the food supply chain,
because food waste in those stages can be affected by packaging. Before proceeding to
the capabilities of packaging to prevent food waste, let us first take a closer look at the
causes of food waste after the food has been packed. In retail, food waste may occur due
to the breakage of products when one opens the secondary packaging or breakages
when one shelves wobbly secondary packages. It may occur simply due to the inability
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to sell the product because of deterioration, expiration of the best-before date, or failure
to achieve quality standards by weight, size, shape and appearance of crops. In
transportation, the reasons for food waste include spoilage due to omissions in securing
and loading the pallets or due to transport in incorrect conditions (for example, transport
in the wrong temperature). In warehouses, waste may occur due to breakages when too
weak or unstable packages are handled or may occur due to deterioration, which
especially affects fruits and vegetables. Also unreadable bar codes may result in food
losses. (Stuart, 2009; FAO, 2011; Niinivaara, 2011; Verghese et al., 2013.)
Food waste caused by the consumer happens because of various reasons. These include
preparation of too much food for meals, preparation discard, plate waste, spoiled
leftovers and breakage, spillage and package failure, unnecessary discard through the
misuse of the “best before” date and “use by” date, or incorrect storing (Kantor et al.,
1997; Parfitt et al., 2010; Gunders, 2012). Overall, in developed countries, the
abundance and consumer attitudes lead to great amounts of wasted food. This is
contrary to what occurs in developing countries, where the people simply cannot afford
to act similarly. Large packaging sizes, “get-one-free” bargains and impulse buys tempt
consumers in developed countries to buy more food than they actually need (Stuart,
2009; Parfitt et al., 2010). Researched consumer attitudes towards food and packaging
waste are also revealing: more than half of the British consumers studied considered
packaging waste more harmful to the environment than food waste. This is due to the
widespread belief that because food waste is biodegradable, it therefore composes no
harm to the environment (Cox and Downing, 2007). In a Swedish study, the results are
more comforting: 96% of the respondents considered food wastage as a bad thing
(Williams et al., 2012).
A study using waste diaries kept by consumers estimates that approximately 20–25% of
household food waste may be caused by issues related to packaging. Indeed, packagingrelated food waste can be attributed to three major reasons: the packaging sizes are too
big for consumer needs, the package is too difficult to empty and the best-before date
has passed. The study does not take into account aspects such as insufficient
resealability or too little packaging (for example of fruits and vegetables), and therefore,
the wastage percentage due to packaging may well be even higher. (Williams et al.,
2012) In a Norwegian study, it is presented that the major reason (60%) causing food
waste on the consumer level is passing the expiration date. The second most common
reason is the bad quality in the food (around 35%). The next two reasons are related to
packaging: about one third of times the reason is too much food in a packaging and one
fourth a bad packaging. (Hanssen et al., 2012.)
It has been stated that the environmental impacts of packaging could be allowed to
increase if the new packaging reduces food waste. The potential for reducing food waste
through more protective packaging is greatest for food products with a high ratio
between the environmental impacts of the packaging and the food, such as cheese.
(Williams and Wikström, 2011.)
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The most obvious role of packaging in preventing food waste is the protectiveness of
the package and its mission to enhance food product longevity. It has been estimated
that 3% of potatoes sold loose in bulk deteriorate in stores due to exposure to light
(Morrisons, n.d.). Resealable packages, for instance for cold cuts, cheese or milk, can
increase the time the food remains edible after one opens the package by preventing the
food from drying, hardening and spilling (Redlingshöfer and Soyeux, 2012). Fragile
products such as pastries or easily bruising fruits and vegetables can be better protected
with packages (BIOIS, 2010). Verghese et al. (2013) emphasise the need of designing
fit-for-purpose packaging by finding the optimally protective primary, secondary and
tertiary packaging for the distribution chain in question without over-packing.
When household sizes are getting smaller, the need of smaller packaging sizes is also
evident. Other examples for primary packaging considerations to reduce food waste is
introducing sub-divided packs which allow consumer to use only a portion of the food
while the rest remains well protected, and detailed storage advice on the label.
(Verghese et al., 2013.)
If considering in more depth fruits and vegetables (which are the focus in Publication
IV), different packaging-related aspects contribute to the prevention of losses. Fruits
and vegetables might have been packed only in transport packages; however, in some
cases primary packaging, such as dividers, trays and wrappings, can be used to further
protect the products. For example, cucumbers without plastic wrappings stay sellable
for three days, as opposed to cucumbers wrapped in plastics, which stay fresh for 14
days because of the ability of the wrapping to maintain the water content of the product
(Morrisons, n.d.). Different packaging material properties may result in a preference for
some materials over others in terms of protecting the fruit and vegetables. These
properties include respiratory and barrier properties, the ability to maintain optimal
humidity conditions, and the adaptability of the packaging to any specific treatment the
product may require (López Camelo, 2002; Chonhenchob and Singh, 2003; Remón et
al., 2003). In the respiration process after harvest, the carbohydrates, proteins and fats in
the fresh produce are broken down with help of oxygen into carbon dioxide, water and
heat (Kader, 1992; Mokkila et al., 1999). The fruit or vegetable thus uses its starch or
sugar reserves before starting to age and decay. This respiration process is dependent on
good air supply and ventilation. A restricted oxygen supply can cause fermentation
instead of respiration. Accumulation of carbon dioxide around the produce causes bad
flavours and a failure to ripen; thus, the proper ventilation is required (FAO, 1989). By
decelerating the respiration rate, the aging process of the product can be slowed down
and the shelf life prolonged (Mokkila et al., 1999). This can be achieved also by
packaging material, which in the right amount penetrates oxygen and carbon dioxide
(Ahvenainen-Rantala, 2007).
In addition, it has been stated that the placement of the products in the transport
package, whether packed in single or multiple layers or in horizontal or vertical
placement (especially with elongated fresh produce like papayas), may impact the
condition of some fruits and vegetables (Chonhenchob and Singh, 2003; Chonhenchob
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and Singh, 2005). Furthermore, the conditions during transport and storage may be
optimised through packaging. Different packaging materials have different
responsiveness to the vibration caused by transportation (Chonhenchob and Singh,
2003). Correspondingly, packaging materials have different heat transfer characteristics,
which affect the ability of the package to adjust to the optimal storage temperature for
the specific fruit or vegetable (Singh, 1992) or for any food product requiring storage at
a certain temperature.
There are many ways to develop packages to prevent food waste. Shelf-ready packages
reduce the risk of packaging failure due to (improper) handling (Verghese et al., 2013).
Food package labelling and consumer understanding of dates and food storage
conditions (Parfitt et al., 2010) could both be improved. Coherence in date labelling
across Europe, for instance, might direct consumers to make the most of the food they
purchase (BIOIS, 2010). Packaging technologies such as multi-layer barrier packaging,
modified atmosphere packaging, aseptic packaging and moisture absorbers (Verghese et
al., 2013) are already widely used techniques to extend the product shelf life. Radio
frequency identification (RFID) tags in packages will not only allow to trace where the
packaging has been earlier, but also warn about the approaching sell by dates or ‘out of
stock’ situation (Verghese et al., 2013).
Innovative developments in packaging e.g. through nanotechnology and material
science have the potential to further increase the shelf life and reduce food waste (Parfitt
et al., 2010). Advanced packaging technologies are based on indicators that are usually
in form of a sticker or printed directly on the packaging (Laurila, 2012), scavengers
which absorb ethylene or remove oxygen or coatings which are edible (Verghese et al.,
2013). The indicators can react to changes 1) in temperature, if the product has been
exposed to warmth; 2) in oxygen, if the packaging has been opened or sealed poorly; 3)
in volatile compounds, which reflect the freshness of the food; or 4) in humidity, when
indicators detect the excess humidity on products sensitive to moisture (e.g. crisp food
stuffs) or detect if the humidity level is not as high as it should be (e.g. fruits and
vegetables) (Laurila, 2012).
The indicators that detect the spoilage of the goods are much more intelligent and
flexible compared to traditional “best-before” or “use by” dates, and thus may offer
prolonged shelf life for the product. The same applies to the detection of improper
storage conditions, which may be improved at least by adjusting the humidity
conditions of fruits and vegetables. It could also be possible to succeed in selling the
product even when its shelf life is reduced, if the product has been discounted at an
earlier stage, i.e., as soon as the faster ageing had been detected. Verghese et al. (2013)
remind though that some studies have shown that the active or intelligent packaging has
to first gain consumer acceptance before it can be found useful in prolonging shelf-life.
Löfgren and Witell study the quality attributes related to packages valued by consumers.
The four most valued quality attributes are the prevention of leakages, the packing date
and the best-before date, the protection, and the declaration of contents (Löfgren and
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Witell, 2005). It can be noted from these results that the most valued quality attributes
can also prevent product waste (Williams and Wikström, 2011). However, a rising trend
in consumer preference is the pre-preparing of food stuffs, which may shorten the shelflife of for example fresh vegetables if they are washed, peeled and cut, even when
packed properly. But, then again, the food preparation waste is generated in factories,
where it is more likely recycled with regularity rather than in homes. (Verghese et al.,
2013.)

2.6 Theory synthesis
The theoretical foundation of this thesis can be found in the discussion of the
sustainability of food packages. In chapter 2, different definitions of sustainable
packages, legislative and voluntary guidance for optimal packages, and practices used in
assessing the environmental impacts of food packages in LCA studies have been
provided and discussed. Finally, the role of packages in preventing or causing food
waste has also been discussed.
Definitions for sustainable packaging vary slightly in their emphases, and the indicators
and metrics available to help the packaging designer also vary. More variations can be
found in the LCA practises in the studies reviewed. In those few LCA studies where
food waste and environmental impacts thereof were assessed, the results indicate that
the environmental impacts of the food waste are quite significant. Also, the costs of the
unnecessarily wasted food are noteworthy.
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The research contribution of this thesis is presented simply in Figure 6. The process of
aiming at sustainability in food packaging is presented within the circle.

Figure 6: The research contribution in this thesis presented in a circle of constant improvement

In order to achieve a goal, that goal must first be determined. Hence, the goal of
sustainability is first determined in particular regard to food packages. As presented in
the theoretical foundation of the thesis in chapter 2, definitions for sustainable
packaging already exist. The author is taking these definitions into consideration and
uses them to build food packaging specific requirements with the inclusion of food
waste. Food waste might comprise a single most significant environmental impact in
food packaging combination. In order to examine this claim, the author first studies how
relevant the environmental impacts of the packaging itself are in the case of each of
three food items (sliced dark bread, whole meat cold cuts and a Soygurt drink). After
that, the significance of the environmental impacts of food waste is studied and
compared to the food-packaging combination. The phrase ‘environmental impacts of
food waste’ here means the environmental burden that is caused during the life cycle of
the uneaten food and is thus caused unnecessarily. As packages have been a favourite
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topic of LCA practitioners throughout the history of life cycle modelling, many LCA
studies have been conducted for food packages. However, as seen in the literature
review of chapter 2.4, the studies are sometimes made for the packages alone,
neglecting the food product and the important properties required of the packaging
because it holds the food. It has been even rarer to include the food waste into a food
packaging LCA study. This has been done for only a few food products, such as coffee,
butter, chicken meals and bread. Erlöv et al. (2000) were among the first to shift the
focus from packaging to the food it contains.
Now that some of the fundamental information of the environmental impacts of
packages and food waste has been acquired, it is time to place that information into a
wider scope and to begin to improve and make the food packaging more sustainable
during its entire life cycle. Many of the environmental, social and economic properties
of the product are already determined in the product design phase. For example,
approximately 65% or more of the life cycle costs of the product are already locked in
during the design phase (Followell, 1995; Yates and Beaman, 1995). This indicates that
more efforts should be exerted in the design process of food packages as well. Verghese
et al. (2012) remind that selecting the optimum packaging for each product group is
essential in every company’s sustainability strategy. Therefore, the next step is to
present a process for packaging and food item design which more systematically takes
into account the prevention of food waste without forgetting the main tasks the
packaging has. Criteria, indicators, metrics, checklists and different tools promoting the
sustainability of packages are useful, but the packaging designer might not know how to
implement them in traditional packaging design processes. Here, a step-by-step process
is introduced for a more sustainable packaging-product design.
In order to be sure about the effectiveness of the choices made in the packaging design
process, the package should be assessed scientifically. There are various methods for
assessing sustainability, but this thesis concentrates on life cycle assessment, as this has
been used here in Publications II, III and IV. The literature review of LCA case studies
for food packages illustrates that there are various ways of conducting an LCA. The
method of LCA is discussed critically and recommendations are given as to how the
assessment could be conducted for food packages in order to achieve more revealing
results that encompass also the food waste issues.
Food package life cycle studies focus usually on the environmental impacts, but the life
cycle costs or especially social impacts are seldom studied. All three pillars of
sustainability are taken into account in Publication IV. The usability of the life cycle
costing and life cycle working environment methods are evaluated within this thesis and
complement the sustainability assessment for food packages.

3.1 Determining sustainable food packaging

3.1
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In chapter 2, different definitions for sustainable packaging and various indicators and
metrics were presented. These definitions and indicators encompass admirable features
and goals for achieving sustainability, but are broad general definitions for all types of
packaging. Especially in the case of specific product groups, as in food products,
specific requirements could be built.
As can be seen from Table 6, the Global Protocol on Packaging Sustainability (GPPS)
proposes numerous environmental impact categories and inventory results in assessing
environmental impacts. The attributes also include social indicators that are connected
mostly to the working environment relating to the value chain of packages. The social
attributes in the corporate environment cover issues and challenges, which are very
much dependent on the area where operations are located. For example, the use of child
labour is not considered as a problem in developed countries. The same applies to the
environmental impact categories; for example, global warming is evident all over the
world, but the significance of e.g. aquatic eutrophication is dependent on the receiving
environment. Therefore, it would be advisable to direct some of the criteria to certain
cultural or geographical areas. Before one excludes certain criteria, there must naturally
be knowledge of where different materials and components of the packaging are
acquired and manufactured.
The GPPS social attributes relating to the use of the packaging are very low in number,
covering only the shelf life of the packed product. In addition, some of the social
attributes found on the corporate performance checklist are confined to the corporation
itself, as the name implies. For example, remuneration, discrimination and freedom of
association are connected more to the prevailing system and regulations rather than only
to packages or to the employees in the packaging industry. It is not the author’s
contention that these would not be important issues to deal with, but if these kinds of
problems occur, they do not arise from the fact that the factory manufactures packages,
or any other product, for that matter. In this thesis, the aim is to bring the sustainability
requirements referred to in Figure 7 closer to the package itself, and to tackle the issues
that can be influenced by a different kind of packaging design.
Some criteria provide a comprehensive but simultaneously wide palette of different
indicators and metrics. If the most important criteria do not stand out from great range
of requirements, it may discourage the overall use of these frameworks. The use of these
criteria and indicators could become more general if pre-selections were already made
of the most important criteria for certain packed product types and certain operational
areas. In this thesis, the sustainability criteria for food packages are defined more
specifically. The viewpoint expressed here is generally that of developed countries, and
especially of Finland, where challenges and the operational environment are different
from those in developing countries (but in certain developed countries as well).
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Figure 7 presents the three pillars of sustainability from a food packaging perspective.
In this figure, the sustainability of food packaging comprises different aspects of social,
environmental and economic requirements deemed important for the food packaging to
fulfil. A portion of the requirements are naturally similar to the criteria for sustainable
packaging presented in chapter 2 in this thesis, but the division into the three pillars and
the phrasing and selection of the requirements are original.

3.1 Determining sustainable food packaging

Figure 7: Requirements for sustainable food packaging
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In a more general sense, sustainable food packaging may represent the four bulleted
requirements found below. These requirements are built in such a way that they firstly
take into account the whole life cycle and secondly take into account both the packaging
and the food. The emphasis on the packed product is something that is not present in
most of the current definitions for packages. The upper, general-level requirements are
divided into sub-requirements which define them in more detail. For the sake of
simplicity, the term ‘food’ refers to all products used for nutrition, whether food or
drink.
 Minimises the environmental impacts of the packaging itself as well as the food
item in all life cycle stages
It should be emphasised that the minimising of the overall environmental impacts
of the product-packaging combination is the aim of this requirement. This is due to
the fact that the packaging itself is not a stand-alone product and due to the
assumption that the packaging does not usually cause great environmental impacts
compared to the food product itself. However, the packaging is still vital in the aim
to lower the environmental impacts of the food product if it allows minimising the
food waste generation. Another issue of note concerning this aim is the avoidance
of shifting of burdens. That is, optimal environmental performance should be found
without the shifting of environmental burdens to other environmental impact
categories, production systems or life cycle stages. To minimise the risk of shifting
of burdens, conduction of a life cycle assessment is recommended.
The requirement encourages the reduction of the use of material and energy, but not
at the expense of the functionalities the packaging has to fulfil. Renewable and
recycled materials are preferable, but only if the material available can be sourced
locally. For example, the use of recycled material may not have an intrinsic value if
the recycled material is acquired far away from the manufacturing location, to the
extent when the transport emissions and cost exceed the environmental benefits that
could be achieved using recycled material. Here again, a comprehensive and
systematic analysis is preferred to avoid the shifting of burdens.
In the waste hierarchy, reuse, material recycling and energy recovery are promoted
over the landfilling of materials. Above all, closed loops in package reuse as well as
material recycling are preferable in order to avoid downcycling to products of a
lower degree of processing and the loss of processing inputs and achieved material
properties at the same time.
 Cost-effectiveness in all life cycle stages
Cost-effectiveness is a requirement which is not often elaborated on (except for in
Svanes et al. (2010)). Here, the sub-requirements are constructed to cover the costs
of the whole life cycle of the product-packaging combination, beginning with the
cost-effective use of raw materials or recycled materials and ending with the
requirements concerning the end-of-life (EoL) phase. Within the EoL requirements,
the characteristics of the area wherein the waste is created are emphasised: if one
uses material which can be recycled into new products, this is only recommended
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when there is demand in the market for that particular recycled material. Also, it
would be beneficial to clarify the availability of a cost-effective waste management
option in the area where the waste is created already in the packaging design phase.
This would reduce not only costs but also environmental impacts, and would
increase consumer acceptance as well.
Prevention of food waste is presented in three sub-requirements within the
economic requirements. The most obvious economic advantage is the avoidance of
producing new food as a replacement or producing new packaging if the food is
delivered in good condition to the final consumer. Food waste can be seen as costs
to whomever they occur in the value chain. Having to produce, manufacture,
transport, buy or offer a new product to replace the damaged or spoiled item always
represents the use of extra money.
Other requirements in the economic category for preventing food waste relate to
efficient use of space and the role of the package to assist selling. Use of space in
transport, retail storage, shop shelves and home storage is usually evaluated to be
efficient from a cost perspective. A space-efficient size also allows for the proper
storage of the food, which prevents food deterioration and thereafter food waste
(Williams et al., 2008). As one function of the package is to assist in sales, it should
be appealing, so that the consumer will buy the product. From this point of view,
the packaging also prevents food waste when the consumer is enticed to take the
product off the shop shelves. From an environmental viewpoint rather than from an
economic perspective, while the marketing functions of packaging are well
recognized, it also contributes to the environmental impact towards potentially
unnecessary consumption. Consumers may be tempted to buy too much of the
product, of which a portion may well eventually end up in the trash can, which just
moves the origin of the food waste further along in the value chain.
 Healthy and safe packaging and food for all users in all life cycle stages
What is meant by this requirement is that materials that can be toxic in any life
cycle stages should be avoided, the hygiene of the food item should not be
compromised during the production and distribution chain, and the package should
not cause any risk of accidents. To ensure the safety of the food, the packaging
should be tamper-evident, and the migrating of materials and additives into the food
should be prevented. In this requirement, all the users who handle the packaging or
packaging materials and waste, from cradle-to-grave, should be considered.
 Beneficial to the user in all life-cycle stages
Packaging being beneficial from a social perspective serves a dual purpose.
Packaging should be beneficial to the product and should add value for the user
when using the package. Packaging should protect the product from chemical,
biological and physical influences and provide adequate protection so that the food
is preserved at the designed time under the designed conditions. These requirements
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are naturally important when one considers the package role in preventing food
waste.
Convenience of use consists of different requirements that make the packaging
easier to use during its life cycle. These include not only the functionalities which
the consumer prefers, such as easy opening, resealing, dosing, emptying fully, and
separating into different waste categories, but also the functionalities that are
convenient in transport (light weight, optimised volume), in stores (easy shelving
and handling) and in the end-of-life phase. Convenience in the end-of-life phase
means that an economically reasonable recovery system is available and nearby the
place where the waste is created, and in terms of environmental impacts, the option
can be considered sensible. Prevention of food waste in this set of sub-requirements
is ensured by the packaging functioning at its best capabilities in the handling,
resealing, dosing, and emptying fully thereof. It is ensured as well as by
acknowledging that consumers are able to choose the right quantity of food for their
needs from a range of packaging sizes. As household sizes are nowadays
decreasing, with a growing number of single households with young adults and
senior citizens (Klinenberg, 2012; Official Statistics Finland, 2012a; Australian
Bureau of Statistics, 2013; Official Statistics Finland, 2013), the need for different
packaging sizes is growing (Verghese et al., 2013). The single-serving packaging
sizes are also preferred in families when life styles are not as routine as they use to
be, and convenience food and semi-prepared meals are consumed more often,
replacing traditional family meals eaten together.

The significance of these requirements, especially in terms of the prevention of food
waste and thus avoidance of environmental burdens, is discussed in the following
chapters. The environmental impacts of the packaging compared to the food item itself
and further the environmental impacts of food waste are assessed in the next two
chapters so as to investigate the significance of different contributors in the life cycles
of certain food-packaging combinations. In chapter 3.6, the economic and social pillars
are further discussed through an evaluation of the ability of the LCC and LCWE
methods to gain knowledge on fulfilling the economic and social requirements for
sustainable packaging.

3.2 Role of packaging in the total environmental impacts of food
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3.2 Role of packaging in the total environmental impacts of food
This chapter and the following chapter 3.3 present the LCA study made in the
FutupackEKO2010 project. The goal of the study was to compare the environmental
impacts of different food packaging options and to present the environmental impacts of
different contributors (food, packages and food waste in their different life cycle
phases). By this, the aim was to validate the additional value which the packaging
brings to the food packaging system and to improve the acceptance of packages as a
part of sustainable business. During the project, three food items and alternative
packaging options for each were studied in terms of global warming, eutrophication and
acidification potential. The three food items are sliced dark bread made of rye, whole
meat cold cuts (ham) and a Soygurt drink (a fermented, soy-based, yoghurt-like
product). To our knowledge, there have not been many studies published on ham or
soy-based drinks, especially related to the Finnish food chain. There have been some
studies on milk-based yoghurt (González-García et al., 2013) and some on wheat bread
(Andersson, 2000; Espinoza-Orias et al., 2011). Out of the two bread studies, Andersson
(2000) excluded the food losses, but Espinoza-Orias et al. (2011) assumed a 10 % loss.
Both of the studies included the primary packaging of the bread. Andersson (2000)
included several different environmental impact categories, but Espinoza-Orias et al.
(2011) assessed only the global warming potential. The inclusion of food waste is
interesting especially for the yoghurt products, as it depends a great deal also on the
form of packaging, how completely it can be emptied. González-García et al. (2013)
assumed a 10% loss in the consumer phase and acknowledged the avoidance of loss as
one possible issue to lower the environmental impact of the system.
The system boundaries for the case studies are presented in Figure 8. The functional
unit of the study is 1000 kg of each product consumed by the consumer.
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Figure 8: Generic system boundaries for the FutupackEKO2010-study for cold cut (ham), sliced
dark bread (rye) and Soygurt drink studies (Publication III)

The data regarding the food products are derived in most cases from the primary sources
of the production chain. Average data from the literature and databases have been used
when primary data were not available. The data represent the real geographical areas in
the production chains of the food products. The bread and ham are produced in Finland,
as is the Soygurt, but the soybeans are cultivated in the USA. The data concerning the
manufacture of packaging were obtained from the producers in all three cases. The data
for the production chains of packaging raw materials were mainly based on secondary
data sources of Plastics Europe (2009) and European Aluminium Association (EAA,
2008). The data for liquid packaging board (LPB) were obtained from the LCA study
made by the manufacturer, for corrugated board, the LCA study on the average Nordic
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corrugated board was obtained from the Finnish Corrugated Board Association
(Hohenthal and Wessman, 2003). The data is the latest available, representing the 21st
century technology.
The packaging alternatives for the food items are presented in Table 7. The system
included the primary packaging alternatives for all three food products, as well as
secondary and tertiary packaging for Soygurt; the reusable PE boxes of the bread and
ham were excluded. In the last column of the table, the food waste scenarios for the
amount the consumer is expected to discard in the household are presented for each
packaging alternative. These amounts were decided based on the consumer survey done
for these types of food products and packages as well as on emptying experiments in the
case of Soygurt. The online consumer survey was carried out for each product group.
The survey had over 500 respondents aged 18–64 for each product group.
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Table 7: Packaging alternatives for the food items and corresponding household food waste
scenarios (Publication III)
Primary packaging
(material)
Soygurt
Baseline:
Liquid
packaging
board (LPB)
Alternative 1:
Plastic beaker
(PP cup)

Liquid packaging board
with aluminium barrier
(aseptic brick shape
packaging)
Polypropylene cup
with aluminium cover

Bread
Baseline:
PP based bag for
9 slices (PP9)
Alternative 1: PP
based bag for 4
slices (PP4)
Alternative 2:
PE based bag for
9 slices (PE)
Alternative 3:
Paper based bag
for 9 slices
(Paper)
Ham
Baseline:
PE based plastic
laminate case
(PP/PA/PE)

Packaging size and
reference flow to the
functional unit, 1000
kg of product

Secondary;
tertiary
packaging

Household
food waste
scenarios

Corrugated
board (33 %
recycled
fibre); PE film

5%
8%
11 %

Corrugated
board (100 %
recycled
fibre); PE film

2%
4%
6%

500 g
(9 slices)
2000 packages
220 g
(4 slices)
4545 packages
500 g
(9 slices)
2000 packages
500 g
(9 slices)
2000 packages

PE boxes
(reused)

0 slices
0,5 slices
1 slice
0 slices
0,5 slices
1 slice
0 slices
0,5 slices
1 slice
0 slices
0,5 slices
1 slice

300 g and 150 g
(25 and 12 slices)

PE boxes
(reused)

0 slices
1 slice
2 slices

3333/6666 packages
300 g and 150 g
(25 and 12 slices)

PE boxes
(reused)

0 slices
1 slice
2 slices

3333/6666 packages
300 g
(25 slices)

PE boxes
(reused)

0 slices
1 slice
2 slices

3333 packages
150 g
(12 slices)

PE boxes
(reused)

0 slices
1 slice
2 slices

750 ml
1272 packages
150 ml
6361 packages

Polypropylene (PP)

Polypropylene (PP)

Polyethylene (PE)

Paper/PE
window

with

PP

lower case:
PE/PP/PA/EVOH
upper lid:
PE/PP/EVOH

Alternative 1: Carton
based plastic
laminate case
(carton)

lower case:
Carton/PE/EVOH
upper lid:
PP/PE/EVOH

Alternative 2: APET
based plastic
laminate case (300 g)
(PET 300)

lower case:
APET/EVOH/PE
upper lid:
PE/EVOH/PET

Alternative 3: APET
based plastic
laminate case (150 g)
(PET 150)

lower case:
APET/EVOH/PE
upper lid:
PE/EVOH/PET

6666 packages

PE boxes
(reused)
PE boxes
(reused)
PE boxes
(reused)
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Waste management options for the packaging waste differ regionally, and thus, four
scenarios were made for waste management modelling. The waste management
scenarios with two present state and two future scenarios are presented in Table 8. The
two present state cases represent the Finnish metropolitan area with average recovery
rates: one scenario without the energy recovery option (Scenario 1) and one with an
energy recovery option for mixed plastics (Scenario 2). In both of the present state
options, a share of the waste ends up in a landfill, and a part is sent for material recovery
and/or wastewater treatment. The other two waste management options are strongrecovery scenarios, of which the first emphasises energy recovery for all waste types
instead of material recovery or land filling (Scenario 3). The second scenario
emphasises material recovery for the materials that can be recycled with current means
(fibres and plastics of tertiary packaging at retail level), and the rest of the materials is
recovered as energy (Scenario 4). The references for the assumptions and data behind
the waste management modelling can be found in Publication III.
Table 8. Waste management scenarios modelled
Waste management
scenarios
Waste management
of different
materials
Product
loss,
Soygurt
Product loss, ham
and bread
Plastic packages
Carton/paper parts
of the packages
Liquid
packaging
board
Corrugated
(secondary
packages)

board

Scenario 1
Scenario 2
Name of the WM scenario
Present state
Present state with
without energy
energy recovery
recovery
Landfill
Wastewater
treatment
82 % composting 82 % composting
and 18 % to landfill and 18 % to landfill
Landfill
Energy recovery 99
%, 1 % landfill
Landfill
Energy recovery 99
%, 1 % landfill
62 % recycled and 38 % recycled, 7 %
38 % to landfill
to landfill and 55 %
energy recovery
Material recycling
92 % recycled, 8 %
energy recovery

Scenario 3

Scenario 4

Energy
recovery
scenario
Energy
recovery
Energy
recovery
Energy
recovery
Energy
recovery
Energy
recovery

Maximum
recycling scenario

Energy
recovery

Material recycling

Wastewater
treatment
Composting
Energy recovery
Energy recovery
Material recycling

The results of the study show that in most cases, the environmental impact of the
packaging production and the waste management of the packaging are negligible
compared to the food product itself. As can be seen in Figure 9, in the case of ham, the
major contributor to the global warming potential is the ham itself. The package
contributes a small fraction of the global warming potential.
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kgCO2-eq/t ham consumed
PET150, two slices
PET150, one slice
PET300, two slices
PET300, one slice
Carton 150, two slices
Carton 150, one slice
Carton300, two slices
Carton300, one slice
PP/PA/PE150, two slices
PP/PA/PE150, one slice
PP/PA/PE300, 1 slice
PP/PA/PE300, 2 slices

Production chain of ham
Production and waste
management of food waste
Production and waste
management of packages

0 1000 2000 3000 4000 5000 6000 7000

Figure 9: The global warming potential of 1000 kg of ham for different packaging alternatives,
assuming either one or two slices of ham per package ending up as waste. Waste management
scenario 1 (present state without energy recovery) (Publication III)

Table 9 demonstrates the contribution of the package to global warming for ham as well
as for bread and Soygurt. The table also shows the contribution to global warming of
the production and the waste management of the wasted food; this is discussed more in
the next chapter. The rest of the hundred per cent not shown in the table represents the
production chain of the food item itself, which constitutes the largest share in all cases.
The range of variation within the percentages in the table below results from different
packaging alternatives, different waste management scenarios, and different food waste
percentages.
Table 9: The contribution of the package and the food waste to global warming for the studied
food items in their package alternatives (including variation between different packaging
alternatives and waste management scenarios) (Publication III)

Ham, 150g
Ham, 300g
Bread, 4 slices
Bread, 9 slices
Soygurt, 150ml
Soygurt, 750 ml

Package
production
1.8–3.6 %
1.0–3.3 %
2.2–3.0 %
1.9–2.6 %
9.9–11.5 %
4.4–5.5 %

Waste management of
the package
0–1.4 %
0–1.3 %
0–1.6 %
0–1.4 %
0–4.8 %
0–1.2 %

Production and waste management of
the household food waste
0–17.5 %
0–8.8 %
0–26 %
0–12 %
1.4–8.4 %
4.0–15.1 %

The share of the package production and the package waste management contributes to
only 1–6% of the global warming potential. The packaging-product ratio in terms of
global warming is around 0.030 for all bread packaging alternatives. For ham, the
packaging-product ratio remained low with some variations. Carton 300 g packaging
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had the lowest ratio (0.013) and PET 150 g the highest packaging-product ratio (0.050).
The sole exception within these package alternatives is the Soygurt 150 ml plastic cup,
where the packaging constitutes over 11% of the global warming potential of the whole
packaging product system (packaging-product ratio over 0.120). The more significant
share of the packaging is due to the high amount of packaging material used in relation
to the amount of food in the packaging. Also, in the waste management scenarios where
the 150 ml plastic cup and 750 ml liquid packaging board (LPB) are incinerated, the
largely bio-based LPB packaging has an advantage over the plastic when the released
CO2 is accounted for as biogenic. In addition, the Soygurt itself has a high water
content, which results in low environmental impacts in the studied environmental
impact categories.

3.3

Role of food waste in the total environmental impacts of food

In this chapter, additional results of the FutupackEKO 2010 study are presented, but
more emphasis is given to the environmental impact of food waste generated in
households. Table 9 above exhibits the highest household food waste scenarios, where
out of a 750 ml Soygurt carton, 11% of the food was discarded by the consumer, and
respectively out of the 150 ml Soygurt cup, 6%. Correspondingly, one bread slice was
discarded out of bread bag containing maximum of four or nine slices and in case of
ham, two ham slices were discarded from a package containing maximum of 12 or 25
ham slices. This shows that the share of food waste to global warming potential is
relatively high. Household food waste production and waste management involve the
whole studied life cycle within the system boundaries of the share of food not consumed
as human nutrition and thus produced unnecessarily. If comparing the global warming
potentials of the packaging and the food waste, the significance of the packaging is
much lower than that of the food waste. The only exception to this is the Soygurt 150
ml plastic cup, which was discussed above.
In the following figures of the LCA results, the biggest contributor, the life cycle of the
eaten food, is excluded in order to examine the significance of wasted food more
carefully. Figure 10 presents the global warming potential of the food waste and
packaging in the case of ham. Figure 11 presents corresponding results for bread.
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kgCO2-eq/t ham consumed
PET150, two slices
PET150, one slice
PET300, two slices
PET300, one slice
Carton 150, two slices
Carton 150, one slice
Carton300, two slices
Carton300, one slice
PP/PA/PE150, two slices
PP/PA/PE150, one slice
PP/PA/PE300, two slices
PP/PA/PE300, one slice

Production and waste
management of food waste
Production and waste
management of packages

0

200 400 600 800 1000 1200 1400

Figure 10: The global warming potential of the ham, with the life cycle of consumed ham
excluded. Waste management scenario 2 (present state with energy recovery) (Publication III)

kg CO2-eq/t bread consumed
Paper 9 slices, waste 1 slice
Paper 9 slices, waste 0,5 slices
PE 9 slices, waste 1 slice
PE 9 slices, waste 0,5 slices
PP 4 slices, waste 1 slice
PP 4 slices, waste 0,5 slices
PP 9 slices, waste 1 slice
PP 9 slices, waste 0,5 slices

Production and waste
management of food waste
Production and waste
management of packages

0

100 200 300 400 500 600

Figure 11: The global warming potential of the bread, with the life cycle of consumed bread
excluded. Waste management scenario 2 (present state with energy recovery) (Publication III)

As the figures above show, the global warming potential of the wasted ham and bread is
more significant than the global warming potential of the package, even if just a small
percentage of the food is thrown away. To be more illustrative, it can be said, based on
Figure 10 and Figure 11, that wasting just one slice of ham or half a slice of bread
causes more global warming potential than the production and waste management of the
package.
The figures above also show that no significant difference between different packaging
alternatives containing the same amount of food can be seen. A minor difference can be
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seen in the slightly higher GWP of PET packaging compared to the PP/PA/PE
packaging of ham. This is mainly due to the greater amount of packaging used in PET
packaging.
The previous figures present the results considering global warming potential, but the
other studied environmental impact categories, eutrophication and acidification, follow
a similar pattern. Figure 12 presents the eutrophication potential for ham food waste and
packaging; Figure 13 presents the acidification potential for bread food waste and
packaging.

kgPO4-eq/t ham consumed
PET150, two slices
PET150, one slice
PET300, two slice
PET300, one slice
Carton 150, two slices
Carton 150, one slice
Carton300, two slices
Carton300, one slice
PP/PA/PE150, two slices
PP/PA/PE150, one slice
PP/PA/PE300, two slices
PP/PA/PE300, one slice

Production and
waste management
of food waste
Production and
waste management
of packages

0,0

0,2

0,4

0,6

0,8

1,0

Figure 12: The eutrophication potential of the ham, with the life cycle of the consumed ham
excluded. Waste management scenario 2 (present state with energy recovery) (Publication III)

kgAE-eq/t bread consumed
Paper 9 slices, waste 1 slice
Paper 9 slices, waste 0,5 slices
PE 9 slices, waste 1 slice
PE 9 slices, waste 0,5 slices
PP 4 slices, waste 1 slice
PP 4 slices, waste 0,5 slices
PP 9 slices, waste 1 slice
PP 9 slices, waste 0,5 slices

Production and waste
management of food waste
Production and waste
management of packages

0

0,1

0,2

0,3

0,4

Figure 13: The acidification potential of bread, with the life cycle of the consumed bread
excluded. Waste management scenario 2 (present state with energy recovery). (Publication III)

Eutrophying and acidifying emissions of production and waste treatment of household
food waste were also higher than the corresponding emissions of packaging, as can be
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seen in the figures above. Agriculture contributes a great deal of the eutrophication
potential. The eutrophication potential of bread and ham packages consists of only 1%
of the total eutrophication impacts. When one considers the acidification potential, the
packages contribute to more of the total emissions than in eutrophication.
Eutrophication impacts of the packaging were only less than 1% in the ham and the
bread case studies. An exception to this was the acidifying emissions of the production
chain of the Soygurt packaging, which were relatively high. However, it should be
noted that the total acidifying emissions are relatively low in the Soygurt-packaging
system and that the package’s contribution is higher for this product compared to the
others because of the need of more packaging material. The differences between the
packaging alternatives used for bread and ham in eutrophying and acidifying emissions
were not as significant as the differences between different household food waste
amounts.
According to the results, the significance of waste management scenarios differs. In the
dark bread and ham case studies, the differences between the waste treatment scenarios
are not significant because the amounts of packaging materials are low in relation to the
product, and only a small amount of food waste is assumed to end up in landfill. With
regard to Soygurt (Figure 14), the differences between the waste management scenarios
for global warming potential were more significant. In the Soygurt case, all the
household food waste goes to landfill in Scenario 1, which explains the higher
greenhouse gas emissions of the liquid packaging board (LPB) product-packaging
system. In the case of the polypropylene cup (PP), the GHG emissions caused by the
energy recovery of the packaging are so high that the global warming potential of the
polypropylene cup case is higher than the LPB case for almost all studied household
food waste amounts.
The GWP of the fibre-based packaging is higher in Scenario 1 than in the other waste
management options because of the methane emissions from landfill sites. In the energy
recovery scenarios, the carbon dioxide emissions of fibre-based packaging were
considered biogenic; hence, the GWP of waste management of fibre-based packaging
alternatives was low. If the food waste itself goes to landfill instead of composting or
combustion, this will also cause methane emissions, which explains the high amount of
GHGs in Scenario 1. In other studied impact categories, LPB alternative had higher
eutrophying emissions, but the polypropylene cup had higher acidifying emissions. In
the dark bread and ham cases, the significance of waste management was low in relation
to the whole product chain of the product-packaging system concerning also the
environmental impact categories of eutrophication and acidification.
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kg CO2-eq/t Soygurt consumed
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300
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Scenario 1
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Scenario 2
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PP cup, PP cup, PP cup,
LPB,
LPB,
waste 2% waste 4% waste 6% waste 5% waste 8%

LPB,
waste
11%

Figure 14. The global warming potential for Soygurt and its two packaging alternatives in
different waste management scenarios (Publication III)

3.4 Packaging design for a more sustainable food-packaging
combination
As has been presented in the previous two chapters, 3.2 and 3.3, the packaging itself
often is not the most significant contributor to the environmental burden; instead, food
contributes the most environmental loads in all studied cases. The wasted food is thus
causing more environmental impacts than the packaging used for the food. Therefore, in
what follows, a new framework for sustainable food packaging design is presented. It
takes into account, more so than in previous work, the requirements of the food itself as
well as the prevention of food waste through packaging design.

3.4.1

The need for improving food packaging design

As presented in the theoretical foundation in chapter 2, several methods for sustainable
food packaging design have been introduced.
Checklists (e.g. by Envirowise) and metrics and indicators (e.g. by the Global
Packaging Project) offer various criteria for the packaging designer. These lists are
often very broad, and the packaging designer must have further knowledge on
environmental impacts and sustainability in order to be able to select the most
significant and suitable sustainability criteria for the type of packaging in question.
Checklists may be based on ‘Yes’ or ‘No’ answers for some requirements or the
relationships between requirements and environmental impacts inter alia remain
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undetermined (Devanathan et al., 2010; Kishita et al., 2010). This limits the usability of
checklists in assessing the product’s environmental performance and thus in suggesting
possibilities to improve it (Kishita et al., 2010). Checklists can work as a tool for quality
assurance for a packaging designer. With the help of the list, the designer can check that
no important issues have been neglected. All of the criteria presented in the checklists
may not be valid for the specific area where the package is planned to be used, so some
screening of the criteria is a reasonable action to take.
In the methodology of Svanes et al. (2010) for sustainable packaging design, the authors
neither evaluate the significance of the chosen five categories compared with each other
nor give any advice on how the packaging designer should operate in trade-off
situations, although the spider diagrams used by Svanes et al. may be helpful in
visualizing possible trade-offs. An LCA approach is recommended when one analyses
environmental trade-offs to help in decision-making situations (Keoleian et al., 2004;
Hanssen et al., 2012), although not all dimensions of sustainability can be examined
with the help of LCA. The approach presented by Svanes et al. does not give advice on
the point at which the packaging designer should implement the suggested methods.
This could hinder the day-to-day work of the packaging designer. As Svanes et al. note,
an overly complicated method will not be taken into use (Svanes et al., 2010). A clear
working order that could be integrated in the design process might promote the use of
these methodologies.
The preconditions for the use of the methodology are an advantage of the method of
Svanes et al. First, the packaging system as a whole — including primary, secondary
and tertiary packaging — is considered as a combined system. Secondly, the product
and the packaging are both considered, and their linkage is acknowledged. The
emphasis of taking into account the whole life cycle of both the product and the
packaging is commendable.
The PIQET tool also takes into account all three packaging levels (and the COMPASS
tool assesses primary and secondary packages).
Although the developers of PIQET recognise the interaction between the life cycles of
the packaging and the product through, for example, the product shelf life and product
losses, they have chosen to exclude the product from the analysis in order to not
overcomplicate the tool (Verghese et al., 2010). This is reasonable in terms of the
usability of the tool, but the connection between the packed product and the packaging
should not be overlooked. Of the various definitions of sustainable packaging, the
EUROPEN definition urges for a holistic design of the packaging and the product in
order to optimise overall environmental performance; this is not mentioned in the SPA
and SPC definitions. It could also be assumed that the simultaneous design of packaging
and product would also optimise economic impacts through e.g. the efficient use of
space in the supply chain.
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Tools based on LCA represent a step in the right direction in their emphasis on taking
the whole life cycle into account. These include the method of Svanes et al. (2010) and
PIQET. The tools are meant to be used by the packaging designers themselves to fill in
the data gap between the packaging designer and environmental life cycle knowledge.
There have been positive experiences of the use of PIQET in the packaging
development industry, and thus it provides an affordable and practical LCA-based
assistance to the decision-making process (Lundqvist, 2011). When one uses methods of
a too limited scope and depth, which may be the case with the Pack-In tool, there may
be a risk of oversimplification or mistakes in the interpretation of system boundaries or
results. Furthermore, the defining of the functional unit may be restricted. Rebitzer et al.
recommend the use of a broad, function-based functional unit to minimise the
differences in the product system alternatives under study (Rebitzer et al., 2004).
The packaging scorecard by Olsmats and Dominic takes into account to some extent all
three pillars of sustainability in a similar fashion as presented in this thesis, as it covers
resource use and waste production, packaging costs and several criteria for functional
properties of the packaging benefitting the users along the packaging value chain.
Although the criteria are simple enough for a consumer or a person along the supply
chain to follow, they might be too simplistic and are not an outcome of life cycle
analysis.

3.4.2

Framework for sustainable food packaging design

As revealed in the LCA studies presented in the previous chapters, the package itself
within the food-packaging combination is not in many cases the main cause of
environmental impacts. The greatest environmental impacts throughout the life cycle
originate from the food itself. From the packaging perspective, measures should be
taken to prevent food waste with the aid of packaging. Packaging design is a process
whereby most of the decisions concerning the entire life cycle of the packaging are
made. Thus, in what follows, a framework to enhance the food packaging design
process is presented, with special emphasis on reducing food waste.
There is an obvious need for different methods in the sustainable packaging design
process. Existing methods, tools, indicators and metrics have been presented throughout
this thesis. Each method used contributes to the design process in its own unique way
and fills out gaps in the evaluation process left by other methods. For example, LCA is
useful when assessing environmental impacts throughout the life cycle, but alone it is
not a sufficient tool to analyse social and economic aspects (Lewis et al. 2010).
Checklists and user surveys complement the assessment of sustainability with
functionality and convenience requirements. In the following, the most promising tools,
indicators and requirements have been gathered and readjusted to help the packaging
designer to take into account the sustainability challenges related to the packaging value
chain.
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The starting point for this packaging design approach is that food waste can be reduced
through improved packaging design that not only begins from the requirements of the
food item itself but also accounts for the whole life cycle of the product-package
combination. The simultaneous design of the product and the package can help to find
the best ways to prevent food waste and to minimise the environmental impacts of the
packaging without compromising the product it contains. If the package design for a
new product does not begin until the last stages of product development, it might limit
the package design to a choice of one of the existing packages in the company and to a
design of the graphics within the boundaries that the chosen package allows (Rooney et
al., 2007). If the package design begins simultaneously with the product design phase,
the economic, environmental, and societal characteristics of the product-package
combination will be more easily optimised.
In general, the packaging designer should emphasise the key goals of packaging. First,
the package itself has to be safe to the user and to the environment, and the package has
to fulfil the main requirements set by legislation. Second, the package must prevent
product waste throughout the supply chain, from manufacturing to the grave. These
aspects should be in focus when a trade-off situation emerges in packaging design.
Situations, recognized by Hanssen et al. (2012, 352), where trade-offs are to be
considered when reducing food waste, are, in terms of





Reducing transport work: the need of gas in the head space to protect the
food stuff but thus increasing the volume of packaging;
Increasing recycling rates: the use of multilayer barrier materials which
protect the product better but are hard to recycle;
Reducing material intensity: the reduction of materials can lead to weak
packages and thus cause food waste; and
Selecting low-impact materials and suppliers: the material selected might
reduce the strength or protectiveness of the packaging and thus cause food
waste.

For instance, if higher material intensity results in increased costs and transport
emissions but preserves the product better, increasing the material intensity is worth
considering according to Williams and Wikström (2011).
The approach for sustainable food packaging design is presented in Figure 15. It is
important to acknowledge the order of the different steps in this approach; it is
constructed to introduce different criteria and methods in a certain order, allowing
packaging designers to integrate different sustainability requirements in their work. In
all steps of the framework, the different levels of packages (primary, secondary and
tertiary) are included.
The traditional packaging design process stages (specification and ideation phase,
feasibility study, design phase, specification phase) are derived from Rooney et al.
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(2007). The traditional design process phases are in the background in Figure 15 in
italics. They describe the package development process for both new packages and
package improvements as constituting the following stages. First, there is a specification
stage, where the aim of the project, the current situation, the critical success factors for
achieving the aim and the project schedule are determined. Next, ideas are brainstormed
created for the package, and the best ideas are selected for further development. After
that, the technical and economic feasibility of the ideas is analysed. Earlier research,
consumer studies, literature and material and packaging machine suppliers may assist in
this phase. Next, the actual design process is set into motion. The package type,
materials, measurements, packaging machines, costs and schedule are determined in
detail. In the specification phase, which follows the design phase, the work performed is
summed up to result in an unambiguous package specification. This launches the
procurement process, i.e. to buy new packaging machines or to modify the existing one.
The stages that follow include the actual implementation of the package manufacturing,
the launching of the new or renewed package and the follow-up stage. (Rooney et al.,
2007)

Figure 15: A framework for a guiding approach to designing sustainable food packaging
(Publication I)

Step 1: Identification of the minimum requirements of the product to be packed
The need for packaging is basis for this first step in every package design project,
whether the need is for a totally new product or for a modification of the existing
package of some product. Packages are never made superfluously, that is, they always
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serve to protect the product and to aid in the distribution of it. The product sets some
minimum requirements that the package has to fulfil. These minimum requirements
may vary depending on the product, but in principal, the three following aspects of food
items must be secured and are therefore highlighted here:
1. Ensure preservability
2. Be safe to the user and the environment
3. Fulfil the requirements of legislation
These requirements pertain to all packaging levels: primary, secondary and tertiary
packaging. The protectiveness of all of these levels is to design in balance by taking the
preservability and strains of the distribution chain into consideration.
Steps 2 and 3: Choice of possible materials and material combinations and the
preliminary design of all package levels – Identification of possible threats
The second step in this framework is to preliminarily select the potential packaging
materials for the product and to design the first draft version of the packaging. The
designer could open-mindedly consider different packaging materials and material
combinations that fulfil the minimum requirements set according to the product. The
packaging designer can use a SWOT analysis made for different packaging materials to
identify the strengths, weaknesses, opportunities and threats the material represents.
Indeed, the threats that are linked to the packaging material or to the efficiency of the
packaging combination are important to recognise. Even a packaging designer with a
limited knowledge of the associated environmental issues can compare potential
packaging materials and partly base the preliminary selection of the packaging materials
on these lists of advantages and disadvantages. Such lists are presented for example by
Marsh and Bugusu (2007), Järvi-Kääriäinen (2011) and Verghese et al. (2012). Help
can also be found through tools such as PIQET and COMPASS.
When designing a sustainable product-package combination, the designer must consider
many external factors. First, s/he has to identify the technical and economic aspects in
the value chain of the product-package combination. These aspects are considered side
by side in Publication I because they relate closely to each other. The aim is to have a
product-package combination that is as efficient and economical as possible during its
whole life cycle, and that corresponds with the technical and economic challenges.
Alongside the economic aspects of sustainability, environmental and social aspects are
further discussed in the publication.
In order to evaluate the importance of environmental indicators and to avoid the shifting
of burdens, it may be necessary to perform an LCA in a case-specific manner. However,
some of the challenges might be taken into consideration without a complete LCA
through responsible sourcing and environmentally conscious decision making in the
packaging design phase. Other environmental challenges may require an LCA to gain a
better understanding of them. It is suggested that at this stage of the packaging design,
when potential materials and drafts of the form of the package have been created, a
streamlined LCA can be performed. A streamlined LCA differs from a full LCA, as the
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former omits some elements of an LCA or uses surrogate or generic data without
significantly affecting the results of the study. It is important that the streamlining steps
be consistent with the study’s goals and purpose for implementation. Thus, the goal and
scope definition is even more important in a streamlined LCA. (Todd and Curran, 1999)
The acquisition of life cycle-based information about the package alternatives in an
early stage of the design process gives rise to opportunities to influence the choices that
should be made. For example, Hauschild et al. (2004) have suggested that instead of
detailed and quantitative LCA, more qualitative life cycle thinking or LCA is
recommended to be performed in the early stages of the product development process to
identify the potential hot spots and environmental impacts. Step 6 of this framework
recommends that a more detailed LCA can be performed to ensure more depth in the
accounting of food waste and the particular operational environment. This should be
done to the degree that can be justified for each particular case.
The most significant social aspects within the scope of the packaging-design framework
include the usability of the packaging and the aforementioned safety issues considered
as minimum requirements. A usability study is indicated in connection with the
usability of the packaging.
Different products and packages may contain special characteristics and requirements
set by their users. A user survey can reveal detailed information on the different users of
the package and the product along with the manufacturing, distribution, trading, use and
disposal phases. User surveys or studies help the packaging designer to 1) step into the
user’s position; 2) examine the user behaviour and the situation where the product is
manufactured, transported, sold, purchased, stored, consumed and handled as waste; and
3) take all of those aspects into consideration when designing the package. By placing
himself or herself in the consumer’s shoes, the designer can make the packaging more
desirable to different kinds of consumers with varying life styles, disabilities, values,
income levels, household sizes; shopping, cooking and eating habits; and genders and
ages.
The amounts of food waste found in transport, retail and households are important to
clarify in order to have enough knowledge to be able to design a package that helps to
minimise this waste. In the case of a new product, these losses cannot be known, but
similar products and packages in the market may give some indications about the losses
that might occur. It is recommended that these losses and the reasons for them be
studied by directly approaching the users in the value chain and by determining the loss
amounts as exactly as possible or by evaluating the amounts through the use of existing
studies. In addition, the industry should have up-to-date statistics on the consumption
and sales of the product in order not to provide excess supply. This is not only an
economic choice, but also an ecological one, because it minimises product losses at the
retail level.
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Step 4: Identification and testing of the functionality criteria
The fourth step in this approach is the identification and testing of the functionality
criteria. These criteria stem from the basic function of the package to aid in protection,
distribution and marketing of the product. The sustainability criteria for packaging are
difficult to generalise for all types of packages. Instead, a product-specific selection of
functionality criteria is recommended after the minimum requirements and the
technical, economical, societal and environmental aspects of the product-package
combination are considered. For food packaging, the functionality criteria could be
determined with the following questions:








Does the product information come across in the distribution chain and to the
consumer?
o Visible and readable printings/labels are possible.
o The product can be recognized/seen/felt/smelt.
o The package is informative in the stages of distribution, purchase, use
and end of life.
o The package assists in selling the product.
Are the mass and the volume of the package optimised?
o Weight of the package is as low as possible without compromising the
protectiveness of the package.
o Modular dimensional coordination is in use.
o The packages can be stacked in a space-saving way when empty and
filled with the product.
o The primary package is not formed until in the packing line.
o The package is flexible, easy to dismantle, and can be flattened when
emptied.
Does the packaging allow the easy and safe use of the product?
o Opening and closing functions are easy and efficient.
o The package can be emptied fluently so that the amount of product
clinging onto the walls of an emptied package is as small as possible.
o The used package is easy to sort into different waste categories.
o Shelving and presenting in stores is easy.
Do the package sizes respond to consumers’ needs?

The package options are tested on the basis of the chosen, essential functionality
criteria. If the package does not qualify, either some changes should be made or the
draft version of the package should be rejected.
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Step 5: Detailed design of the package
A more detailed design of the package is the fifth step in this framework. It is not
reasonable to finish the design of the package until the packaging designer is fairly
confident that the material choices are right and the functionality criteria for the
packaging are known. At this stage, computer aided design software may be useful.
Some recent design software programs integrate the environmental impact information
of different materials into the design tool (SolidWorks Corp., 2011).
Step 6: More detailed life cycle assessment of the packaging alternatives
As a sixth step, a detailed life cycle assessment is recommended for the most promising
product–package alternatives if the results of the streamlined LCA are not sufficient.
This could be necessary when there is an ambition to make marketing claims and
comparisons between different packaging alternatives. With the help of LCA, the
environmental impacts and their magnitude can be evaluated for both the product and
the possible packaging alternatives, and then the alternatives can be compared.
Although in step 2 a streamlined LCA was recommended, as the final step, a more
detailed LCA could be performed in order to include the food waste and the operational
environment in more detail and to use the primary data when available and known about
the operating environment.
As a result of this approach, a sustainable packaging combination for the food product it
is designed for would be achieved. The packages should, however, develop as the world
develops around them, and consequently, a continuous optimisation of the packaging
combination is needed.

3.5 Recommendations for LCA of food-package combinations
Life cycle thinking needs to be embedded in the product-design development and
review processes in order to achieve sustainable outcomes (Vergehese et al., 2012). Life
cycle assessment is a valuable tool for analysis of the environmental impacts of the
food-package combination in a specific operational environment. One can study
different energy, transport and waste treatment scenarios possible for the area of the
planned use of the food-package combination. Because of the vast amount of different
food products and due to cost and time constraints, full LCA may not always be a
practical approach or it can be too specialized methodology to be used in every-day
packaging design. However, if used, the use of full LCA depends on the goal and scope
of the study at hand, and on whether marketing claims, comparisons or more detailed
information are needed. In many cases, LCA provides a more comprehensive decision
support tool than packaging designers’ checklists. Let us for instance discuss the
maximization of the recyclable content, which is a preferred criterion in many of the
checklists. The sustainability of this criterion depends on the operational environment.
If the area has no recycling system, for the material or the transport distances are
unreasonably long, maximisation of the recyclable content hardly seems
environmentally or economically justifiable. The same applies if the packaging consists
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of composite materials that are individually recyclable but difficult or impossible to
separate, or the package cannot be recycled due to food residues or other contamination.
With the help of LCA, one can evaluate these situations and their significance more
realistically and compare the waste treatment possibilities of different materials. To
maximise the usefulness of LCA results, it is recommendable to have comparative
packaging alternatives within the scope of the study.

3.5.1

Inclusion of food in the food packaging LCA studies

There are various ways to conduct a life cycle assessment, depending on the goal and
scope of the study. But as can be seen from the results of the LCA cases presented here
in this thesis and elsewhere globally, the package itself is seldom the greatest
contributor to environmental impacts. This indicates the need to include both the
package and the food item itself in the LCA study in order to find the real hot spots of
the food-packaging combination life cycle. Only then can the true scale of
environmental impacts caused by packages and products be brought forward and
measures be taken to improve the one that causes the greatest environmental impacts.
The CEN technical report on packaging LCAs also takes a stand on this by stating that
when production and/or the use of products are influenced by a change of packaging, it
should also be considered in the LCA study (CEN/TR 13910, 2010).
In the case of beverages, where the major raw material is water, the packaging
constitutes a greater share of the environmental impacts (if the depletion of water
resources is considered irrelevant in the studied system). When the package relevance is
more significant, a focus simply on the packaging (alternatives) is valid. When
conducting a life cycle assessment for food products considered as major contributors of
environmental impacts during their life cycle, one can justifiably use average data from
general databases for packages and put more effort into finding primary data on the food
itself.
When one weighs the different options of new, alternative packages for the food
product, it might be sufficient to compare only the environmental impacts of the
packages. But in this case, it would be important to recognise whether the package
alternative requires some changes to the product (e.g. the use of additives to prolong
shelf life), or else the package alternative incurs a risk of increased food waste. Also
important would be to acknowledge if some packaging alternative poses a higher risk
for the generation of more food waste than another, even if the food is not in the system
boundaries of the study.

3.5.2

Inclusion of food waste

The high environmental impacts caused by the food itself indicate the need to
incorporate the food into the life cycle assessment of the packaging. Especially relevant
would be to acknowledge the amounts of food waste caused during distribution, in retail
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stores and in households and to estimate the environmental impacts of this wastage.
Acknowledgement of these impacts could speed up the change of our perception on
packaging from useless pieces of garbage in our trash cans into a commodity, which is
nearly always necessary and can produce added value for the environment.
Consumers may still not realise the environmental effects of their actions regarding
food not utilised as nutrition. They might still believe that they are making an
environmentally conscious decision by choosing a bigger packaging size because it uses
less packaging material per food unit. However, this could have exactly the opposite
effect if the food is not consumed entirely, which is especially common in smaller
households and for food products that deteriorate quickly. These facts should be clearly
communicated to the public at large. Raising awareness could positively influence
shopping decisions and eating habits as well as the development of packaging. The
consumer is the ultimate decision maker, but the packaging designers could, for their
part, make more sustainable choices for the consumer by determining and designing, for
instance, optimal packaging sizes for different kinds of households, as well as optimal
materials and structures for the packaging to protect and retain the food throughout the
life cycle.
Hanssen et al. (2012) emphasise the importance of including the food waste in the LCA
study, and consider it in a close connection to the life cycle stages in which the waste is
created rather than as an impact of waste management. Similarly, in this thesis, the LCA
results in chapter 3.3 are presented separately for the food waste along with the
consumed food and packaging. All three are examined from cradle to grave, and
therefore, their total environmental impacts can be compared easily with each other.

3.5.3

Inclusion of package levels

When people think of packages, what first comes to mind is the primary packaging
because it is the most familiar to us as consumers. But we should really bear in mind
everything that is needed in order for us to hold that consumer package in our hands.
Secondary packages are indispensable for protecting the primary package and therefore
for preventing food waste. The same usually applies to tertiary packages. Therefore, it
is always reasonable to include all necessary package levels in LCA studies. In some
cases, when the tertiary package can be used several times, such as a roll container, it
might be considered as an investment good and can be left out of the study.
Secondary packages play a very relevant role in causing or preventing food waste in
logistics, central warehouses and retail stores. This gives a clear indication that
secondary packaging should be included in LCA studies, as it significantly affects the
amount that is needed to produce the food to fulfil consumer needs.
As a side note, in published studies, in order for reader to understand the magnitude of
the environmental impacts of packages, it should at least be clearly communicated
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which package levels are in use for the given product. This was not the case in many of
the 37 LCA articles studied in the theoretical foundation in chapter 2.4.4.

3.5.4

Defining the functional unit

Many of the functional units used in the reviewed articles in chapter 2.4.5 include only
the amount of food and package. Besides the amount, some functional units contain
additional information about the system boundaries, but it can still be noted that the
functional unit naturally requires a system boundary description alongside of it to get
the full picture of the product system included in the study.
Rebitzer et al. (2004) recommend the use of a broad, function-based functional unit to
minimise the differences in the studied product system alternatives. When one conducts
an LCA in cases where the product is very dependent on the packaging, the functional
unit could be determined based on the main function of the product. The LCA could
compare different types of packages on the basis of an x amount of food needed by the
consumer over a certain period. This would allow the LCA practitioner to include the
food losses from production until consumption. The amount would include all the food
needed, but only a portion of the food would be consumed as human nutrition. The
percentages of the assumed losses in each life cycle stage should be clearly
communicated, and preferably the environmental impacts caused by the unnecessarily
produced food should be communicated separately when the LCA results are presented.
Hanssen et al. (2012) have also emphasised the inclusion of food waste in the functional
unit or in the reference flow. In either situation, the amount of wasted food shows in
increasing volumes of food also in the earlier stages of the food life cycle (Hanssen et
al., 2012).
Food need does not necessarily refer to mass amounts; it can also refer to the nutritional
content of the food. For example, Schau and Magerholm Fet (2008) have suggested
using a quality-corrected functional unit which takes into account the nutritional content
of the food in food LCAs. Regardless, it is natural to construct the functional unit based
on the food also in the case of packages, whether the unit is mass- or nutrient-based.

3.5.5

Choosing relevant environmental inventory results and impact categories

Although climate change, acidification and eutrophication emerge most frequently in
the review of LCA articles for food packages, it can be noted from this analysis of
several articles that there are many other environmental indicators under study. It is
difficult to generalise which particular environmental impacts should be studied in the
food-package combination, because each case is unique. The studied environmental
impact categories should be chosen on the basis of the goal of the study, the material,
the food item and the geographic area in question. There should altogether be a strong
understanding of the possible environmental impacts of the studied packaging and
products already at the beginning of the study in order to gain all relevant information.
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The environmental attributes and life cycle indicators of GPP present a number of life
cycle inventory results and impact categories. It is not harmful to study all the suggested
attributes and indicators, but in the following, the aim is to highlight some indicators
which in most cases would be the most important ones to consider. Although, care
needs to be taken that the studied indicators are selected representatively in order to
avoid shifting of burdens to other impact categories, production systems or life cycle
stages.
When one only considers packaging materials, different environmental indicators are
relevant for different materials. The indicators could be selected following a SWOT
analysis of the weaknesses and threats linked to different materials. The risk of
oversimplification of the LCA because of a poor selection of environmental impacts can
be minimised if the relevant weaknesses and threats of the materials and packaging are
already identified at an earlier stage, i.e. before one conducts the life cycle assessment.
The following environmental inventory results or impact categories related to different
packaging materials are presented based on weaknesses and threats discussed by JärviKääriäinen (2011): For fibre packages the efforts should be put to land use impacts as
well as the emissions to water and air from the processing factories. Also the methane
emission from landfills, and thus the global warming potential is important to take into
consideration. For plastics, the use of non-renewable resources is evident to consider, as
is litter to the environment. Metals are closely attached to environmental issues related
to mining and energy intensive processing; thus, land use issues, global warming
potential and energy use are worth considering. The same issues as with metals are
relevant for glass in addition to transport impacts because of the heavy packaging
material. Also in case of packaging, land use issues are important when studying
renewable thermoplastics and cultivation of crops for them (Verghese et al. 2012).
Some suggestions can be given for finding relevant environmental indicators for
packaging in general. There is a solid consensus that waste generation is of high
relevance and should be included in studies when packaging is considered (Tukker et
al., 2006). In addition, material use, particularly non-renewable material use, is key to
determining the environmental impacts of a package. Legislation on packaging and
packaging waste has recognised the importance of waste amount and material use
issues. Impact categories which may be relevant to the packaging system also include
biodiversity and ecotoxicological impacts. Moreover, biodiversity issues are important
to recognise when assessing the sustainability of food, as cultivation and farming have a
direct link to land use and the biodiversity on that land. Impacts on biodiversity are,
however, still difficult to quantify, as are ecotoxicological impacts.
The challenges in assessing biodiversity are multiple. For example, even knowing the
number of species present in the area may not tell one anything about the relative or
absolute abundance of individual species in the area (Van Dyke, 2008). To aid one in
assessing biodiversity, some species and changes within them have been selected as
indicator species to reflect the changes in biodiversity on a larger scale (Auvinen and
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Toivonen, 2006). Biodiversity seems to be more important to be studied in developing
countries than in developed countries, as the conditions are improving in developed
countries. Even though the Living Planet Index shows an overall decline of 30 % in
biodiversity since 1970, the situation is improving in richer countries due to the shifting
attitudes to other species, increasing appreciation of natural environments, legislation to
protect endangered species, programmes to eradicate invasive species, more and bigger
protection areas, subsidies to restore degraded habitat, better sanitation, better regulation
of pesticides and increasingly effective implementation conservation legislation (WWF,
2012; The Economist, 2013).
As another example, the challenges linked to assessing ecotoxicity stem from the
complexity of the natural environment and its organisms. It is difficult to take into
account the studied product and production systems’ ecotoxicological impacts in a casespecific geographical area. The area in question may have specific conditions in terms
of where the compound or chemical ends up in the environment, what kind of
concentrations are measured in the area, which organisms are exposed to the chemical
and how quickly it decomposes. (Koskela et al., 2004)
Climate change may not be the key environmental impact category for packages alone,
as waste amount and material use are the key packaging indicators or attributes. On the
other hand, the global warming potential of food waste is usually significant. The
agriculture sector is a significant contributor to climate change. For example, in 2005,
agriculture caused nearly 14% of global greenhouse gases (Herzog, 2009). In Finland,
agriculture contributed almost 8% of the total annual greenhouse gas emissions in 2010
(Official Statistics Finland, 2012b). Packages are not among the main obstacles to
controlling climate change, but they may help in reducing the global warming potential
of a product. Climate change can be seen as a threat, but it can also be viewed as an
opportunity for creating a competitive advantage for companies. As climate change is
widely acknowledged as a key issue in corporate responsibility, and as environmentally
conscious consumers prefer products with low global warming potential, efforts are
being made in the food and packing industry to improve environmental performance in
terms of lowering the global warming potential.
Based on the literature review, the environmental impact categories included most often
in LCA studies are global warming potential, acidification and eutrophication. Even
though these are highly accepted impact categories for LCAs and may indeed be
relevant to food products, acidification and eutrophication are not the sole critical
environmental impact categories for all packaging. This can be confirmed by the results
of the LCA study presented in chapter 3.3, although it must be remembered that these
results concern only three food products: rye bread, ham and Soygurt.
As for environmental impact categories used in LCA studies of food products, water
impacts are important to include: the majority of water use globally arises from food
production and processing (Foster et al., 2006). In Finland, there is no lack of fresh
water, but more consideration is needed to the condition of water areas, which are on
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the receiving end of nutrient emissions from agriculture particularly. Geographically it
would seem that there is no particular pressure in land use issues in Finland as we have
a large and sparsely populated country, but the cattle breeding causes some challenges
in this sense. In some areas, particularly with large cattle farms, there might not be
enough field area to spread the manure in, which results great nutrient leaks to the
surrounding environment and especially to waterways.
When considering this issue more globally, land use issues become much more relevant.
Around 40% of the land in Earth is already cultivated (The Economist, 2013), and it is
evident that the need for food is rising. If the current food wastage levels continue, it
seems that the need of cultivated land has to be doubled; that is, if the farming practises
stay as inefficient as they are now in parts of world. (The Economist, 2013.) It seems
that a better option at least for land use, biodiversity and water use would be to improve
the productivity of the current agriculture rather than to increase the area of cultivated
land. Although as a downside, this can result in increasing levels of eutrophication,
acidification and global warming due to the use of more efficient fertilizers and
machinery. However, if we have to choose, improving the productivity of agriculture
and meeting the world’s food demand is more important. After all, the need of food is
evident and demonstrated as one of the most basic needs of humans already in the
Maslow’s hierarchy of needs.
As it was recommended earlier, packaging LCA studies are not complete without taking
into consideration the food product and the food waste. Studies focusing merely on food
follow their purpose treating packaging ‘just’ as a necessary auxiliary component which
can be changed, but the existence of packaging should not be forgotten. When focusing
on LCA, the environmental impacts of the material combination and form must be
weighted on against their ability to prevent food waste. Although when assessing the
results of LCA, it must be remembered not to look at them with too narrow point of
view. Indicators which focus on the usability and costs of packaging need to be
considered as well.

3.6 LCC and LCWE methods as part of the sustainability
assessment
This chapter concentrates on the economic and social aspects of packages through a
study performed for fruit and vegetable transport packages in Europe. The study
compares the life cycles of wooden boxes, cardboard boxes and plastic crates used in
transporting fruits and vegetables within Europe from large producer countries to large
consumer countries. The goal of the study was to compare these typically used transport
package systems for fruits and vegetables in terms of environmental impacts as well as
economic and social aspects. The results were intended to be used in identifying the
optimization potentials in these packaging transport options.
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The functional unit in the study was the distribution 1000 t of goods five times p.a. for a
time span of ten years. This represents 3,333,350 filled boxes/crates when one box/crate
holds 15 kg of fruits and vegetables. Wooden and cardboard boxes are disposed of after
one use, but plastic crates are re-used multiple times. The system boundary of the study
is presented in the Figure 16.

Figure 16: System boundary in the life cycle analysis of packaging systems for fruit and
vegetable transport in Europe (Publication IV)

During the study, a life cycle assessment for several environmental indicators was
conducted, but as previously stated, only the economic and social indicators studied are
referred to in this thesis. The data on social aspects was derived from specific
questionnaires and complemented with statistical data from each respective industry
branch as well as from GaBi software data sets on LCWE (GaBi, 2008). The data on
costs is mainly derived from industry (Euro Pool System, 2008; IFCO Systems, 2008)
and market experts (Fraunhofer IML, 2008).
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Life cycle costing analysis was used to consider economic aspects. The analysis
included all relevant cost units for production, transportation and distribution of empty
boxes/crates, cleaning and washing of plastic crates, and end of life costs. For the
box/crate production, the price of different packaging option was taken into account.
Therefore, the box/crate production cost includes also the revenues of the packaging
manufactures that the customer has to pay. The economic aspects were analysed with
the same system boundaries as the life cycle assessment presented in Figure 16. The
transportation costs of filled boxes/crates were excluded because the only difference in
the systems originates from the different masses of the packages, of which the effect is
considered negligible in relation to the heavy load comprised by the truck and the load
itself.
The results of the LCC study are presented in Figure 17. For the one-use systems, the
production of wooden and cardboard boxes is the greatest contributor of costs. In the
multi-use system of plastic crates, the production, washing and transportation of crates
each contribute a similar portion of the costs. Based on the life cycle costing analysis,
the plastic crate system is the most cost-effective over its life cycle, mainly due the fact
that to fulfil the same function as one-use boxes, only a fraction of re-usable plastic
crates have to be produced. The costs of plastics crates are lower than those of the
wooden and cardboard boxes, even if the cost solely for plastic crates (washing and
sorting of used crates, transporting crates to re-use) is included. The legend “edge
protection” in the figure below denotes the need to protect the edges of cardboard or
wooden boxes with a cardboard piece if the boxes are fully loaded in pallets.
Respectively, the “Bonner Notiz” is a charge for non-reusable transport packaging,
which is 0.6% of the transported goods. The waste management of the package
alternatives denotes revenues for used plastic crates and cardboard boxes, but denotes
costs in the case of wood boxes.
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Figure 17: Life cycle costs of the entire life cycle of the three transport packaging systems
studied (Publication IV)

These results indicate the cost of the transport packaging systems over the life cycle of
the packages and do not specify to whom the costs or revenues fall upon. In other
words, all costs arising over the life cycle of the system are summed up without any
consideration as to whom the costs accrue. This starting point of the idea of an
“unclaimed cost owner” would also enable the addition of the cost of food waste to the
study. If there were some statistics on fruit and vegetable waste occurring in the service
life of the box/crate per the functional unit, it could be easy to add the costs of wasted
products in the bars of the graph. Using the average consumer prices of the fruit and
vegetables could be an adequate method for representing the costs caused by
deficiencies in each packaging transport systems. There is no need to take into account
the costs of the fruit and vegetables over their entire life cycle, because the costs would
be the same. When one considers the big picture, where the product itself is taken into
account, adding in the costs of food waste could also reveal which transport packaging
system would be the most cost-efficient in the long run. It can be assumed that the
choice of the transport packaging option that would preserve the product the best would
be in the economic interests of the fruit or vegetable producer or retailer.
After all, there is some indication that certain transport packaging alternatives preserve
fruits and vegetables better than others. According to Aworh (2010), plastic crates
perform well in prevention of food waste because the crates are strong, impermeable to
moisture, possible to clean and sanitise, and have smooth surfaces and good stack
stability. Plastic crates have been preferred for fruit and vegetables because of their
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ability for better ventilation and structural protection (Verghese et al., 2013). The
smooth surfaces, which reduce the amount of damage to the skins of fruits and
vegetables, have also assisted in the shift from wooden boxes to cardboard boxes and
plastic crates (Aworh, 2010). On the other hand, some vegetables, such as radish and
green onions, have been found to stay fresh longer in wooden boxes because of the
more suitable humidity conditions. The differences in the abilities of wood and
cardboard boxes and plastic crates to prevent fruit and vegetable waste indicate the need
to include the costs of food waste into the life cycle costing considerations.
LCC can be a valuable method in assessing the true costs during the life cycle. In most
cases, the economic indicators of GPPS (presented in Table 6) might give sufficient
indication about the packaging related costs. There, the costs of packaging are measured
with two indicators: the total cost of packaging and packaged product wastage. The
indicator ‘total cost of packaging’ encourages taking into account the cost from
materials, energy, equipment and direct labour during sourcing of materials (raw, reused
and recycled materials) and production, filling, transport and/or disposal of packaging
and its materials and components (The Consumer Goods Forum, 2011). This indicator
focuses solely on operations related to the packaging, not the product.
The second economic indicator completes this assessment well by introducing the cost
of wasted food to the mix. The cost of wasted goods per annum is suggested to be
expressed as a percentage of the cost of sold good per annum (The Consumer Goods
Forum, 2011). This indicator is a valuable indicator especially when comparing
packages for similar food products, when it can be seen which food-packaging
combinations result in greatest losses. The packaging alone is not the sole reason for the
wasted food, and the reasons for wasted food need to be studied case-by-case. Even
more interesting would be to examine the costs of packaged food wastage among the
same product packed in different packaging sizes. This would allow demonstrating
whether there is a need for smaller packaging sizes which might result in lower food
waste and costs. Here again it can be challenging to derive the information especially
about the waste generated in households, and especially related to specific packaging
sizes.
Let’s continue on then to the social aspects considered in this study. This study focuses
on the working environment indicators over the process chain of the transport packages
studied. The indicators were studied with the help of the life cycle working environment
method. The study included the following indicators: the total time of work [s/package],
the total time of women’s work [s/package], the differentiation of the working time
according to qualification levels [s/package], and the number of lethal and non-lethal
accidents [cases/package].
The results of the LCWE study considering accidents are presented in Figure 18. As can
be seen, lethal accidents mostly occur in the wooden and cardboard box systems and
mainly result from logging activities. Non-lethal accidents mainly occur during the
production of plastic. However, as these values are presented per package, the
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advantage that the plastic crate has in being re-usable is not reflected in this accident
reporting (Albrecht et al., 2009).
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Figure 18: Non-lethal and lethal accidents per box/crate (Publication IV)

When it comes to the working time of the production phase, a cardboard box requires
the longest working time in relation to the entire value chain (150 s/box) followed by a
plastic crate (120 s/crate) and a wooden box (85 s/box). The share of female
employment is relatively low in all package systems. For plastic, the share of women’s
working time is 28%; for wooden boxes, it is 18%; and for cardboard boxes, 5%. The
qualification level of the employees is low in all package cases; this corresponds to the
qualification required by the job. These low-qualification jobs in washing and sorting of
the plastic crates as well as in forestry and logging for wooden and cardboard boxes are
ensured for the long term.
These results are merely at the inventory level, as an impact assessment technique for
social indicators is still lacking. It is evident that in order for the LCWE results to be
more useful in decision making, an impact assessment method is needed. Inventory
results such as the number of accidents or total working time are already useful, as
actions may then be taken to minimise risks, but this may not be the case for all results.
Whoever is using the current inventory results decides whether the low amount of
working time of females or the working time of people performing jobs of low
qualification levels is advantageous or disadvantageous. The LCWE method in
sustainability assessment requires further exploration and development so that we can
discover the relevant social indicators and then proceed to the impact assessment, rather
than just settling for life cycle inventory results.
The LCWE method takes into account only the process phase of the packaging, which
although important, is not the only significant life cycle stage during the whole value
chain of the packaging. Within the social requirements for sustainable packaging
outlined in chapter 3.1, it was proposed that the food packaging should first be healthy
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and safe for all users in all life cycle stages, and secondly be beneficial to the user in all
life cycle stages. The indicators of the life cycle working environment only partially
answer to these requirements. The number of accidents correlates with the safety of the
packaging, but again, only processing stages are included. It would be better to include
other phases, such as the use phase, where health aspects of safe-to-eat food are in
focus. The second requirement that of being beneficial to the user, is one which cannot
be easily quantified for use in the LCWE, or LCA or LCC methods for that matter.
Beneficiality is more of a qualitative attribute which can be experienced differently by
different users of the package. Some sub-requirements are easier to connect with a
quantified indicator, e.g. the light weight or optimised volume of the packaging, the
time used to shelf the package in the retail sector, or the time the perishable product
actually stays fresh/edible in the packaging. Nevertheless, some requirements,
especially those relating to the convenience of use, are such for which methods like
LCWE do not have a good application.
There is clearly a need for different kinds of indicators to assess the social side of food
packages. The indicators need to encompass the different life cycle stages more
thoroughly and also different users of the packaging. These indicators could include











the time of shelf life (as presented in GPPS metrics) in the designed temperature,
the time needed for shelving in shops,
the time the food product is preserved after opening the package,
the percentage of the product that can be used because of the package (in cases
were the packaging is difficult to be emptied fully),
the weight of the packaging (as presented in GPPS metrics),
the volume of the packaging according to modular dimensional coordination,
the possibility to separate different materials into different waste categories,
the availability of different (smaller) packaging sizes or single serving portions
in one packaging,
the amount of hazardous or risk-related substances in the packaging materials
and
the possibility to trace the food to its origin with the markings in the packaging.

Some of these indicators would be yes/no based indicators and some can be measured in
time, weight or volume. These indicators are constructed based on the social
requirements of food packaging (Figure 7) or in other words from the point of view of
the users of food packaging during its life cycle. It can be noted that they can indicate
also economic savings by the efficiency in use of time (in handling) and space (in
storage and transport) and in environmental savings by the efficiency in weight and
volume (in transport), waste management and recycling, as well as in the prevention of
food losses.
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3.7 Results summary
Research question 1 asked how sustainable food packaging can be defined. Foundation
for the answer was laid through reviewing the existing definitions for sustainable
packaging and metrics and indicators meant to assess the sustainability. A definition for
sustainable food packaging was provided by setting up requirements which food
packaging needs to fulfil. Different requirements were presented in Figure 7 for
environmental, social and economic aspects related to packaging, taking into account 1)
the special characteristics of the food and 2) the whole value chain of the foodpackaging combination. Special emphasis was given to requirements which help to
prevent food waste.
Research question 2 asked what the significance of packaging is in the environmental
impacts of food items. A life cycle assessment was conducted for three different kinds
of food products (ham, bread and Soygurt) and their several packaging alternatives
made of plastics and fibre. It was found that the packaging itself has a low
environmental impact in these studied cases, ranging from 1 to 12 per cent depending
on the packaging alternative. These percentages concern the global warming potential
indicator, but are quite similar in terms of the acidification and are even much lower for
eutrophication.
Research question 3 asked what the significance of food waste is in environmental
impacts of food-packaging combinations. The environmental impact of food waste
generated by consumers was compared to the environmental impacts of packaging with
the help of these aforementioned three cases. According to the results, the production of
even small additional amounts of food which ends up as waste instead of nutrition
causes more environmental impacts than the production of the packaging. The results
revealed yet another group of food products for which the packaging does not cause
much environmental impacts, but instead indirectly prevents environmental impacts by
enabling the consumer to use the food more thoroughly. This reduces both spoilage of
the product and the need to manufacture unnecessary product quantities.
Research question 4 asked how sustainability (aspects) can be integrated into the
package design process throughout the life cycle of the food-packaging combination. In
this fourth step, the definition of sustainable packaging and the results of LCA cases
were incorporated into a new framework for enhancing sustainability issues in food
packaging design. The idea of simultaneous product and packaging design was
emphasised to better prevent the food waste generated during the whole life cycle of the
food. A series of methods including SWOT analysis, user study, checklists and LCA
were introduced and then integrated with the traditional packaging design process.
Research question 5 asked how life cycle assessment should be conducted when
assessing food packages. Here a more in-depth breakdown was performed of some
elements essential in food packaging LCAs. Recommendations based on experiences
learned by the author in the conducting of LCAs as well as a review of a group of LCA
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case study articles were provided as an aid for an LCA practitioner doing a study on
food packages. These contain the suggestion to also include the food item when one
does a food-package study in order to understand the magnitudes of the environmental
impacts of the food and the packaging in comparison to one another and also to
determine what the real hot spots are during the food-packaging combination life cycle.
Also relevant would be to take into account the estimated or measured amounts of food
waste generated due to different packaging alternatives. This would influence the
decision making amongst different packaging alternatives towards a more
comprehensive and ecological direction as well as making design changes to reflect the
LCA results.
After one defines the aims in the life cycle assessment, the next actions to be taken are
defining the scope and system boundaries of the study. Therefore, from a food waste
perspective, a couple of matters should be taken into account more consistently than has
been the case in many of the previous packaging studies. First of all, the whole
packaging combination, including the primary and the secondary packaging and in
some cases even the tertiary packaging, contributes to the protectiveness of packaging
and thus prevents food losses. The necessity of all included packaging levels for the
product also indicates the need to include them in the LCA study. Defining the
functional unit is important in an LCA study. Moreover, it could be possible to include
the food waste which is to be taken into account already in the phrasing of the
functional unit. If the functional unit were based on the actual needs of the consumer,
the food waste throughout the life cycle might be more easily included in the study.
This chapter highlights environmental indicators and impact categories which are
relevant to include in an LCA study done for product-packaging combinations. It is
reminded that the impact categories should not be chosen based on general assumptions
or out of habit (although some indicators are important to all packaging materials such
as non-renewable resource use and generation of solid waste), but each case with
particular packaging material should be considered individually.
Research question 6 asked whether life cycle costing and life cycle working
environment methods can contribute positively to the assessment of sustainability of
food packages. The sustainability assessment was completed with methods assessing the
life cycle costs and life cycle working environment indicators in a case study on fruit
and vegetable transport packages in Publication IV. These methods do contribute some
relevant information alongside LCA results, but their downsides were also
acknowledged. Inclusion of the costs of the wasted food would improve the usefulness
of LCC analysis. The use of GPPS economic attributes which take into account the
costs during the life cycle of packaging and the cost of food waste were recommended
in the economic analysis. The LCWE method, on the other hand, does not assess all the
important social requirements that can be combined with food packaging as presented in
Figure 7. Therefore, a set of indicators more closely related to food packaging and all of
the users of packaging during its life cycle were suggested to complete the social
assessment.
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3 Research contribution

As the research contribution of this thesis was presented in a cycle of continuous
improvement in Figure 6, a link must be created from the last step to the first as well. In
the first step, the requirements for sustainable food packaging were suggested. In the
figure, the requirements which can be seen as preventative in terms of food waste are
marked with red exclamation points. The research done in LCA case studies confirms
that the prevention of food waste is usually important, and thus packaging plays an
important role in this. Therefore, these requirements marked with red exclamation
points could be seen as the most important ones to be taken into account in the
packaging design. Based on both environmental and economic points of view, these
requirements include the prevention of food waste in order to avoid producing a new
product as a replacement. These requirements on packaging are as follows:











Protects product from deterioration (chemical, biological and physical
influences)
Ensures designed shelf-life at the designed temperature
Provides for easy shelving, handling, opening, resealing, dosing, and emptying
fully
Holds the right quantity of food for the consumer’s needs
Is non-toxic, hygienic, tamper-evident, not migrating
Is informative and traceable throughout the distribution chain, retail and
consumer use
o Consumer does not make unsuccessful purchases due misleading or lack
of information given on the package
Is efficient and has a cost-effective use of space in transport, retail storage, shop
shelves, and home storage (to allow correct storage conditions for the food)
Differentiates/enhances the product image and thus assists in selling without
being overly appealing to avoid unnecessary consumption
Has together with the food system minimum total environmental impacts
without the shifting of burdens

While these are the main requirements identified for sustainable food packaging design,
the loop continues its circle of implementation of these requirements in food packaging
design and of assessment of the sustainability of the food-packaging combination
through LCA and other suitable methods.
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4 Discussion and conclusions
4.1 Theoretical and practical implications
Requirements for sustainable packaging have been created to help the packaging
designer to identify the critical factors all along the life cycle of the food package. An
effort has been made to list the important requirements that sustainable food packaging
should fulfil and to emphasise the most important requirements in terms of preventing
food losses. Sustainable food packaging has many requirements that it must fulfil,
ranging from the convenience of use to low environmental impacts as well as to costeffectiveness. In determining these requirements, the life cycle perspective has been
taken into account: the food packaging and its contents should cause as little as possible
environmental impacts, be cost-effective, as well as healthy, safe and beneficial
throughout the package life cycle and to all users in the food packages value chain.
Here, special emphasis has been given to the requirements which have a bearing on
food waste generation. These include protection properties which guard against the
constraints the package encounters over its life cycle and the properties which assist
people in using the packaging correctly and the food fully.
These highlighted requirements encompass the main criteria that the packed food
requires as well as the packaging legislation. One aspect required in the packaging
waste legislation but is not highlighted in the main requirements for sustainable food
packaging is that the packaging shall be either recoverable as energy or recyclable as
material or compost. Although this is indeed an important requirement, based on the
research done within this thesis, some indications can be seen that this requirement falls
into the category of the second most important requirements, coming after the
requirements that emphasise the prevention of food waste. Firstly, packaging itself is
not a great contributor to the environmental impacts in comparison to food and food
waste. Packaging of course contributes to the environmental impacts, but the emphasis
in this thesis has been in trying to find the optimum between environmental impacts of
the packaging and the food product. Secondly, the waste management of the package,
even as modelled through multiple scenarios with varying waste treatment methods as
presented in Publication III, forms only a minor share of the studied environmental
impact of the whole food-packaging combination.
The results of the life cycle study of three case food items — rye bread, ham and
Soygurt — show that food, especially wasted food, causes a higher environmental
burden than the package. Wasting one slice of ham or half of a slice of bread has a more
significant impact on global warming than does the packaging. A similar pattern applies
to eutrophication and acidification. The results of the life cycle assessment for the three
food products confirm the studies that the package itself is not the main environmental
burden. However, it must be remembered that these claims stem from a study made
only for three food products, with only plastics and wood fibre as the major packaging
materials and which only deals with three environmental impact categories. However,
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within its scope, this study complies with the statement that the packaging indirectly
prevents environmental impacts by preventing food losses (Williams, 2011; Hanssen et
al., 2012), which was the case also with coffee and butter (Büsser and Jungbluth, 2009),
chicken meals (Davis and Sonesson, 2008) and white and wholemeal bread (EspinozaOrias et al., 2011). The results also comply with the suggestion of Williams and
Wikström (2011) that the environmental impacts of packaging could be allowed to
increase if the new packaging reduces food waste. This also indicates that in trade-off
situations in packaging design, the solution that minimises the food wastage is really
worth considering. Some products, such as beverages and some fruits and vegetables,
exceptionally have lower environmental impacts because of water being the major raw
material in the production (Virtanen et al., 2007; Svanes, 2010). Similarly, some other
packaging materials not studied here (such as metals and glass) might have greater
environmental impacts. Also in case of fresh fish packages, the packaging constitutes a
notable share of the total environmental impacts when the fish has fairly low impacts
from fishing and processing and the product wastage is relatively low (Hansen et al.,
2012). Therefore, the relative contribution of packages of these product-package
combinations is found to be higher, if the depletion of water resources or the damage to
water system is considered to be irrelevant in the studied system.
Life cycle modelling and assessment are needed in order to assess the success of the
food packaging design, to close the gap between the design and actual product and to
help in the design process. A great number of products and the lack of human or
financial resources may restrict the use of LCA as a tool in comparing different
packaging alternatives. It should, however, be recognized that LCA provides the most
scientific knowledge of the environmental impacts in a product’s life cycle. In this
thesis, to promote the use of LCA, consideration has been given to the aspects relevant
to life cycle assessment done for food-packaging combinations. This thesis provides
some suggestions on how to conduct life cycle assessment for food packaging cases,
especially emphasising the inclusion of the aspects that have an effect on the generating
of food waste into the modelling. These suggestions include setting system boundaries,
defining the functional unit, choosing appropriate environmental impact categories and
utilising cost and social indicators for the purpose of promoting the sustainability of
food packages.
First and foremost, the inclusion of food is an important factor in determining the real
hot spots in the food-packaging combination. Usually, the food itself tends to have the
most significant environmental impacts; therefore, it would be useful to include the food
waste within the system boundaries. Also, it could be worthwhile to construct the
functional unit in a way which allows the food waste to be included. When comparing
different kinds of packaging alternatives, it should be acknowledged which packaging
option causes the least amount of food waste. This is not only an environmental choice
but also an economic one. Environmental impact categories should be chosen based on
each case in hand. For food packages, recommended indicators to consider are at least
global warming potential, amount of food and packaging waste both, material use,

4.2 Reliability and validity
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(particularly non-renewable material use) and biodiversity and ecotoxicological impacts
along with water and land use impacts.
In addition to environmental aspects, the life cycle analysis can be complemented by
assessing life cycle costs and life cycle working environment, methods of which were in
use in one case study. These methods do contribute some relevant information, but the
inclusion of the costs of the wasted food would improve the usefulness of LCC analysis.
The LCWE method, on the other hand, does not solely assess all the important social
requirements that affect mostly the consumer. Therefore, some indicators related to the
convenience and safety of use were suggested to complement the social assessment of
food packages.
To reach the threefold goal of designing food packages that prevent food losses, are
economic throughout their life cycle and acceptable to their users in the value chain, a
need was found for different methods and practises in the sustainable food packaging
design.
The framework for sustainable food packaging design presented in this thesis provides a
guiding approach for a packaging designer to implement sustainability aspects step by
step into the design process. The framework is complemented by a set of main
requirements for sustainable food packaging which the packaging designer should take
into account. The emphasis in the framework and the requirements urges the designer to
consider all operators in the value chain of the food packaging chain, thus enabling the
consumer to use the food item safely, easily and without creating any extra wastes. The
purpose of the framework is to integrate sustainability aspects firmly into the existing
packaging design process. When designers and packagers develop a new food package,
the design choices that influence the generation of food waste should be already
analysed in the design phase through the life cycle analysis. These choices include
different packaging sizes or different material alternatives, which in turn influence the
time or the conditions under which the food is preserved.
The overall message of this thesis is that sustainability aspects which are important to
be recognised in the field of food packaging industry must be brought forward. By
recognizing these aspects, businesses can manage the risks that can follow from
neglecting the sustainability issues. Sustainable product design is no longer mainly seen
as an expense, but rather as a chance to develop a profitable business. A comprehensive
standpoint on product and packaging design is essential for creating sustainable
production chains which lead to minimising risks and improved brand image, and thus
to more competitive business.

4.2 Reliability and validity
This study has been carried out from the view point of developed countries. Methods
presented to improve the food packaging design and sustainability assessment as well as
the case studies mainly concern industrialised Europe. A more advanced level of the
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protectiveness of packages as well as of the food supply chain in general is achieved in
industrialised Europe compared to the developing countries, where more food waste is
created in the food supply chain, mostly due to inadequate infrastructure of the supply
chain.
In developed countries, most important is the raising awareness among consumers and
changing attitudes that make people behave more sustainably. These issues could be
improved with education, and packages can be a part of it by containing informative
guides on how to use the package and the product properly and by presenting
information on the environmental impacts of the product via e.g. eco/carbon labels
and/or through communicative so-called intelligent packages. On the whole, the
packaging designer is responsible for the packaging to be fool proof throughout the life
cycle of the food product. Thus, the packaging should be designed to guide consumers
in making the right choice automatically.
On the other hand, something lacking in this dissertation is the consideration of the
challenges of the food supply chain in developing countries. In those countries, the
packaging designer cannot rely so much on constant and adequate practices in the food
supply chain and might not exert any influence for example over poor transportation or
market facilities. Therefore, the results presented in this thesis cannot be generalised too
widely outside of developed countries. There could, however, be room for developing
food supply chain practises, because as the statistics indicate, in developing countries,
most of the food waste is generated before the food reaches the consumer. Hopefully,
through globalization and by companies moving on to the developing countries the
good and responsible practises will follow with them.
The problem itself, food waste and its consequences, is discussed in this context through
the lens of packaging. Thus, it must be kept in mind that even outside the realm of
packages, there are a great deal of efforts that can be made that can reduce the amount
of food waste generated. Even though this thesis focuses on packaging related food
waste, the reasons for wasting food go beyond that. There needs to be a good
understanding about the reasons of food waste in the food value chain in order to focus
on tackling those reasons — which might be solved with other measures rather than
packaging.

4.3 Recommendations for further research
In the future, it would be important to further examine the relationship of different kinds
of packages to the generation of and, on the other hand, prevention of food losses. Also,
relevant would be to implement the framework presented herein for sustainable food
packaging design through an empirical piloting. To make the requirements of
sustainable food packaging more applicable for use by a packaging designer, they
should be teamed up with corresponding indicators for measuring the performance of
packaging alternatives.

4.3 Recommendations for further research
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When considering sustainability and all three of its pillars, the challenge remains for the
packaging designer as to determine which aspects are the most important ones. This is
especially challenging when different packaging options outperform others. For
example, one option may cause low impacts to the environment but cause excess costs
due to the combination of materials used. Packaging design is about making trade-offs
and compromises, but it could be concluded that in the case of food packages, the
environmentally preferable option — which saves resources needed to produce the food
— is also economical in the long term by preventing food losses, assuming that it also
meets the consumers’ expectations, is socially acceptable and sells. The packaging
designer can primarily influence aspects such as environmental, cost, usability and
beneficiality aspects associated with the packaging. On the other hand, taking care of
the overall economic competitiveness and social issues among the employees,
community and other stakeholders is mainly a matter of well-organised corporate
responsibility.
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Appendix A: The analysed 37 LCA case study articles
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Main point (for the
purposes of this thesis)

Focusing on

Have these been included?

Food

Andersson
(2000)
LCA of food
products and
production
systems

Talve (2001)
Life Cycle Assessment of a
Basic Lager
Beer

Eide (2002)
Life Cycle Assessment (LCA)
of Industrial
Milk Production

None of the studied
packaging systems is
clearly better than the
others (plastic vs glass
bottles for ketchup).
Included indicators PE,
GWP, AP, POCP, human
toxicity, ecotoxicity)
The life cycle of packages is considered only
partly. The major oxygen depletion sources
are package board and
paper production (for
crates). Distribution of
beer and empty returned glass bottles
constitutes a great
share of the environmental impacts of the
system. Included in the
study GWP, AP, EP,
summer smog, COD.
The life cycle of milk
was studied, and the
results show that the
agricultural production
is the most significant
factor in all studied
environmental impact
categories. The included life cycle phases
of packaging not clearly
presented.

Food losses

Functional unit

Primary,
secondary,
tertiary
packaging

Food
and
packages

yes

yes and no

P?

1 000 kg of ketchup
consumed, assuming a five per cent
loss in the consumer phase / 1 kg
of bread, including
storage in the
households, but
excluding losses in
the consumer
phase

Food
(and
packaging
with
significant
exclusions in
system
boundaries)

yes

no

P , S(?),
no T
exists

505 multi-packs of
bottled beer (10 hl
of beer) in the shop

yes

no, but it
was assumed that
0,97 % of the
milk was left
on the
glasses and
the losses on
farms were
included

P?

1,000 liters of
drinking milk
brought to the
consumers

Food
and
packaging
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Zabaniotou and
Kassidi (2003)
Life cycle assessment applied to egg
packaging
made from
polystyrene
and recycled
paper

Ziegler et al.
(2003)
Life Cycle assessment of
frozen cod
fillets including
fishery-specific
environmental
impacts

Keoleian et al.
(2004)
Life cycle environmental
performance
and improvement of a yogurt product
delivery system

Koroneos et al.
(2005)
Life cycle assessment of
beer production in Greece

A comparison of two
egg packages. Recycled
paper eggcups have
less environmental
impacts than polystyrene ones, although
there are differences
between the studied
environmental impact
categories. Included
indicators GWP, ODP,
AP, heavy metals in air,
carcinogens, pesticides,
smog, EP.
Packaging (LPDE-laminated cardboard as
primary packages and
LDPE secondary packages) constitutes a
minor share of the
studied environmental
impacts (POCP, GWP,
EP (for nitrogen and
phosphorus separately), EP, AP and AE
(aquatic ecotoxicity).
Comparison of different package options
and package sizes for
yogurt (plastic cups,
smaller sizes had also a
paperboard wrap). The
biggest size of the
studied options proved
to be the best choice.
Included indicators air
emissions, emissions to
water, GWP, ODP.
A study of the environmental impacts of
beer. The glass bottle
production constitutes
the greatest share of
environmental impacts
(GWP, ODP, EP, AP,
smog, solid waste,
toxicities)

Packages

Food

Packages

Food
and
packages

no
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P

300 000 eggs
which need 50 000
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each, as packages,
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yes

Assumed
that no
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waste occurs
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processing
industry

P, S, no T
exists

consumer package
of 400 g of frozen
cod fillet reaching
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the product delivery
system utilized for
the delivery of 1000
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retailer)

P

one bottle of beer
(combined
weight of beer and
glass 1.066 kg)

no

yes

no

no
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Singh et al.
(2006)
Life cycle inventory and
analysis of reusable plastic
containers and
display-ready
corrugated
containers used
for packaging
fresh fruits and
vegetables

Hanssen et al.
(2007)
The environmental effectiveness of the
beverage sector in Norway
in a Factor 10
perspective

Cordella et al.
(2008)
LCA of an Italian lager beer

Davis and
Sonesson
(2008)
Life cycle assessment of
integrated food
chains—a Swedish case study
of two chicken
meals

Comparison of reusable
plastic containers and
display ready, singleuse corrugated board
containers for different
kinds of fruit and vegetable. Reusable plastic
containers proved to
better choice in this
study. Included indicators GWP, solid waste,
CED.
The total impact of
packaging is very low
for beverage system,
especially for wellfunctioning refund
packages. Beverage
cartons neither have a
significant share of the
total impacts, but due
to lower recycling rates
require more attention.
Included indicators CED
and GWP.
Based on this study, a
beer keg has lower
environmental impacts
than beer bottle because glass has higher
emissions and energy
consumption. Both
options have major
impacts in inorganic
emissions, land use and
fossil fuel consumption.
Comparison of homemade meal and semiprepared meal. Role of
packaging is discussed
lightly. Role of food
wastage is recognized
more thoroughly.

Packages

Food
and
packages

no

no

yes

No, but the
role of product losses is
recognized
and analyzed.

S, eg.
containers for
nonpacked
fruits and
vegetables

shipment of 1000
tons
(907 tonnes, or 2
million lb) of each
type of produce
using RPCs (reusable plastic containers) and DRCs (display-ready corrugated containers)

P

the amount of
beverage products
consumed per
capita in Norway in
the year 2000

Food
and
packages

yes

no

P, S, T

1 l of beer and the
fraction of packaging allocated to
such a litre (1/20 of
a 20 l steel keg or
three 33 cl glass
bottles)

Food

yes,
but
packaging
as in
backgroun
d system

yes

P, S

one meal for one
person ready for
eating
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Mourad et al.
(2008)
Environmental
effects from a
recycling rate
increase of
cardboard of
aseptic packaging system
for milk using
life cycle approach

Zufia et al.
(2008)
Life cycle assessment to
eco-design food
products: Industrial cooked
dish case study

The increase of recycling
rate brings benefits in
terms of the consumption
of natural resources,
energy, water, wood and
land use. As a drawback
the increase of the total
dissolved solids (TDS)
emissions. Wastewater
treatment in paper
recycling facilities to be
concerned.
A LCA study of different
improvement options of
tuna-tomato meal,
including also changes in
packaging. Numerous
changes have been made
to the packaging to reduce
the environmental impact
of the packages. Included
indicators AP, toxicities, EP,
GWP, depletion of nonrenewable resources and
ozone.

Büsser and
Jungbluth
(2009)
The role of
flexible packaging in the life
cycle of coffee
and butter

The environmental impact
of packaging (aluminum foil
bag and stick, both include
plastic layers) is small
compared to the impact of
coffee and butter. The
influence of products
losses is recognized and
analyzed. Indicators include CED, GWP, ODP,
acidification, eutrophication.

Humbert et al.
(2009a)
Life cycle assessment of
two baby food
packaging
alternatives:
Glass jars vs
plastic pots

Plastic pots have environmental benefits over glass
jars in most of the
environmental indicators
(carcinogens, noncarcinogens, resp.
inorganics, ionizing
radiation, ODP, POCP,
aquatic ecotoxicity,
terrestrial ecotoxicity, land
occupation, aquatic acidification, GWP, nonrenewable energy and
mineral extraction).

Packages,
influence
of
recycling
rates

no

no

P, S, T

1,000 liters of milk,
distributed in corrugated paperboard
trays with 12 x 1 L
units, wrapped with
polyethylene shrink
film, arranged on
one-way wooden
pallets

Food
and
packages

yes

no

P, S

2-kg tray of pasteurized tuna with
tomato

Food
and
packages

Packages,
compariso
n of
glass
and
plastic

yes

yes

P, S

one cup of coffee
ready to drink at
home or in small
offices AND the
provision of 1 kg of
butter ready to be
eaten at home

no

No. The food
(except the
preservation
process) and
the use phase
are not taken
into account
as they are
considered
not to change
when
changing
packaging

P, S

1 child meal packed
and delivered
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Humbert et al.
(2009b)
Life cycle assessment of
spray dried
soluble coffee
and comparison with alternatives (drip
filter and capsule espresso)

A comparison of life cycles of
different kind of coffees and
their packaging (glass jar,
metal can, plastic/paper
pouch, plastic/cardboard
stick). The package constitutes approx. 10 % of the
studied environmental
impacts (15 indicators) for all
coffee alternatives.

Madival et al.
(2009)
Assessment of
the environmental profile
of PLA, PET and
PS clamshell
containers
using LCA
methodology

A comparison of bio-based
polymer resin containers and
polyethylene teraphlate and
polystyrene containers for
strawberries. PET
contributed the greatest
environmental impacts of the
studied packages in all
impact categories
(carcinogens, noncarcinogens, resp. organics
and inorganics, ODP,
ecotoxicity, land occupation,
GWP, non-renewable energy).

Packages

no

Gazulla et al.
(2010)
Taking a life
cycle look at
crianza wine
production in
Spain: Where
are the bottlenecks?

Production of glass bottles
constitutes the 2nd largest
share of the GWP of wine
after the fertilization of
grapes. Glass production is
also principally responsible
for acidification potential and
photochemical ozone
creation potential. Viticulture
is by far the greatest contributor to eutrophication

Food
and
packaging

yes

Nilsson et al.
(2010)
Comparative
life cycle assessment of
margarine and
butter
consumed in
the UK, Germany and
France

The packaging has lower
environmental effect
compared to both: butter
and margarine. However, the
margarine packaging (PP
moulded tub and lid has
higher global warming
potential (10–20 % of
margarine's total) than the
butter wrapping (aluminumlaminated paper). Included
indicators: PE, GWP, EP, AP
and POCP.

Food
and
packages

Food
and
packages

yes

yes

P, S, T

1 dl cup of coffee
ready to be drunk,
at
the consumer’s
home

no

P

1000 containers
with the capacity of
0.4536 kg (1 lb)
each for the packaging of strawberries

no

P, S, T

one bottle (0,75 l)
of red wine

P

500 g of
packaged butter/margarine
intended for use as
a spread,
delivered to the
manufacturer’s
distribution centre
in each
country (i.e. UK,
Germany and
France)

no

no
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Röös et al.
(2010)
Uncertainties in
the carbon
footprint of
food products:
A case study on
table potatoes

Focuses on the uncertainties on carbon footprint
calculations.

Dobon et al.
(2011)
The sustainability of communicative
packaging
concepts in the
food supply
chain. A case
study: Part 1.
Life cycle assessment

The use of FBBD (flexible
best-before-date)
minimises the environmental impact of pork
chops (production,
packaging and delivery)
since it helps controlling
the out-of-date products.
Indicators include carcinogens, resp. inorganics,
GWP, radiation, ozone
layer, ecotoxicity, acidification/eutrophication, land
use, minerals.

Espinoza-Orias
(2011)
The carbon
footprint of
bread

The impacts of packages
are low compared to the
impact of the whole
system. Plastic bags have
lower (3 %) carbon
footprint than paper bags,
mainly because of the methane emissions from
landfilling.

Levi et al.
(2011)
A Comparative
Life Cycle Assessment of
Disposable and
Reusable
Packaging for
the Distribution
of Italian Fruit
and Vegetables

Comparison of two
different
packaging and distribution
systems: one‐way
corrugated boxes and
reusable plastic containers
for fruits and vegetables.
Included indicators GWP,
ODP, POCP, AP, EP, nonrenewable resources.

Food and
packaging

Food and
packages

Food and
packages

Packages

P

1 kg of table potatoes available for
purchase in a 2-kg
‘kraft’ paper bag at
a Swedish supermarket

P

production, packaging and delivery
to the point of sale
of 1000 kg chops in
the Netherlands
using nanoclaybased PLA packages
having affixed or
not a FBBD communicative device

yes

P

standard 800 g loaf
of sliced bread
made of wheat
flour on the
industrial scale and
consumed at home

no

S (e.g.
contai
ners
for
fruit
and
vegetables
)

making 100 kg of
fruits and vegetables available at the
large‐scale retail
outlets within Italy
and in Europe

yes

no

yes

Food losses
were evaluated only on
retail level.
It was assumed that
the FBBD
device did
not affect
the
production
and delivery
chain (with
the exception of
longer shelf
life in retail
level)

yes

no
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Milà i Canals
(2011)
Estimating the
greenhouse gas
footprint of
Knorr

Study of corporate level
footprint of "metaproducts" (e.g. dry soups).
Packaging and waste
management constitute 10
% of the GHG emissions of
the Knorr products p.a.

Röös et al.
(2011)
Uncertainties in
the carbon
footprint of
refined wheat
products: A
case study on
Swedish pasta

Focuses on the uncertainties on carbon footprint
calculations.

Singh et al.
(2011)
Life cycle inventory of
HDPE bottlebased liquid
milk packaging
systems

Comparison of three types
of HDPE milk containers
with different shapes. The
original and cube based
shapes proved to be better
choices than the stackable
shape. Included indicators
GHGs and energy
consumption.

Packages

Svanes et al.
(2011)
Environmental
assessment of
cod (Gadus
morhua) from
autoline fisheries

Packaging (laminated
paper, EPS boxes) was not
considered as a hot spot in
any of the studied impact
categories (GWP, AP, EP,
POCP, ozone layer
depletion and CED)

Food and
packaging
in a minor
role

Xie et al. (2011)
A comparative
study on milk
packaging using
life cycle assessment: From
PA-PE-Al laminate and polyethylene in
China

The composite packaging
(paper, PE,
aluminum foil) has slightly
higher environmental
impacts than the
polyethylene packaging
because of the impacts
from the fossil fuels, land
use and respiratory inorganics categories, while the
plastic packaging mainly
comes from the use of
fossil fuels.

Food and
packaging

Food and
packaging

Packages

yes

yes

no

no

P?

tonne of
product (as sold)?

P

1 kg of pasta in
paper packaging
available for sale in
a supermarket in
Stockholm

no

no, but the
importance
of losses is
acknowledged

P, S

yes

no

P?

no

no

P

3.79 l (1 gallon) of
packaged liquid
milk delivered to
institutional customers (on-site
users) and retailers
within 402 km from
the processing and
packing plant with
a minimum of 2
weeks of shelf life
at delivery
1 kg of different
types of cod products in different
sizes of packaging
delivered to retailer/institutional
buyer/distribution
centre

1000 L of milk,
requiring 1000
stand-up composite
packages of 1 L
each, and 5000
pouched plastic
packages of 200 mL
each.
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Amienyo et al.
(2012)
Life cycle environmental impacts
of carbonated soft
drinks

Packaging is the greatest
contributor in most
environmental impacts (59–
77%). The carbonated soft
drink has not so great
environmental impacts as the
packaging. 2 l PET bottles
perform best at the
comparison, 0,33 l aluminum
cans finish the second, 0,75 l
glass bottles perform worst.
Indicators include GWP, PED,
ADP, AP, toxicities and POCP.

Food
and
packages

yes

no

P, S

1 l of a
carbonated
drink/ total
annual
production and
consumption of
carbonated
drinks in the UK

Fantin et al.
(2012)
Life cycle assessment of Italian
high quality milk
production. A
comparison with
an EPD study

Operations at the farm are
the greatest contributors in
the case of milk. Packaging’s
(cardboard, PE films and
wooden pallets) contribution
to the studied impact categories (GWP, ODP, POCP, AP,
EP) is not presented.

Food
and
packaging

yes

no

P, S, T

1 l of HQ milk
bottled in a Tetra
Top package

González-García et
al. (2012)
Environmental life
cycle assessment
of a dairy product:
the yoghurt

Yoghurt containers and other
packaging materials are a
major contributor in ADP and
CED due the plastics used in
packages. Other packaging
materials such as PE tapes,
cardboard boxes and plastic
film show minor influence.
The largest contributor to the
environmental impact
studied is milk production.
Prevention of milk losses is
acknowledged as one way to
minimise the environmental
impacts

yes

yes, 10 %
losses of
yogurt in
the consumer
phase.
Losses in
other life
cycle
stages
excluded
due to the
lack of
data

P, S

1 t of yoghurt at
the household

Gunady et al.
(2012)
Evaluating the
global warming
potential of the
fresh produce
supply chain for
strawberries,
romaine/cos
lettuces (Lactuca
sativa), and button
mushrooms
(Agaricus bisporus)
in Western Australia using life
cycle assessment
(LCA)

Packaging only slightly
discussed. The share of GWP
caused by the packaging is
not communicated in the
paper.

P

1 kJ of nutritional
energy
equivalent of
strawberries, cos
lettuces and
white button
mushrooms.

Food
and
packages

Food
and
packaging

yes

no

Appendix A: The analysed 37 LCA case study articles

Ingwersen
(2012)
Life cycle assessment of
fresh pineapple
from Costa Rica

Mattila et al.
(2012)
Uncertainty in
environmentally conscious
decision making: Beer or
wine?

Point et al.
(2012)
Life cycle environmental
impacts of wine
production and
consumption in
Nova Scotia,
Canada
Bengtsson, and
Seddon (2013)
Cradle to Retailer or Quick
Service Restaurant Gate Life
Cycle
Assessment of
Chicken Products in Australia

Farming stage was the
greatest contributor in
all impact categories
(non-renewable energy, water footprint,
soil erosion, emergy,
EP, toxities, ODP, AP,
GWP, smog). Packing
stage has also some
notable impacts mainly
due to the material use
for the cardboard
boxes.
Taking into consideration uncertainties in
modelling and thus in
decision making as
well. Comparison of
not only GWP and
water footprint but as
well other attributes
that influence the decision making (e.g. price,
taste, weight control).
The uncertainties
preventented to make
a final conclusion on
the preference.
Glass bottles contribute 3–24% of the environmental impacts
(ADP, AP, EP, GWP,
ODP, toxicities, POCP
and CED). The greatest
contributors are the
vineyard activities and
consumer transport.

Packaging contributes
less than 10 % of the
overall environmental
impacts while the
processes related to
food processing are the
major contributors.

Food and
packaging

yes

no, but the
role of food
losses has
been noted in
the discussion

Food and
packages

yes

no

P

one serving of
alcohol: beer
or wine

Food and
packaging

yes

no

P

1 (750 ml) bottle of
wine produced and
consumed in Nova
Scotia in 2006

P

1 ton (t) of roast
chicken and breast
fillet from cradle to
retail or
quick food restaurant gate for conventional and freerange production,
respectively

Food and
packaging

yes

no, but the
role of food
losses has
been noted in
the introduction

P

one USDA
serving of fruit
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Neto et al.
(2013)
Life cycle assessment of the
supply chain of
a Portuguese
wine: from
viticulture to
distribution

Viticulture is the greatest contributor in all
environmental impact
categories (over 50 %),
bottle production is the
second largest contributor (4 % eutrophication, 26 % acidification). Also studied
indicators were land
competition, ODP,
toxicities, GWP, ADP
and POCP.

Food (only
glass
bottles
included
from
packages;
cork,
labels,
caps and
EoL
excluded)

yes

no

P

0.75 l of white
vinho verde
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The environmental impacts of packages have been found to be relatively small compared with the food
items they contain. Furthermore, from the environmental and operational point of view, the most signiﬁcant
task of the package is to protect the product, which is important to acknowledge in the packaging design
process. This study introduces a guiding framework for designing sustainable food packaging. In this
approach, the entire life cycle of the product–package combination is taken into consideration. The
emphasis is on the prevention of food losses in packaging design as a major environmental criterion.
Consideration of the properties of both the package and the product itself when designing the ﬁnal package
will lead to a better end result with smaller product losses and environmental impacts. By using different
assessment methods in the different stages of the packaging design, the sustainability of the package can
be enhanced. The decision making of the packaging designer is facilitated with methods that are introduced
step by step and in a certain order that will also allow for corrective measures through back-loops in the
design process. The purpose is to integrate sustainability aspects at all stages ﬁrmly into the design process.
Copyright © 2012 John Wiley & Sons, Ltd.
Received 16 May 2011; Revised 22 March 2012; Accepted 29 March 2012
KEY WORDS: packaging design; food losses; environmental impacts; sustainability

INTRODUCTION
When considering packages, the dominating environmental issues in the recent past have been material
use and recycling possibilities.1 Packaging is often still considered only as a burden for the environment and as annoying waste, which ﬁlls our trash cans and landﬁlls. We should look beyond this
distracting and to some extent false assumption and remind ourselves about the main task of packaging:
it is to protect and distribute the right product to the right end-user in a safe, cost-efﬁcient and
user-friendly way. A packaging that fails to fulﬁl these tasks will lead to unnecessary waste due to
damages of the packed products, thus causing great and completely redundant environmental impacts.2
Recent life cycle assessments indicate that the environmental impacts of packaging are small
compared with the environmental impacts of the packed food products.2–4 The environmental impacts
of the food losses1 – if they occur – constitute a greater share of environmental impacts than the
production of the package containing the food.2 For example in life cycle assessments made for rye
* Correspondence to: K. Grönman, LUT Energy, Environmental Technology, PO Box 20, 53851 Lappeenranta, Finland
E-mail: kaisa.gronman@lut.ﬁ
1
The environmental impacts of food losses that are generated unnecessarily during the food production if the food is not
consumed as human nutrition.
Copyright © 2012 John Wiley & Sons, Ltd.
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bread and cold cuts, the carbon footprint of packages was found to constitute only 1–3% share of the
carbon footprint of the whole product–package combination. For polypropylene packages of a soybased drink, the share of the package was found to be a bit higher, 10–13%. Also the other studied
environmental categories, eutrophication and acidiﬁcation, showed similar results indicating low
environmental impacts for the package.5 As an exception, products such as beverages have
lower environmental impacts because of water being the major raw material in the production,
and therefore, the relative contribution of packages of the product–package combination is found
to be higher,6,7 if the depletion of water resources or the damage to water system is considered
to be irrelevant in the studied system.
The challenge in package design is to ﬁnd a good balance between the product and the packaging.
The task of the package is to protect the product, enabling it to reach the consumer in good condition,
and thus prevent food losses at distribution, retail and household levels. Instructions for ensuring
sustainable product–package combination design have a great importance.
Several tools have been developed to help packaging designers to promote greener or more
sustainable package design. Guidelines about packaging are given in national laws and EU directives,
as well as in regulations set by the CEN Standards 13427–13432 about packaging and packaging waste.
In 2013, there will be also the ISO packaging and the environment standards 18601–18606. In addition,
there are several design guidelines and analytical methodologies that emphasize different aspects of
sustainability as presented in the following.
In recent years, several deﬁnitions for sustainable packaging have been made. The Sustainable
Packaging Alliance (SPA) in Australia released deﬁnition of sustainable packaging in 2004 and
revised it in 2007 by adding the key performance indicators. SPA deﬁnes that sustainable packaging
should meet the following four principles: packaging should be effective (both cost-effective and
functional for all the users in the value chain), efﬁcient (using material resources and energy as
efﬁciently as possible), cyclic (enabling recovery through industrial or natural systems) and safe (as
non-polluting and non-toxic and therefore not posing any risk to humans and ecosystems).8 In 2005,
the Sustainable Packaging Coalition (SPC) in the USA characterized sustainable packaging with the
following arguments: sustainable packaging is beneﬁcial, safe and healthy throughout its life cycle,
meets market criteria for performance and cost, is based on renewable energy throughout its lifecycle,
optimizes the use of renewable and recycled materials, is manufactured using clean production
technologies and best practices, is made of materials healthy in all possible end of life scenarios, is
physically designed to optimize materials and energy and is effectively recovered and utilized in
biological and/or industrial closed loop cycles.9
These principles of SPC and SPA offer a valuable starting point for designing a sustainable
package. The SPA introduces also key performance indicators to the set principles, which facilitate
the reaching of sustainability objectives. However, further directions on how to implement these
principles and indicators to the processes of both product and package design are still needed. In
some occasions (e.g. relating to different materials or different operational environments), some
principles or criteria may be more important than others. Highlighting the most important criteria
and giving a more systematic working order would beneﬁt the goal of these principles – to achieve
sustainable packaging.
Checklists (e.g. by the SPC10 and Envirowise11) and metrics and indicators (e.g. by Global
Packaging Project12) offer various criteria for the packaging designer. These lists are often very broad,
and the packaging designer must have further knowledge on environmental impacts and sustainability
in order to be able to choose the most signiﬁcant and suitable sustainability criteria for the type of
packaging in question. Checklists may be based on ‘Yes’ or ‘No’ answers for some requirements or
the relationships between requirements and, e.g. environmental impacts remain undetermined.13,14
This limits the usability of checklists to assess the product’s environmental performance and
possibilities to improve it.13 Checklists can work as a tool for quality assurance for a packaging
designer. With the help of the list, the designer can check that no important issues have been neglected.
All of the criteria presented in the checklists may not be valid for the speciﬁc area where the package is
planned to be used, and therefore, some screening of the criteria is reasonable.
Some tools that are based at least partly on life cycle assessment (LCA) are also in use, e.g. the
PIQET Tool15 and the Pack-In Tool by Envirowise.16 These tools are meant to be used by the
Copyright © 2012 John Wiley & Sons, Ltd.
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packaging designers themselves. There have been positive experiences of the use of PIQET in
the packaging development industry, and thus it provides an affordable and practical LCA-based
assistance to the decision-making process.17 Using methods with too limited scope and depth, which
may be the case with the Pack-In tool, there may be a risk of oversimpliﬁcation or mistakes in the
interpretation of system boundaries or results. Also the deﬁning of the functional unit may be
restricted. Rebitzer et al. recommend the use of a broad, function-based functional unit to minimize
the differences in studied product system alternatives.18
Analysing the total life cycle impacts with the help of LCA provides a systematic assessment of the
environmental load19 of the packaging if the principles of LCA are followed. The package cannot,
however, be distinguished from the product it contains and assessed as an independent product. The
problem with LCA concerning packages and food products is that the food losses are often
neglected.20 The packaged product would be important to include in the LCA study. As the environmental impacts of product losses are in most cases greater than those of the production of the package,
the environmental impacts of product losses at all stages of the life cycle should also be considered.
Svanes et al.21 present a methodology for sustainable packaging design where several indicators are
grouped into ﬁve main categories: environmental sustainability, distribution costs, product protection,
market acceptance and user friendliness. Each category consists of a few indicators or methods to
evaluate the particular category. The emphasis of this methodology is on the inclusion of also the
indirect impacts of packaging (e.g. product losses, transport efﬁciency). However, in the methodology,
the authors neither evaluate the signiﬁcance of these indicators compared with each other nor give any
advice on how the packaging designer should operate in trade-off situations, although the spider
diagrams used by Svanes et al. may be helpful in visualizing possible trade-offs. An LCA approach
is recommended when analysing environmental trade-offs to help in decision-making situations.22
This approach presented by Svanes et al. does not give advice on at which point the packaging
designer should use the suggested methods. This could hinder the day-to-day work of the packaging
designer. As Svanes et al. note, a too complicated method will not be taken into use.21 A clear working
order that could be integrated in the design process might promote the use of these methodologies.
In this paper, the framework for designing a sustainable product–package combination is presented
for food items in conditions similar to those faced by the Finnish packaging industry. In order to
maximize the beneﬁts of checklists and other tools for sustainable packaging design, it is advantageous
to adapt the package design to the product design phase. Integrated product–package development
is suggested, e.g. by Bramklev.23 As the environmental impacts of the food products are usually
higher than the impacts of the packages, this indicates the need to design the product and the package
simultaneously to optimize the comprehensiveness of the design process.
The ultimate goal of this optimization is the prevention of product losses, or in this case, food losses.
The approach combines different evaluation methods to advise packaging designers in their goal to
create a sustainable product–package combination. The presented framework is supposed to guide
the packaging designer to implement the best practices available in a certain order in the process of
creating a completely new package or when improving an existing one. It presents step-by step
guidance for the packaging designer to choose the most promising packaging alternatives for more
detailed LCAs. The approach is an attempt to highlight the most important points from a great amount
of advice and to systematize the progress of a sustainable product–package combination design and
thus to assist the designer in the decision-making process.

METHODS
The suggested approach and developed framework for packaging design have been created based
mainly on a literature survey of the current knowledge of ecological packages and as a result of a
project carried out by a group of researchers in the ﬁeld of packaging and the environment, as well
as of representatives of the packing and food industry and the retail sector.
In the project, many different external actions and views contributed to the creation of this approach.
Various checklists, Finland’s national regulations and international regulations as well as standards for
packaging have been studied in order to construct a platform of key elements24 the packaging designer
Copyright © 2012 John Wiley & Sons, Ltd.
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should take into consideration. LCAs conducted for three food items and their packaging alternatives
gave valuable hands-on information about the best ways of conducting an LCA for the comparison of
food packages.25
The usability and exploitability of the current tools for packaging designers have been critically
assessed by interviewing packaging designers in Finnish companies. The views presented reﬂect the
packing industries’ expectations of new tools to promote sustainability. An analysis of the external
communication policy of some of the most signiﬁcant companies representing global and Finnish food
processing industry gave an insight into whether these companies see the packaging development as an
important factor in improving their competitive advantage.
The packaging design framework suggested was thus created as an iterative process in close
cooperation with leading experts of packaging and food industry in Finland. The feedback received
from the industry and commerce anchors the framework more closely to the current boundary
conditions in Finnish packaging design.

FRAMEWORK FOR SUSTAINABLE FOOD PACKAGING DESIGN
The starting point for this packaging design approach is that the food losses can be reduced through
improved packaging design that not only starts from the requirements of the food item itself but
also takes into consideration the whole life cycle of the product–package combination. The simultaneous design of the product and the package can help to ﬁnd out the best ways to prevent food
losses and to minimize the environmental impacts of the packaging without compromising the
product it contains.
Also in general, the packaging designer should emphasize the key goals of packaging. First, the
package itself has to be safe to the user and to the environment and the package has to fulﬁl the main
requirements set by legislation. Second, the package must prevent product losses throughout the
supply chain from manufacturing to the grave. The second task can be divided into three main areas:
• The package preserves the product as long as it is designed for and prevents it from spoiling or
breaking.
• The package enables the use of the whole product (especially with food items).
• The package sells the product to the right consumer.
These aspects should be in focus when a trade-off situation emerges in packaging design. For
instance, if higher material intensity results in increased costs and transport emissions but preserves
the product better, increasing the material intensity is worth considering.1 Wikström and Williams,26
for example, present a method for calculating the environmental impacts of packaging alternatives
in relation to food losses to ensure that the new packaging will reduce the total environmental impact
of the product–package combination. This accounting method is based on LCA data and the amount of
food waste at the consumer phase. Consequently, the packaging designer cannot use it directly from
the beginning when designing a new package, although the method may be useful when comparing
ﬁnished packaging alternatives.
Let us then proceed to the proposed framework in more detail. The approach for sustainable
food packaging design is presented in Figure 1 and explained in the following. It is important to
acknowledge the order of the different steps in this approach: the approach is constructed to introduce
different criteria and different methods in a certain order that allows packaging designers to integrate
different sustainability requirements in their work. In all steps of the framework, the different levels of
packages (primary, secondary and tertiary) are all included.
Within the framework, the steps are integrated in the actual packaging design process, stages of
which are on the background in Figure 1. The packaging design process stages are derived from
Rooney et al.27 who describe the package development process for new packages and package
improvements to constitute of the following stages: ﬁrst, there is a speciﬁcation stage, where the
aim of the project, as well as the current situation, critical success factors for achieving the aim and
the project schedule are determined. Next, ideas are being created for the package, and the best ideas
are chosen for further development. After that, the technical and economical feasibility of the ideas is
Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 1. A framework for a guiding approach to design sustainable food packaging.

analysed. Earlier research, consumer studies, literature and material and packaging machine suppliers
may assist in this phase. Next, the actual design process is set into motion. The package type, materials,
measurements, packaging machines, costs, and schedule are determined in detail. In the speciﬁcation
phase, which follows the design phase, the work performed is summed up to result in an unambiguous
package speciﬁcation. This launches the procurement process, e.g. to buy new packaging machines or
to modify the existing one. The following stages include the actual implementation of package
manufacturing, launching of the new or renewed package and the follow-up stage.27 The framework
presented in this paper does not concentrate in detail on these later phases of the packaging development process, as its goal is to include the sustainability issues into the design phase in order to ﬁnd out
the sustainable package combination, which proceeds to the manufacturing.
Step 1: Identiﬁcation of minimum requirements of the product to be packed
The need for packaging is the ﬁrst step in every package design project, whether it is for a totally
new product or a modiﬁcation of the existing package of some product. Packages are never made
for themselves, they always serve a function to protect and distribute the product.
The product sets some minimum requirements that the package has to fulﬁl. These minimum
requirements may have some variation depending on the product, but in principal, the three following
aspects of food items must be secured according to the authors and are therefore highlighted here:
1. Ensuring preservability
2. Safe to the user and the environment
3. Fulﬁlment of the requirements of legislation
Ensuring preservability includes several sub-requirements. The package should protect the product
from deterioration, which can be caused by moisture, temperature, gases (oxygen, etc.), UV light, other
ﬂavours and aromas. The package should also ensure the designed shelf-life at the designed
temperature for the product and prevent breaking and tampering. These requirements pertain to
all packaging levels: primary, secondary and tertiary packaging. The protectiveness of all of
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these levels is to design in balance by taking the preservability and strains of the distribution chain
into consideration.
The requirement of being safe to the user and to the environment is achieved by ensuring that no
toxic materials are used, the hygiene of the product is not compromised during the production and
distribution chain and the package and the product do not cause any risk of accidents. The migration
of materials and additives into the food should be prevented.
Implementing the requirements of legislation refers here to the Packaging and Packaging Waste
Directive 1994/62/EC that, e.g. stipulates that the use of heavy metals (Cd, Cr+6, Hg, Pb) and other
dangerous substances should be minimized. Every packaging shall be recyclable either as material
or compost or recoverable as energy.28
If the package design for a new product does not begin until the last stages of the product development, it might limit the package design to choose one of the existing packages in the company and
design the graphics within the boundaries that the chosen package allows.27 If the package design
begins simultaneously with the product design phase, the economic, environmental and societal
characteristics of the product–package combination could be more easily optimized.
Some successful examples of simultaneous product and package design can be derived from
industry. Let us, e.g. consider the microwave meals of CuliDish. The meals are packed in an
aluminium tray that has different layers of aluminium for the food items that require heating. This
allows the company to construct a microwave meal that includes items that need heating, as well as
items that are spoiled by heat (e.g. salad). The consumer can use the tray for both food items in
preparing the whole meal in the microwave without any harm to the item that is usually spoiled
by heat.29 Abandoning the image that the packaging restricts the product, or vice versa, may result
in innovations such as this. This requires parallel planning of the product and the packaging. In this
case of aluminium trays, if the aluminium is not recycled, the environmental impacts of the package
may, however, be signiﬁcant. The overall impacts of the entire system need further study.
Steps 2 and 3: Choice of possible materials and material combinations and the preliminary design of
all package levels – Identiﬁcation of possible threats
The second step in this framework is to make the preliminary selection of the possible packaging
materials for the product and design the ﬁrst draft form of the packaging. This, again, is meant to
be carried out for all packaging levels to ensure the functionality of the packaging combination and
the compatibility of primary, secondary and tertiary packages. The designer could open-mindedly
consider different packaging materials and material combinations that fulﬁl the minimum requirements
set by the product. The packaging designer can use a SWOT analysis made for different packaging
materials as a help to identify the strengths, weaknesses and opportunities the material represents. Also
the threats that are linked to the packaging material or to the efﬁciency of the packaging combination
are important to recognize. If the threats prove to be too great, it is better to reject that packaging
design draft.
The strengths, weaknesses, opportunities and threats of different packaging materials from the
sustainability point of view were identiﬁed in the project where this framework was created. Experts
in the ﬁeld of packaging and the environment conducted SWOT analyses focusing on key aspects
along the value chain of packaging. The analyses were carried out for plastic, paper and cardboard,
glass and metal packaging. The SWOT analyses for different packaging materials offer a list of
different sustainability properties for the packaging designer. Marsh and Bugusu30 have also listed
advantages and disadvantages of packaging materials for food. In their list, the materials are evaluated
based on the compatibility with food products, material characteristics, consumer and marketing
issues, as well as environmental issues. The environmental effects of composites are combinations
of the effects of all materials used. However, the recovery of different raw materials may be more
difﬁcult for composites than for single mono-material packages. Composites can be tailored for the
product’s needs,30 so in terms of preserving the product better, the composite may have lower total
environmental impacts. Even a packaging designer with limited knowledge of the environmental
issues can easily compare possible packaging materials and partly base the preliminary selection of
the packaging material on these lists of advantages and disadvantages.
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When designing a sustainable product-package combination, many external factors have to be taken
into consideration. First, the designer has to identify the technical and economical aspects in the value
chain of the product–package combination. These aspects are considered here side by side because
they relate closely to each other. The aim is to have as efﬁcient and as economical product–package
combination as possible during its whole life cycle and correspond to the technical and economical
challenges, which are presented in Figure 2. In general, this means in the production phase that it is
usually an advantage if existing machinery can be used and if the manufacturing causes a minimum
amount of refuse or the refuse can be reused in the process. In transport and storage, the space should
be used efﬁciently. Modular dimensional coordination and plain shapes in packages enhance space
efﬁciency. Also transport routes, distances, equipment and cargos could be optimized to reduce costs,
time, resources and emissions. Finally in the disposal phase, the possibility of reuse of the packaging is
worthwhile to consider. In this case, also the optimization of return transports and possible maintenance of the reused packages should be considered. If the packaging material can be recycled as
material, it should be ensured that there is a demand for the collected material. The location where
the waste is created must be taken into consideration: what are the waste treatment practices and
conditions in the area at hand? Is it technically possible and economically sensible to recycle, recover
the energy or dump the package to a landﬁll in that area?
Along with economical aspects, sustainability also comprises of environmental and social aspects.
Let us ﬁrst consider the environmental aspects. The total environmental impact of the product–package
combination may be minimized by using as little as possible non-renewable resources, energy and
chemicals and producing less pollutants and waste. In order to evaluate the importance of these factors
and to avoid shifting of burdens, it may be necessary to perform an LCA in a case-speciﬁc manner.
Figure 2 presents different ecological challenges for packages along the value chain of the packed
product. Some of the challenges can be taken into consideration without conducting a complete
LCA by responsible sourcing and environmentally conscious decision making in the packaging
design phase. Some environmental challenges, as highlighted in Figure 2 (e.g. green house gases, other
emissions to air, material use), may require LCA for acquiring better understanding. It is suggested that
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Figure 2. Economical, technical and functional challenges as well as environmental challenges of
packaging along the product value chain.
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at this stage of the packaging design, when possible materials and drafts of the form of the package
have been created, a streamlined LCA can be performed. Life cycle-based information about the
package alternatives in an early stage of the design process enhances the possibilities to inﬂuence
the choices that should be made. Some streamlined LCA tools for packaging designers, such as the
PIQET Tool, may prove to be useful in implementing this step. In step 6 of this framework, it is
suggested that a more detailed LCA is performed to ensure more depth in the accounting of food losses
and the operational environment, to such a degree that can be justiﬁed.
When assessing environmental impacts, again, the package should not be seen as a stand-alone
product. Of course, it is environmentally and economically sound as well as more user-friendly to
prefer light packages. Also, allowing the user to separate different materials increases the chances of
recycling, which thereby may reduce the use of raw materials. As said, the environmental impacts
of the product are usually much higher than the impacts of the package, and the package indirectly
decreases the impacts of the product by preventing product losses. Damaged goods may have to be
replaced with new products. In some cases, the acceptance of higher environmental impacts of
the package itself is necessary in order to decrease the food losses and correspondingly higher
environmental impacts caused by the total packaging.1 For these reasons, it can be concluded that
the minimization of product losses should be the main goal in sustainable packaging design along
with the optimization of the use of package materials that ensure the best performing product–package
combination. When assessing the environmental impacts of the product–package combination, the
efforts should be concentrated on the different choices the packaging designer has and how these
inﬂuence the product losses.
The level of commitment to improve the environmental impacts of a corporate product also
inﬂuences the packaging design. The strategies of the company determine the code of conduct: is
the company simply a reactive follower that acknowledges the environmental risks and only tries to
fulﬁl the requirements of laws and regulations, but is not proactive in its actions? Or is the company
among the top performers of the industry, inﬂuencing the community with its responsible code of
conduct, or can it be seen even as a pioneer? In terms of corporate responsibility, the companies whose
strategy is to continuously improve the environmental performance of their packages are more likely to
increase the potential for competitive advantage through cost competitiveness, e.g. based on improved
material efﬁciency and improved company and brand reputation.
The most signiﬁcant social aspects in this scope attached to packaging include the usability of the
packaging and safety issues that have been considered earlier in this paper as minimum requirements.
A usability study is preferred to be conducted here.
Different products and packages may have some special characteristics and requirements set by their
users. The meaning behind the usability study is to help the packaging designer to place oneself in the
role of all of the users during the full life cycle of the product–package combination.
A user survey can reveal detailed information on the different users of the package and the
product along the manufacturing, distribution, trading, use and disposal phases. User surveys
or studies help the packaging designer to step into the user’s position, examine the user
behaviour and the situation where the product is manufactured, transported, sold, purchased,
stored, consumed and handled as waste and take that into consideration when designing the
package. By placing oneself in the consumer’s position, the designer can make the packaging
more desirable to different kinds of consumers with varying life styles, disabilities, values,
income levels, household sizes and shopping, cooking and eating habits, as well as for
different genders and ages.
The aspects that the consumer appreciates have been studied, e.g. by Löfgren and Witell, Estiri et al.
and Ampuero and Vila.31–33 Löfgren and Witell studied the quality attributes related to packages as
valued by consumers.31 The four most valued quality attributes were the prevention of leakages, the
packing date and the best-before date, the protection and the declaration of contents. It can be
noted from these results that the most valued quality attributes can also prevent product losses.20 Estiri
et al. studied the package attributes that inﬂuence the purchase decisions of a food product prior to the
purchase, at the moment of purchase and after the purchase was made. The shape of the package was
found to be the most important element both in the pre-purchase and purchase stages; in the postpurchase stage, information was considered as the most important element.32 Ampuero and Vila
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concentrated in their study on the graphic variables that consumers appreciate.33 Several studies
and surveys have been made focusing on speciﬁc food products and their packaging, e.g. on
vegetables and packed fruits,34 milk deserts35 or cheese,36 just to mention a few.
Selling attributes in packages could raise questions among consumers who, by and large are
environmentally conscious in their shopping decisions and prefer packages that are more ascetic.
There may be nothing wrong with using fewer printing colours or using recycled material, but if
it prevents the average consumer from buying the product, it might not be sold at all, which is
not economically sustainable for the businesses and in short term, creates food losses. It is good
to have variations and different possibilities for consumers who value different aspects, but should
we currently design our packages to appeal to the masses but not to be overly appealing to avoid
unnecessary consumption? The amount of so-called green consumers is rising, however. In a
survey by GMA and Deloitte, it is stated that 22% of consumers buy ‘green’ products and nearly
two-thirds of consumers are looking for environmentally friendly products.37 Still, some research
should be conducted on how the shopping behaviour of different kinds of consumers inﬂuences
product losses.
The amounts of food losses caused in transport, retail and households are important to clarify in
order to have enough knowledge to be able to design a package that helps to minimize these losses.
In case of a new product, these losses cannot be known, but similar products and packages in the
market may give indications about losses that might occur.
Food losses caused by the consumer are due to various reasons (e.g. preparation of too much food
for meals, preparation discard, plate waste, spoiled leftovers and breakage, spillage and package
failure38). These are partly different from the reasons for the losses occurring in stores (e.g. the
breakage of products when opening the secondary packaging, breakages when shelving wobbly
secondary packages or simply being unable to sell the product because of deterioration or exceeding
the best-before date), in transportation (e.g. spoilage due to omissions in securing and loading the
pallets or due to transportation in incorrect conditions, for example wrong temperature) and in
warehouses (e.g. breakages when handling too weak or unstable packages and deterioration which
concerns especially fruits and vegetables) (I. Niinivaara, Inex Partners Oy, personal communications).
These losses and the reasons for them are recommended to be studied by directly approaching the users
in the value chain and by determining the amounts as exactly as possible or by evaluating the amounts
by using existing studies. In addition, the packing industry should have up-to-date statistics on the
consumption and sales of the product in order not to provide excess supply. This is not only an
economical choice, but also an ecological one because it minimizes product losses at the retail level.
The designer can have inﬂuence on the life cycle of the product and the package up to a certain
point; the ﬁnal arbiter is the consumer, as recognized by Nordin and Selke.39 It is up to the
consumer to prevent food losses that are not dependent on the packaging. It is the consumers’
choice to decide what to do with the last slices of ham or bread if the right packaging size for their
speciﬁc needs is provided.
The best way to ﬁnd out the users’ opinions may be a consumer-based survey with interviews of different consumer groups, a method that will help the voice of the common user
of the packaging to be heard. In the same context, the amount of product losses is convenient
to clarify. The results of the usability study can be useful in choosing different materials and
forming the shape of the package, as well as in the identiﬁcation of possible threats and
functionality criteria.
Step 4: Identiﬁcation and testing of the functionality criteria
The fourth step in this approach is to identify and test the functionality criteria. The functionality
criteria stem from the basic function of the package to protect, distribute and market the product.
The authors’ opinion is that the sustainability criteria for packaging are difﬁcult to generalize to all
types of packages. Instead, a product-speciﬁc selection of functionality criteria is recommended after
the minimum requirements and the technical, economical, societal and environmental aspects of the
product–package combination are considered. For food packaging, the functionality criteria could be
determined with the following questions:
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• Does the product information come across in the distribution chain and to the consumer?
•
•
•
•

Visible and readable printings/labels are possible.
The product can be recognized/seen/felt/smelt.
The package is informative in the stages of distribution, purchase, use and end of life.
The package assists in selling the product.

• Are the mass and the volume of the package optimized?
• Weight of the package is as low as possible without compromising the protectiveness of the
package.
• Modular dimensional coordination is in use.
• The packages can be stacked in a space-saving way when empty and ﬁlled with the product.
• The primary package is not formed until in the packing line.
• The package is ﬂexible, easy to dismantle, and can be ﬂattened when emptied.
• Does the packaging allow the easy and safe use of the product?
• Opening and closing functions are easy and efﬁcient.
• The package can be emptied ﬂuently so that the amount of product clinging onto the walls of
an emptied package is as small as possible.
• The used package is easy to sort into different waste categories.
• Shelving and presenting in stores is easy.
• Do the package sizes respond to consumers’ needs?
The package options are tested on the basis of the chosen, essential functionality criteria. If the
package does not qualify, either some changes should be made or the draft of the package should
be rejected.
Step 5: Detailed design of the package
A more detailed design of the package is the ﬁfth step in this framework. It is not reasonable to ﬁnish
the design of the package completely until the packaging designer is fairly conﬁdent that the material
choices are right and the functionality criteria for the packaging are known. At this stage, computeraided design software may be useful. Some recent design software programs integrate the environmental impact information of different materials into the design tool.40 This is an effortless method for the
designer to compare different materials with the software he or she may already be accustomed to use.
Step 6: More detailed life cycle assessment of the packaging alternatives
As a sixth step, a detailed life cycle assessment would be recommended for the most promising
product–package alternatives. With the help of LCA, the environmental impacts and their magnitude
can be evaluated both for the product and for the possible packaging alternatives in comparison. In step
2, it was recommended to conduct a streamlined LCA. As a ﬁnal step, a full LCA should be performed
in order to include also the food losses and the operational environment in more detail and to use
primary data to the best possible extent.
When conducting the LCA, in a case where the product is very dependent on the packaging,18 the
functional unit could be determined based on the main function of the product: the LCA could compare
different types of packages on the basis of an x amount of food needed by the consumer in a certain
period. This would allow the LCA practitioner to include the food losses from production until
consumption. In addition to including all food losses within the system boundaries of the LCA, the
signiﬁcance of food losses should be clearly communicated to the packaging designer and to the
consumer, as well.
Life cycle assessment is a valuable tool when analysing the environmental impacts of the product–
package combination in a speciﬁc operational environment. One can study different energy, transport
and waste treatment scenarios that are possible in the area the product–package combination is planned
to be used. Because of the vastness of food products and due to cost and time constraints, full LCA
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may not always be practical approach. The use of full LCA depends on the goal and scope of the
study at hand, whether marketing claims, comparisons or more detailed information is needed. In
many cases, LCA provides a more comprehensive decision support tool than a packaging designers’
checklists. Let us for instance discuss the maximization of the recyclable content, which is a preferred
criterion in many of the checklists. The sustainability of this criterion depends on the operational
environment. If the area has no recycling system for the material or the transport distances are
unreasonably long, maximization of the recyclable content hardly seems environmentally or economically justiﬁable. The same applies if the packaging consists of composite materials that are
individually recyclable but difﬁcult or impossible to separate, or the package cannot be recycled due
to food residues or other contamination. With the help of LCA, one can evaluate these situations
and their signiﬁcance more realistically and compare the waste treatment possibilities of different
materials. To maximize the usefulness of LCA results, it is recommendable to have comparative
packaging alternatives within the scope of the study.
However, it is virtually impossible to deﬁne which environmental impacts should be studied in the
product–package combination because the cases are always speciﬁc. The risk of oversimpliﬁcation of
the LCA by choosing only some environmental impacts can be minimized, if the relevant weaknesses
and threats of materials and package solution that need to be focused on are identiﬁed already at an
earlier stage, as performed in this approach in SWOT analysis. The studied environmental impact
categories should be chosen on the basis of the material, the food item and the geographic area in
question. In general, some examples can still be suggested: from the product–package combination
point of view, the emphasis could be at least on climate change, waste amounts and material use.
Waste amounts and material use are issues whose importance has been recognized in the legislation
made for packaging and packaging waste. Climate change may not be the key indicator solely for
packages, as the waste amount and material use are, but the carbon footprint of food losses is usually
signiﬁcant. Packages are not among the main problems in controlling the climate change, but they may
help in reducing the carbon footprint of the product. Climate change can be seen not only as a threat,
but also as an opportunity to create a competitive advantage for companies. As climate change has
been widely acknowledged as a key issue in corporate responsibility, and environmentally conscious
consumers prefer climate friendly products, efforts are being made in the food and packing industry to
improve the environmental performance in terms of the carbon footprint.
As a result of this approach, a sustainable packaging combination for the product it is designed for
would be achieved. The packages should, however, develop as the world develops around them, and
consequently, a continuous optimization of the packaging combination is needed.

DISCUSSION AND CONCLUSIONS
In this paper, a guiding and systematic framework for sustainable food packaging design is presented.
The approach combines several methods: a study of current regulations and requirements for packages,
a SWOT analysis, a consumer/user study and LCA. The combination of these methods, according to
the authors’ experiences, is effective in order to study the most relevant aspects of the life cycle of the
product–package combination. The methods are introduced in a certain order to integrate their use in
the day-to-day work of a packaging designer. The emphasis is to take all of the operators in the value
chain of packaging into account, as well as the operating environment, thus enabling the consumer to
use the food item safely, easily and without creating any extra wastes.
The conclusion of the authors is that there is an obvious need for different methods in the sustainable
packaging design process. Each method used contributes to the design process in its own unique way
and ﬁlls out gaps in the evaluation process left by other methods. For example, LCA is useful when
assessing environmental impacts throughout the life cycle, but alone it is not a sufﬁcient tool to analyse
social and economical aspects.41 Checklists and user surveys complement the assessment of
sustainability with functionality and convenience requirements. Correspondingly, criteria for technical
and economical aspects have been proposed to be included in the packaging design process.
The foundation for the framework is in Finland, and therefore, the requirements in the approach
reﬂect the Finnish situation. Some social aspects, e.g. child labor, discrimination or excessive working
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hours, that are recognized in checklists for packaging design (e.g. in Global Packaging Project) are
excluded here because they are usually not considered as a problem in this area. This deﬁnition is
preferred in order to create an order of importance of various possible requirements for the potential
users of this approach. If this framework was applied in some other area, the addition of social aspects
similar to the ones mentioned previously might be necessary to consider.
This framework was created within a project as a by-product when it was recognized that a
systematic design method for a parallel product-package combination was needed. Methods that
construct the basis of this framework were used to some extent, but the approach is not yet fully
empirically tested. Within the project, there were no resources to pilot the framework, but it would
be necessary to do so in the future in order to verify the applicability of the framework in real
product and packaging design. Several package design practitioners were, however, consulted. The
pilot-testing and implementation of this approach may involve some difﬁculties because some industries may still hesitate to include life cycle assessment in the packaging design process. A great number
of products and the lack of human or ﬁnancial resources may restrict the use of LCA as a tool in
comparing different packaging alternatives. It should, however, be recognized that LCA provides
the most scientiﬁc knowledge of environmental impacts in a product’s life cycle. If a company chooses
to rely on scientiﬁcally justiﬁed results, it could truly consider itself as a pioneer in environmental
issues and for its part as a promoter of sustainability if it chooses to use LCA in its packaging design
work. Sustainable design and corporate responsibility are no longer seen mainly as an expense, but as a
chance to develop proﬁtable business. A comprehensive standpoint towards product and packaging
design is essential to create sustainable production chains, which lead to more competitive business.
An indication that this approach could be expanded from food packaging to the design of other
packages, as well as of different products has been observed. Similar aspects should be taken into
consideration in the eco-design or sustainable product design of any products. The approach already
takes into account the ﬁelds that are gathered by Maxwell and van der Vorst42 for optimizing the
sustainability of products and services: environmental impacts, social impacts, economic impacts,
quality, market demand, customer requirements, technical feasibility, compliance with legislation
and industry/technical speciﬁcations and ﬁnally, functionality. Surely the criteria should be adapted
to the speciﬁc product group at hand.
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This paper examines the environmental impacts of food waste and the inﬂuence that packaging alternatives
can have on causing food waste. This paper presents the results of three life cycle assessment case studies on
packed food products. The life cycle assessments were conducted for ham, dark bread and Soygurt drink
(fermented soy-based drink). In each case study, the environmental impacts of the products were assessed
with different assumptions about the packaging sizes and alternative materials. The studies especially
considered the environmental impacts resulting from food waste generated by consumers as a function of
the variable packaging options.
The food waste of other parts of the production chain of the studied products was also taken into account.
A consumer survey was carried out to estimate the amounts of product waste generated in Finnish
households connected to the three investigated products. The environmental impacts of the food products,
household food waste and packaging were modelled by scenarios with varying rates of household food
waste and different waste management options.
The results indicated that the signiﬁcance of the production and post-consumer life of packaging was
relatively low for climate change, eutrophication and acidiﬁcation, in comparison with the production chain
of the ham, dark bread and Soygurt. According to the results, packaging solutions that minimize the waste
generation in households as well as in distribution and retail will lead to the lowest environmental impacts of
the entire product-packaging chain. Therefore, it is important to design packages that protect the food
properly and allow the consumer to use the product fully. Copyright © 2013 John Wiley & Sons, Ltd.
Received 19 September 2012; Revised 26 March 2013; Accepted 16 April 2013
KEY WORDS: food packaging; food losses; food waste; life cycle assessment

INTRODUCTION
It has been estimated that in the European Union-25 countries, food and drink constitute 20%–30% of
the global warming, acidiﬁcation and photochemical oxidation impacts of total consumption. The
corresponding eutrophication ﬁgure is greater than 50% of the total consumption impacts.1 It has also
been claimed that in Finland, 15%–25% of the climate impacts of consumption are caused by food and
nutrition2 and that the food product chain is responsible for 57% of the eutrophying emissions of
Finland.3 The impacts of the packaging system are estimated to constitute 1%–10% of the total environmental impacts of the food products.4–8 The packaging and the products are strongly interlinked
because the basic function of packaging is to protect and distribute the product it holds. Despite this
connection, studies and comparisons of the environmental impacts of packaging are often made for
the packaging alone, excluding the product and the role of the packaging.4–6,9 The packaging exists
* Correspondence to: F. Silvenius, MTT Agrifood Research Finland, Sustainable Bioeconomy, Latokartanonkaari 9,
FI-00790 Helsinki, Finland.
E-mail: frans.silvenius@mtt.ﬁ
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for the needs of the product, and its role is to protect, enable distribution, inform and help to display
products on the shop shelf. The assumption of this study was that packaging that fails to fulﬁl its
primary functions properly will lead to wastage because of damaged products and will subsequently
cause bigger and unnecessary environmental impacts. The hypothesis was that without proper
packaging, the environmental impacts of food production would be even higher and that the contribution of the packaging alone to climate change impact is very much lower than the impacts arising from
the possible food waste. It has been claimed that the environmental impacts of packaging could be
allowed to increase, if new packaging reduces food losses.9,10
According to a literature review made for this paper based on food packaging life cycle assessment
(LCA) case studies published after year 2000 in Packaging Technology and Science, International
Journal of Life Cycle Assessment and Journal of Cleaner Production, only in some articles, food losses
are taken into account, and even in these articles, the extent to which they are considered varies. Some
articles recognize the importance of food losses in the discussion, even though the losses were left out
of the study11,12 or the food losses were estimated to be identical even if some packaging options could
have been assumed to reduce food losses.13 Dobon et al.14 studied the environmental impacts of food
in retail and the minimization of the losses through the use of a ﬂexible best-before-date communicative device attached to the packaging. They did not consider food losses at consumer level, or in the
supply chain, because it was assumed that the device had an effect in retail only. Some articles15–17
recognized the food waste in the processing stages and included those losses in the study. Eide17 also
included the milk left in the emptied milk carton. That loss (1%) was an underestimation, however, and
did not include any other possible losses of milk in the households. The following three articles have
considered household food waste (HFW) in more depth. Büsser and Jungbluth18 conducted LCA for
coffee and butter assuming no leftovers and 33% wastage. Their results show that prevention of
wastage leads to signiﬁcant reductions in all included environmental impact categories (climate change,
acidiﬁcation, eutrophication, ozone layer depletion, non-renewable energy).18 Davis and Sonesson19
compared the environmental impacts of homemade and semiprepared chicken meals. They included all
food losses between the farm and the table but excluded the leftover food waste. The authors claim that
a reduction of food losses of just 5% in industry and 10% in households would contribute to a signiﬁcant
reduction in environmental impacts, especially in eutrophication,19 but the article does not speciﬁcally
discuss the relationship of the packaging to the food waste. Espinoza-Orias et al.20 studied the carbon
footprint of sliced white and full corn bread with an assumption of a 10% discard in households. The
results indicated that a 5%–10% reduction in the carbon footprint can be achieved if HFW could be
avoided. The authors calculated the carbon footprint for plastic and paper bags, but no differentiation
was made whether these packaging solutions had any inﬂuence on the amount of discarded waste.20
These claims of relatively low environmental impacts of packaging and the correspondingly high
impacts of food indicate the need to evaluate the environmental impacts of food waste related to
different packaging alternatives more thoroughly. Some previous LCA studies fail to take food waste
into account throughout the whole life cycle of the product, or examine the matter through only one
impact category, which is usually climate change, or do not consider the relationship the packaging
has on preventing or causing food losses. The articles reviewed also present various different inventory
analysis and impact category results. In this paper, the impact categories studied are climate
change, eutrophication and acidiﬁcation, to see how relevant these are for the food products and their
packaging alternatives.
Another key objective of this study is to investigate the amount of food waste generated in
households (HFW) in relation to different packaging sizes and to analyse their environmental impacts.
In previous studies, the published values for food ended up as HFW has usually been between 10%
and 20%.21 The estimates of Switzerland for HFW are 20%–25%22 and for Austria 6%–12%.23 The
British average HFW was 18.4% of the purchased food in UK concerning avoidable food waste,
and the proportion ended up as HFW was for bakery products 31%–32% and for meat and ﬁsh
11%–16.3%.24,25 In a Swedish study, which was based on diaries of 35 households, it was discovered
that 10.5%–13% of meat was ended up as HFW.26 In a Danish study, 10%–20% of food was claimed
to end up as HFW.27 In the USA, it has been published that 12.8% of meat and 16.1% of grain that
comes into households end up as food waste.28 The results of the most recent Finnish food waste study
determined that 4.5% of purchased food is unnecessarily discarded.29 Through a waste diaries made by
Copyright © 2013 John Wiley & Sons, Ltd.
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consumers, it has been estimated that approximately 20%–25% of the households’ food waste may
result for reasons related to packaging. The packaging-related food waste is due to three major reasons:
Packaging sizes were too big for consumer’s needs, the package was too difﬁcult to empty, and
the best before date was passed. This study did not take into account aspects such as insufﬁcient
re-sealability or too little packaging example for fruits and vegetables, and therefore, the wastage
percentage due packages can be even higher.30
Therefore, on the basis of the previously mentioned literature review, this study brings new elements
to the investigation of food packages and HFW. This paper reports the main ﬁndings, including the
shares of the total environmental impacts of packaging alternatives and food waste, for the three food
products studied. The environmental impact of the life cycle of the food ended up as waste instead of
human nutrition is displayed separately in the results. This is performed to emphasize the role of
the food waste as unnecessary environmental load that could be avoided in the households. Besides
the HFW, the study takes into account also food waste occurring earlier in the food supply chain,
e.g. in food processing and retail. These losses are presented within the results of the food product
as increasing production in all previous life cycle phases.

METHODS, DATA SOURCES AND MODELLING
The environmental impacts throughout the life cycle of three food products and their possible packaging alternatives were assessed by conducting a life cycle assessment. The food products studied were
sliced dark bread, whole meat cold cults (ham) and Soygurt drink (soy-based yoghurt-like product).
The functional unit of the study was 1000 kg of each product consumed by the consumer. The
environmental impact categories studied were climate change, eutrophication and acidiﬁcation. The
characterisation of these environmental impacts was conducted on the basis of the characterisation
factors presented in the literature31–34 The system boundaries for the case studies are presented in
Figure 1. Storage and consumption in the households were excluded from the study. It can be assumed
that the food products in question do not need further preparing or cooking in homes, and therefore, the
environmental impacts of consumption are not signiﬁcant. On the other hand, the cold storage of
Soygurt and the washing of dishes after using the larger Soygurt packaging alternative, which serves
many portions, may have some additional impacts that are not considered here.
Food products
The description of the data sources used for the food products, their time-related and geographical
representativeness and their allocation procedures are presented in Table 1. The data regarding the
food products are derived in most cases from primary sources of the production chain. Average data
from the literature and databases have been used when primary data were not available. The data
represent the real geographical areas in the production chains of the food products. The bread and
ham are produced in Finland, as is the Soygurt, but the soybeans are cultivated in the USA.
Allocations between different products of the same production plant have been made using the
products’ masses as the basis for allocation. No loads have been allocated to by-products, which are
not used for human nutrition but, for example, as animal feed.
Packaging alternatives
The packaging alternatives considered for the food products are presented in Table 2. The system
included the primary packaging alternatives for all three food products, as well as secondary and
tertiary packaging for Soygurt. The production and washing of the re-usable secondary packaging of
bread and ham were excluded, but their return transportations were included in the study.
The data concerning the manufacture of packaging were obtained from the producers in all three
cases. The data for the production chains of packaging raw materials were mainly based on secondary
data sources of Plastics Europe/APME41 and EAA.42 Mass allocation was used to divide the
environmental loads and the energy inputs of the production plants of plastic packaging. The data
for liquid packaging board (LPB) were obtained from the LCA study made by the manufacturer,
Copyright © 2013 John Wiley & Sons, Ltd.
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Pesticides

Production of capital equipment and in frastructure
Raw material extraction

Production of packaging materials

Agricultural inputs (lime, fertilizers etc.)

Manufacture of primary, secondary
and tertiary packagings (excl.reusable
PE boxes for bread and ham)

Agriculture

Production of intermediate products

Production of final food products

Packing

Logistics and central storing

Retail
Energy and
fuel
production

Waste treatment of secondary
and tertiary packaging

= transport

Storage and consumption in
households

Waste treatment of food losses
and primary packaging

Avoided emissions, when using material recycling,
composting or energy recovery

Figure 1. System boundaries for all three case studies.

and, on the basis of these data, carbon footprint data were calculated for each liquid board packaging
option. For corrugated board, the LCA study on the average Nordic corrugated board was obtained
from the Finnish Corrugated Board Association.43
Waste management
Waste management options for the packaging waste differ regionally, and thus, four scenarios were
made for waste management modelling. Waste management of the losses of the product itself was
modelled with different amounts of food estimated to be wasted on the basis of the consumer survey.
The household waste scenarios used in the waste management modelling are presented in Table 2.
The waste management scenarios with two present state and two future scenarios are presented in
Table 3. The two present state cases represent the Finnish metropolitan area with average recovery
rates: one scenario without the energy recovery option (scenario 1) and the other with an energy
recovery option for mixed plastics (scenario 2). In both present state options, a share of the waste ends
up in a landﬁll, and a part is sent for material recovery and/or wastewater treatment. These proportions
on package material recycling were based mainly on the Finnish packaging waste statistics gathered
annually by PYR, The Environmental Register of Packaging44 and to personal communications to
A. Leppänen-Turkula (2009) from PYR and E. Jokela (2009) from Finnish corrugated board association. The percentages of food waste and household packaging waste to landﬁll and energy recovery are
based on Statistics Finland.36 The shares of polyethylene stretch ﬁlm in the retail sector ending up
either to energy recovery or to material recycling were determined with personal communications to
retail sector representatives of S Group (I. Niinivaara and K. Nekkula, 2010).
Copyright © 2013 John Wiley & Sons, Ltd.
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Cold ham cuts
(meat products)
Soybean cultivation
N2O, soybean
cultivation
Soygurt production
Blueberry additive

Pig slaughtering

Fuel consumption for
cultivation
Pig farming
Finnish

2005

2000s
–
2010
2008

Primary data from 170 farms
Literature data40
Primary data from the production plant of Raisio
Primary data from producer, incl. rough calculations on fuel
consumption of return ﬂights of blueberry pickers from
South-East Asia to Finland

Finnish
Finnish

Ohio, USA
USA

Finnish

Finnish

Finnish

2000s

2008

Finnish

–

Finnish and European

Finnish

Finnish

Geographical
representativeness

–
2007–2010

2004–2006

2008

Finnish National Quality Database for domestic crop
cultivation, average data from Ecoinvent for imported rye35
IPCC (2006)36
Welin, T. 2008. Nordkalk Oy (personal communication
9.9.2008.)
Berntrupp, F. 2009. Yara Oy (personal communication
12.3.2009)
Models of Agriculture Research Finland (expert opinions of
MTT, literature data37)
Secondary data of Tike, the Information Centre of the Ministry
of Agriculture and Forestry,38 provided data related to pig
growth; feed production data from large domestic producers,
feed consumption data from MTT39
Primary data from a slaughterhouse of HK Ruokatalo

Crop production

2008

2008

Time-related
representativeness

Primary data from the production plant of HK Ruokatalo

Primary data from Fazer Mill and Mixes (one mill)

Flour production

Crop, N2O emissions
Fertilizer, lime (other
main agricultural
raw materials)

Primary data from three bakeries of Fazer

Data source (primary/secondary data)

Bread (bakery products)

Data concerning

Table 1. Description of the used data for food products.

Mass allocation between different products
–

No load allocated to products other than
human nutrition
Mass allocation between different meat
products
–
–

–

–

Mass allocation between different bakery
products/no load allocated to products
other than human nutrition (e.g. animal
feed)
Mass allocation between different ﬂour
types/no load allocated to products other
than human nutrition
No allocation to products other than
human nutrition (e.g. straw)
–
–

Allocation between main products/
main products and by-products
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Table 2. Packaging alternatives and household food waste scenarios of the case studies.
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Waste management scenarios

Corrugated board (secondary
packages)

Plastic packages
Carton/paper parts of the packages
Liquid packaging board

Waste management of different
materials
Product loss, Soygurt
Product loss, ham and bread

Present state without
energy recovery
Landﬁll
82% composting and 1
8% to landﬁll
Landﬁll
Landﬁll
62% recycled and 38%
to landﬁll
Material recycling

Scenario 1

Energy recovery

Energy recovery
Energy recovery
Energy recovery

Energy recovery
Energy recovery

Wastewater treatment
82% composting and 18% to landﬁll
Energy recovery 99%, 1% landﬁll
Energy recovery 99%, 1% landﬁll
38% recycled, 7% to landﬁll and 55%
energy recovery
92% recycled, 8% energy recovery

Energy recovery scenario

Scenario 3

Present state with energy recovery

Name of the WM scenario

Scenario 2

Table 3. Waste management scenarios of the project.

Material recycling

Energy recovery
Energy recovery
Material recycling

Wastewater treatment
Composting

Maximum recycling scenario

Scenario 4
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The other two waste management options are strong-recovery scenarios, of which the ﬁrst emphasizes energy recovery for all waste types instead of material recovery or land ﬁlling (scenario 3).
The second scenario emphasizes material recovery for the materials that can be recycled with current
means (ﬁbres and plastics of tertiary packaging at retail level), and the rest of the materials are recovered
as energy (scenario 4).
The modelling was conducted with combination of primary data from waste treatment facilities,
average data from literature and data sets of GaBi 4.3 (PE International, Stuttgart, Germany).45–47
The direct emissions from waste treatment and waste transportation are included in the study, as
well as indirect emissions from fuel production. Avoided emissions are also taken into account:
If the biodegradable material is composted, peat production for the purpose of soil enrichment is
avoided. Similarly, the energy recovery from waste substitutes heat and electricity production from
other energy sources. Natural gas as the main fuel in the heat production in the metropolitan area
was assumed to be replaced by the heat production from waste incineration. Average Finnish
electricity supply was assumed as the electricity source to be replaced.
The modelling of waste management and recycling of corrugated board and carton had its
challenges. The properties of the recycled ﬁbre-based product are inferior to those of the primary product. The economic value of the recycling based product is also lower than that of the primary product.
Consequently, the allocation between the primary and the secondary product was made with an open
loop allocation in an open product system as presented in ISO/TR 14049,48 and the resulting allocation
factors were adjusted with the economic values of the primary and secondary products derived based
the EUWID price database and personal communications to M. Niininen from Stora Enso. The use of
also the economic values in the allocation is more representative of the downgrading of the corrugated
board to coreboards. Hence, the recycling modelling differed from the widely used FEFCO model for
corrugated board, where a closed-loop allocation is used.
Food waste
The amount of HFW was estimated with the support of a consumer survey and experimental data.
For ham, the consumer survey was extended to cover all types of cold meat cuts, and for Soygurt,
all yoghurt-like products (milk and soy based). The Internet-based consumer survey had over 500
respondents for each product group. In addition, the amounts of food waste in other parts of the
product chain were taken into account. The source data for the amounts of food waste in retail
and logistics were derived from Finnish trade company SOK, and the food waste amounts in the
food industry were acquired from the production plants. The Soygurt producer conducted emptying
experiments to investigate how much product is left in the packaging after the consumer empties
the packaging in different ways. The method of emptying by the consumer was a question in the
consumer survey.

RESULTS
Consumer survey of food waste
According to the responses received, the amounts of waste appeared to be only 1%–4%, for ham and
rye bread cases. On the basis of the emptying experiments, the average amount of product left in the
package was 6.1% for the LPB alternative, whereas the amount of Soygurt clinging onto walls of
the packaging was higher compared with the polypropylene cup alternative, where the lost percentage
Soygurt was found to be 2.5%. Correspondingly, in the survey made for consumers, they estimated
to waste 2.3% of the product for LPB alternative and 1.5% of the product for the polypropylene
cup alternative.
The majority claimed that they do not waste any food, but in some households, the estimated
amount of waste was as high as 10%–20% of the purchased amount. On the basis of these ﬁndings
and other food waste studies, the HFW scenarios were formulated for each product and packaging size.
These HFW scenarios are presented in Table 2.
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Packag. Technol. Sci. (2013)
DOI: 10.1002/pts

COMPARING ENVIRONMENTAL IMPACTS OF PACKAGING ALTERNATIVES

Results of life cycle assessment case studies
The contribution of the packaging production, waste management and product waste to the total
carbon footprint of the studied product-packaging combinations is presented in Table 4. According
to the results of the study, the carbon footprint of the production chain of the packaging was only
1%–5% of the carbon footprint of the whole product-packaging systems. The only exception was
the polypropylene packaging of Soygurt, in which the packaging part was over 10% of the total carbon
footprint of the product-packaging system. The differences in waste management of the packaging can
be explained by the differences in waste management scenarios. When the plastics waste goes to
landﬁll, it does not cause any direct greenhouse gas (GHG) emissions when assumed plastics do not
decompose during the period under review, but waste management with energy recovery causes more
GHGs than the replaced energy from natural gas combustion.
The carbon footprint of the whole product-packaging system of the ham case study is presented in
Figure 2. The signiﬁcance of packaging is low, and other parts of the product chain such as primary
production and processing of food are more signiﬁcant. For bread and Soygurt, the primary production
and food production processes are also dominant.
In Figures 3–6, the production chain of the share of food that is eaten is excluded to examine the
proportions of packaging and production of HFW more carefully. The production chain of the part
of the food that ended up to food waste in households was found to be much more signiﬁcant
compared with the packaging production and waste management (Figures 3 and 4), even if the product

Table 4. The contribution of packaging production, waste management and household food waste of the
investigated products for the carbon footprint of system (incl. variation between different packaging
alternatives and waste management scenarios).

Ham, 150 g
Ham, 300 g
Bread, 4 slices
Bread, 9 slices
Soygurt, 150 ml
Soygurt, 750 ml

Package production (%)

Waste management
of package (%)

Production and waste
management of household
food waste (%)

1.8–3.6
1.0–3.3
2.2–3.0
1.9–2.6
9.9–11.5
4.4–5.5

0–1.4
0–1.3
0–1.6
0–1.4
0–4.8
0–1.2

0–17.5
0–8.8
0–26
0–12
1.4–8.4
4.0–15.1

kgCO2 eq/t ham consumed
PET150, two slices
PET150, one slice
PET300, two slices
PET300, one slice

Production chain of ham

Carton 150, two slices
Carton 150, one slice

Production and waste management
of food waste

Carton300, two slices
Carton300, one slice

Production and waste management
of packages

PP/PA/PE150, two slices
PP/PA/PE150, one slice
PP/PA/PE300, 1 slice
PP/PA/PE300, 2 slices
0

1000 2000 3000 4000 5000 6000 7000

Figure 2. The carbon footprint of ham system divided in three parts: production chain of ham and
production and waste management household food waste and product chain of packaging. (Household
food waste scenarios, one slice and two slices of ham). Waste management scenario 1 (present state
without energy recovery).
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kgCO2 eq/t ham consumed
PET150, two slices
PET150, one slice
PET300, two slices
PET300, one slice
Carton 150, two slices
Production and waste management
of food waste

Carton 150, one slice
Carton300, two slices

Production and waste management
of packages

Carton300, one slice
PP/PA/PE150, two slices
PP/PA/PE150, one slice
PP/PA/PE300, two slices
PP/PA/PE300, one slice
0

200

400

600

800 1000 1200 1400

Figure 3. The share of production and waste management of packaging as well as production chain
and waste management of household food waste within the carbon footprint of ham product-packaging
system, the production chain of ham eaten by the consumer excluded. The waste management method
considered is the current state with energy recovery (waste management scenario 2).

kgCO2 eq/t bread consumed
Paper 9 slices, waste 1 slice
Paper 9 slices, waste 0,5 slices
PE 9 slices, waste 1 slice

Production and waste
management of food waste

PE 9 slices, waste 0,5 slices
PP 4 slices, waste 1 slice

Production on and waste
management of packages

PP 4 slices, waste 0,5 slices
PP 9 slices, waste 1 slice
PP 9 slices, waste 0,5 slices
0

100 200 300 400 500 600

Figure 4. The share of production and waste management of packaging as well as production chain
and waste management of household food waste within the carbon footprint of ham product-packaging
system, production chain of the ham eaten by the consumer excluded. The waste management method
considered is the current state with energy recovery option (waste management scenario 2).
waste generated by the consumers was just a few percent. The production of even a half a slice of dark
bread and one slice of ham causes more GHG emissions than the production chain of packaging
according to the results presented in Figures 3 and 4. The exception was the Soygurt polypropylene
packaging option, where the packaging production and the waste management were more signiﬁcant
than producing the HFW. Overall, Figures 3 and 4 clearly show that it is difﬁcult to have any significant differences between packaging materials when the packaging size is the same. In Figure 3, the
slightly higher carbon footprint of amorphous polyethylene terephthalate-based packaging is explained
by the higher amount of packaging material than polypropylene/polyamide/ethylene vinyl alcoholbased packaging.
Eutrophying and acidifying emissions of producing and waste treatment of the HFW were also
higher than the corresponding emissions of production of packaging (Figures 5 and 6). Eutrophication
impacts of packaging were only under 1% in the ham and the bread case studies. Exceptionally, the
Copyright © 2013 John Wiley & Sons, Ltd.
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kgPO4 eq/t ham consumed
PET150, two slices
PET150, one slice
PET300, two slice
PET300, one slice

Production and waste
management of food
waste
Production and waste
management of
packages

Carton 150, two slices
Carton 150, one slice
Carton300, two slices
Carton300, one slice
PP/PA/PE150, two slices
PP/PA/PE150, one slice
PP/PA/PE300, two slices
PP/PA/PE300, one slice
0.0

0.2

0.4

0.6

0.8

1.0

Figure 5. The share of production and waste management of packaging as well as production chain of
household food waste within the eutrophying emissions of ham product-packaging system, production
chain of ham eaten by the consumer excluded. The waste management method considered is the
current state with energy recovery option (scenario 2).

kgAE -eq/t bread consumed
Paper 9 slices, waste 1 slice
Paper 9 slices, waste 0,5 slices
PE 9 slices, waste 1 slice

Production and waste
management of food waste

PE 9 slices, waste 0,5 slices
PP 4 slices, waste 1 slice

Production and waste
management of packages

PP 4 slices, waste 0,5 slices
PP 9 slices, waste 1 slice
PP 9 slices, waste 0,5 slices
0

0.1

0.2

0.3

0.4

Figure 6. The share of production and waste management of packaging as well as production chain of
household food waste and waste management within the acidifying emissions of dark bread productpackaging system, production chain of the bread eaten by the consumer excluded. The waste
management method considered is the current state with energy recovery option (scenario 2).

acidifying emissions of the production chain of the Soygurt packaging were relatively high. The
differences between the packaging alternatives used for bread and ham in eutrophying and acidifying
emissions were not as signiﬁcant as the differences between different HFW scenarios.
According to the results, the signiﬁcance of waste management scenario differs. In the dark bread
and ham case studies, the differences between waste treatment scenarios are not signiﬁcant because
the amounts of packaging materials are low in relation to the product, and only a small amount of food
waste is assumed to end up in landﬁll. With regard to Soygurt (Figure 8), the differences between the
waste management scenarios for carbon footprints were more signiﬁcant. In the Soygurt case, all the
HFW goes to landﬁll in scenario 1, which explains the higher GHG emissions of the LPB productpackaging system. In the case of the polypropylene cup, the GHG emissions caused by the energy
recovery of the packaging are so high that the carbon footprint of the polypropylene cup case is higher
than the LPB case in almost all HFW scenarios.
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The carbon footprint of the ﬁbre-based packaging is higher in scenario 1 than in other waste
management options because of the methane emissions from landﬁll sites (Figures 7 and 8). In the energy
recovery scenarios, the carbon dioxide emissions of ﬁbre-based packaging were considered biogenic;
hence, the carbon footprints of waste management of ﬁbre-based packaging alternatives were low. If
the food waste itself goes to landﬁll instead of composting or combustion, this will also cause methane
emissions, which explains the high amount of GHGs in scenario 1 in Figure 8. In other scenarios, the
polypropylene cup alternative has higher GHG emissions than LPB alternative. In other studied impact
categories, LPB alternative had higher eutrophying emissions, but the polypropylene cup had higher acidifying emissions. In the dark bread and ham cases, the signiﬁcance of waste management was low in relation to the whole product chain of the product-packaging system concerning also the environmental

Scenario 1
Scenario 2
Scenario 3
Scenario 4

600
500
400
300
200
100
0

kgCO2-eq/t final product

Figure 7. The carbon footprint of household food waste, packaging production chain and waste
management in different waste management scenarios in dark bread case.

kgCO2 eq/t final product
400
350
300
250

Scenario 1

200

Scenario 2

150

Scenario 3

100

Scenario 4

50
0
PP cup,

PP cup,

PP cup,

LPB,

waste 2%

waste 4%

waste 6%

waste 5%

LPB,

LPB,

waste 8% waste 11%

Figure 8. The carbon footprint of household food waste, packaging production chain and waste
management in different waste management scenarios in the Soygurt case.
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impact categories of eutrophication and acidiﬁcation. According to the results, combustion of the food
waste instead of composting can be a useful alternative (scenario 3 in Figures 7 and 8.).

DISCUSSION AND CONCLUSIONS
These results reveal yet another group of food products, in which the packaging does not cause very
much environmental impacts and also indirectly prevents environmental impacts by enabling the consumer to use the food more thoroughly, rather than to cause spoilage of the product and thus create a
need to manufacture unnecessary product quantities. The share of the environmental impacts of the
packaging is relatively small when compared with the entire product-packaging system. The contribution of the entire food chain to the climate impacts, including agriculture and food processing, is
dominant. The share of packaging is in most of our studied cases usually 5% of the global warming
impacts, at the highest approximately 12% for the Soygurt 150 ml plastic cup and, in some cases, even
lower than 1%. The reason for the higher share of Soygurt plastic cup was the high amount of
packaging material and high water content of the product: The high water content makes the studied
environmental impacts of the product chain of the product itself quite low; on the other hand, the high
amount of the packaging material increases the signiﬁcance of the packaging. These percentages
concern GHG emissions but are quite similar in terms of acidiﬁcation and are even much lower for
eutrophication. It was expected that the amount of HFW might have a dominant role when comparing
different packaging solutions. According to the results, the production of even small additional
amounts of food, which ends up as waste instead of nutrition, causes more environmental impacts than
the production of the packaging.
On the other hand, the results cannot be fully generalized for every kind of food product. For
example, in case of beverages, packaging constitutes a greater share. According to an LCA assessment
of carbonated soft drinks, the packaging caused 49%–79% of the climate impacts.48 In a Swedish
study, the production chain of packaging caused 20% of the climate impact of a whole productpackaging system in the case of a cola-type beverage, 10% in the case of a foam sweet product, and
for crisps, the ﬁgure was 10%.49 In the Swedish study, the contribution of packaging to eutrophication
impact of the whole product-packaging system was under 4% in all studied cases.49
However, there are some conclusions that can be drawn from the LCA of packaging. First of all,
all levels of packaging, i.e. primary, secondary and tertiary, are essential during the distribution chain
and therefore strongly interlinked with the product and its environmental impacts. The secondary
(and tertiary) packaging protects the primary packaging and also the product and thus prevents food
losses. This indicates the need to include all relevant packaging levels into an LCA study, as has been
carried out in this study.
Second, there should be a strong understanding of the possible environmental impacts of the studied
packaging and products at the beginning of the study to gain all relevant information. The environmental impacts considered in this study, climate change, acidiﬁcation and eutrophication may be relevant
for food products, but perhaps, acidiﬁcation and eutrophication are not the only critical environmental
impact categories for all packaging even though being highly accepted impact categories when carrying out LCAs. When considering packaging materials, different environmental indicators may be relevant for different materials. It has been suggested that environmental indicators could be chosen on
the basis of the weaknesses and threats linked to different materials through a SWOT analysis.50 A
more thorough consideration of relevant environmental impact categories from the packaging point
may be relevant to add into the assessment. Impact categories or life cycle inventory results, which
may be relevant for the packaging system, include impacts on biodiversity, ecotoxicological impacts
and fossil raw material use and for plastics especially, the risk of the litter blowing out of landﬁlls
and ending up eventually to the oceans for example. Around 100 million tonnes of plastic is produced
each year of which about 10% ends up in the sea. It has been estimated that over a million seabirds and
100 000 marine mammals and sea turtles are killed each year by entanglement or ingestion of
plastics.51 Impacts on biodiversity are, however, difﬁcult to quantify as are the ecotoxicological
impacts. It is known that when studying worldwide, the production chains of ﬁbre-based packaging
can have an impact on biodiversity by reducing primary forest areas. There is a strong consensus that
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waste generation has a high relevance and should be included in the studies when considering
packaging.1 As for the food products, water impacts could be important to include to an LCA study,
as the majority of water use globally arises from food production and processing.52 Additionally, care
needs to be taken that the studied indicators are selected representatively to avoid shifting of burdens to
other impact categories, production systems or life cycle stages.
Third, the high environmental impacts caused by the food itself indicate the need to always incorporate
the food into the life cycle assessment of the packaging. Especially relevant would be to acknowledge the
amounts of food waste generated during distribution, in retail stores and in households, and to estimate the
environmental impacts of these losses. Acknowledgement of these impacts could speed up the change of
our perception on packaging from useless pieces of garbage in our trash cans into a commodity, which is
nearly always necessary and can produce added value for the environment.
The amount of wasted food was estimated through the consumer survey. One explanation for smaller
food waste amounts in Finland in relation to many other studies concerning food waste in general21–28
may be that the present Finnish society is still affected by the history of a peasant culture leading to the
dominant national ethics emphasizing frugality. Although, it should be noted that the waste amounts
are only based on the consumers’ own estimations and are therefore only indicative. In addition, the
results of the most recent Finnish food waste study determined that 4.5% of purchased food is unnecessarily discarded,29 which is in same range as the results of this study. The consumers might still not realize
the environmental effects of their actions regarding food, which is not utilized as nutrition. The consumers
might still think that they are making an environmentally conscious decision by choosing a bigger
packaging size because it uses less packaging material per food unit. However, this could have exactly
the opposite effect, if the food is not consumed entirely, which is common especially in smaller households and for food products that deteriorate quickly. These facts should be clearly communicated to the
wide audience. Raising awareness could positively inﬂuence shopping decisions and eating habits as well
as the development of packaging. The consumer is the ultimate decision maker, but the packaging
designers could, for their part, make more sustainable choices for the consumer by determining and
designing, for instance, optimal packaging sizes for different kinds of households, as well as optimal
materials and structures for the packaging to protect and retain the food throughout the life cycle.
On the basis of our case studies, it is not possible to state whether some material is causing more
environmental impacts than other materials, and it never was the aim of this study. The demands of
the product itself determine to a large extent, which packaging material is the most useful, for example,
regarding the optimal protection of the product. When the product losses were assumed to be the same
in parallel packaging alternatives, the differences between studied alternatives were small when
comparing the environmental impacts of the whole product-packaging systems. The productpackaging systems are individually tailored, and this study cannot give general guidelines for the
design concerning sizes, shapes, materials used and so on.
The properties appreciated by the consumer are often such that also prevent food waste, e.g. prevention
of leakages, open dating, protection, declaration of contents, hygiene, instructions, easiness to empty
completely, to dose and to storage, as well as the re-sealability and the optimal quantity of the product
in the packaging53. Packaging designers can use these results to further emphasize the importance of
the protective function of packaging in the distribution chains and to enhance the properties that prevent
food waste in the households as well as in other life cycle stages.
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Abstract
Purpose The year-round supply of fresh fruit and vegetables
in Europe requires a complex logistics system. In this study, the
most common European fruit and vegetable transport packaging systems, namely single-use wooden and cardboard boxes
and re-useable plastic crates, are analyzed and compared considering environmental, economic, and social impacts.
Methods The environmental, economic, and social potentials of the three transport packaging systems are examined
and compared from a life cycle perspective using Life Cycle
Assessment (LCA), Life Cycle Costing (LCC) and Life
Cycle Working Environment (LCWE) methodologies. Relevant parameters influencing the results are analyzed in
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different scenarios, and their impacts are quantified. The
underlying environmental analysis is an ISO 14040 and
14044 comparative Life Cycle Assessment that was critically reviewed by an independent expert panel.
Results and discussion The results show that wooden boxes
and plastic crates perform very similarly in the Global
Warming Potential, Acidification Potential, and Photochemical
Ozone Creation Potential categories; while plastic crates have a
lower impact in the Eutrophication Potential and Abiotic Resource Depletion Potential categories. Cardboard boxes show
the highest impacts in all assessed categories. The analysis of
the life cycle costs show that the re-usable system is the most
cost effective over its entire life cycle. For the production of a
single crate, the plastic crates require the most human labor.
The share of female employment for the cardboard boxes is the
lowest. All three systems require a relatively large share of
low-qualified employees. The plastic crate system shows a
much lower lethal accident rate. The higher rate for the wooden
and cardboard boxes arises mainly from wood logging. In
addition, the sustainability consequences due to the influence
of packaging in preventing food losses are discussed, and
future research combining aspects both from food LCAs and
transport packing/packaging LCAs is recommended.
Conclusions For all three systems, optimization potentials
regarding their environmental life cycle performance were
identified. Wooden boxes (single use) and plastic crates (reusable) show preferable environmental performance. The
calibration of the system parameters, such as end-of-life
treatment, showed environmental optimization potentials in
all transport packaging systems. The assessment of the
economic and the social dimensions in parallel is important
in order to avoid trade-offs between the three sustainability
dimensions. Merging economic and social aspects into a
Life Cycle Assessment is becoming more and more
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important, and their integration into one model ensures a
consistent modeling approach for a manageable effort.
Keywords Fruit and vegetables . LCA . LCC . Packaging .
Social LCA . Transport

1 Introduction
Every day, thousands of goods make their way from producers to consumers. According to the press release of the
fruit logistica trade fair 2005, more than 22 million tonnes
of fresh fruit and vegetables is traded in Europe every year
and is transported in a comparable way to that considered in
this study. Transport packaging systems play an essential
part in the logistic chain, and wooden boxes, cardboard
boxes, and plastic crates are most commonly used for the
packaging of fruit or vegetables. According to the vice
director of Stiftung Initiative Mehrweg, a German association promoting re-usable packaging, the re-usable transport
packaging has an estimated market share of about 40 % in
Europe, for single-use packaging cardboard boxes have the
largest market shares. Wooden boxes have the lowest market share due to their technical limitations like poor
stackability.
Besides bananas, in principle, all kinds of fruit and vegetables are transported in these kinds of transport packaging;
thus, the findings of this article are applicable to a huge
range of fruit and vegetables. Depending on the size, consistency, humidity, etc. of the fruit and vegetables, specific
primary packaging could be necessary for protection and to
enable the use of the chosen transport packaging option. The
primary packaging is both used in single-use and re-usable
packaging, appearing with an enormous diversity. The influence of primary packaging is not covered in this study.
While wooden and cardboard boxes are single-use transport packaging systems and are normally disposed of, incinerated, or partly recycled after single use, plastic crates
are generally returnable and are washed and reused multiple
times. Wooden and cardboard boxes are based on renewable
feedstock while plastic crates use oil-based fossil feedstock.
Assessing the sustainability of these widely used transport
packaging options in a realistic manner is important to gain
knowledge to be able to choose the most preferable packaging option for specific situations.
The sustainability of transport packaging for fruit and
vegetables has previously been studied (ADEME 2000;
Cagnot et al. 2000; Chonhenchob and Singh 2003; Wagner
and Partner SA 2003; RPCC 2004; Capuz et al. 2005;
Chonhenchob and Singh 2005; Singh et al. 2006; Barthel
et al. 2007; Albrecht et al. 2009; Levi et al. 2011). These
studies were generally found to be more specific in scope
(with reference to geographical coverage, country-specific
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recycling options, etc.) than the scope of this current study.
Differences in methodology between the existing studies
include the choice of goal and scope; the inclusion of
different scenarios; the selection of different data sources;
the assumptions regarding key parameters (such as the number of circulations of re-usable plastic crates, ranging from
10 to 100); the degree of complexity in modeling the logistics; how open-loop recycling was addressed; the treatment
of biogenic CO2; the extent of the sensitivity analysis, how
the interpretation phase of LCA was addressed; who
performed the critical review and how it was performed;
and, finally, how sustainability was addressed (which pillars
of sustainability were taken into account).
The results of the studies also differ; it is well known that
system analysis and comparison from a life cycle perspective
do not give a unique and static answer. While one study
(ADEME 2000) showed that the multiple-use option was
environmentally preferable to the cardboard boxes and quite
similar to the wooden boxes for most of the environmental
impact categories assessed, another study (Capuz et al. 2005)
showed the opposite, i.e., that the environmental impact of
single-use cardboard boxes was lower than that of re-usable
plastic crates in six of the ten categories analyzed.
This paper presents the main results and findings of an
extensive LCA study that was first finalized in 2007 and then
updated and extended in 2009 (Barthel et al. 2007; Albrecht et
al. 2009). This study analyzed and compared the most common transport packaging systems for fruit and vegetables in
Europe with respect to the environmental impacts and social
and economic aspects related to their use. Given such range of
studies that cover the whole life cycle of fruit and vegetable
packaging options, including environmental, economic, and
social aspects, the study presented here aimed to reproduce an
average situation of fruit and vegetable transport for Europe.
This average situation is complemented by an extensive parameter analysis. The analysis of the environmental, economic, and social impacts of packaging arguably provides a more
objective basis for discussion on sustainable packaging in the
fruit and vegetable sector, than the analysis of environmental
impacts alone. The results are intended to be used to identify
favorable boundary conditions of transport packaging systems
for fruit and vegetable distribution throughout Europe (in a
representative average situation). The results can be further
used for the identification of optimization potentials of a given
transport packaging option from a system point of view.

2 The analysis
2.1 Scope of the study
The study analyses and compares transport packaging systems for fruit and vegetable transport in Europe. The
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functional unit on which the comparison is based is defined
as the distribution of 15 kg of fruits/vegetables in 3,333,350
filled boxes/crates. The fruit/vegetables are transported in
either wooden or cardboard boxes, which are both singleuse systems, or in re-usable plastic crates. The functional
unit reflects the number of boxes/crates necessary to transport
1,000 t of goods five times p.a. accounting for the baseline
assumption of five annual circulations per re-usable crate for a
time span of 10 years using the most common transport
packaging size (600 mm×400 mm×240 mm) and comparable
capacity (15 kg fruits or vegetables per box). To fulfill the
functional unit for the single-use systems, 3,333,350 boxes
have to be produced, used, and brought to the end of life. As
the plastic crates can be used multiple times, the average
lifetime and the number of fillings during the lifetime have
to be considered. Primary data give 4.8 fillings per year and an
average lifetime of up to 20 years (Albrecht et al. 2009); thus,
five fillings per year and a lifetime of 10 years have been
chosen as a conservative baseline scenario for comparison.
This results in an initial production of 66,667 plastic crates to
fulfill the distribution of 3,333,350 filled crates as illustrated in
Fig. 1. Prior to washing, the plastic crates are inspected for
breakage and replaced if necessary. The average breakage rate
during the lifetime of plastic crates is set to 0.47 % as an
industry average given by Euro Pool System (2008) and IFCO
SYSTEMS (2008), two of the leading logistics service providers of returnable packaging solutions for fresh produce,
holding together about 80 % share of the returnable packaging
Fig. 1 Overview of the system
characteristics over the life
cycle of the systems (baseline
scenario)
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for the fruit and vegetable market in Continental Europe. The
damaged crates are identified and removed before cleaning,
resulting in around 3.32 million washings and dryings of the
plastic crates that are reused. The technical specifications of
the systems analyzed are presented in Table 1.
2.2 Product system boundaries
The analysis covers the whole life cycle of the three transport packaging systems, from raw material extraction via
production, distribution, and use through to the end of life
(recycling and/or disposal or incineration). This includes the
extraction of raw materials and fossil fuels, the forestry, the
supply of energy and utilities, all transports of primary
materials and resources, and the long distance transports of
the fruit and vegetable crates and boxes throughout Europe
over their lifetime, as shown in Fig. 2.
This study considers fruit and vegetable production and
consumption from six countries. Spain, Italy, France, the
Netherlands, and Germany represent five of Europe’s largest
fruit and vegetable producers. France, Germany, the Netherlands, and Great Britain represent a large proportion of
Europe’s consumed fruit and vegetables. The transportation
services are calculated using a transportation matrix, considering the freight transport volume from each producer country
to each consumer country combined with the respective transport kilometers driven within the European distribution net.
Table 2 provides the determined result of an average European
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Table 1 Technical specifications of the transport packaging systems analyzed
Wooden boxes

Cardboard boxes

Plastic crates

Weight per box [kg]
Dimensions (exterior) [mm]
Load weight (max.) [kg]

Wood
Single use
–
Energy recovery
Material recycling
0.9
600×400×240
15

Cardboard
Single use
–
Energy recovery
Material recycling
0.823
600×400×240
15

Polypropylene and polyethylene
Re-usable
Cleaning distribution
Material recycling
Energy recovery
2
600×400×240
15

Boxes per pallet filled
Layers of boxes per pallet
Pallets per truck (average)
Crates per pallet folded
Crates per truck folded
Producer countries (fruit and vegetables)
Consumer countries (fruit and vegetables)

36
36
9
9
33
33
–
–
–
–
France, Germany, Italy, Spain, the Netherlands
France, Germany, Great Britain, the Netherlands

transport packaging systems. The end-of-life options for
single-use wooden boxes are incineration with energy recovery and recycling into particleboard. As through composting
no high-value industrial products are gained, composting is
neglected in this study. The baseline assumptions are a 100 %
incineration with respective electricity grid mix credits. No
credit was given to steam, as steam from waste incineration is
not saleable in some regions in Europe.
To fulfill the high requirements of fruit and vegetable
transport, the production of the single-use cardboard boxes

transportation performance [in billion (bn) crates × km and m
tonnes × km, resp.] and the mean transportation distance [in
kilometer]. The empty re-usable crates have to be additionally
transported about 700 km due to the supply to the fruit and
vegetable grower. Further system-specific transports occur
within the three transport packaging systems, like the transport
of new boxes and crates to the growing area or used re-usable
crates going into the washing and cleaning centers.
The end-of-life considerations take into account the different opportunities of the specific waste treatment of the three
Fig. 2 System boundary
overview

36
9
33
213
7,029

Wooden boxes

Cardboard boxes

Plastic crates

boundary for the systems under study

box production

oil exploration

waste paper processing

monomer production

pulp and paper production

polymer production

box production

crate production

Production

wood production in forest
timber production

Service-life

distribution to grower
long distance fruit and vegetable transports in Europe
take back from retailers
washing and reuse
regranulation
incineration
secondary granulate

electricity and steam
boundary for the comparison of systems
Legend:

Thermal recycling

Material recycling

Reuse

End-of-life

Production (material)
Service life
Re-use
End of life
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Table 2 Transportation performance and respective mean transportation distance
Average European transport performance
and distance
Transportation performance [bn crates × km]
Transportation performance [m tonnes × km]
Mean transportation distance [km]

Calculated average
Full boxes and crates
3.34
50
1,003

requires a high-quality paper with 82.4 % primary source
material, the rest being recycled material (FEFCO 2006).
Hence, in the baseline scenario, it is assumed 17.6 % of the
cardboard boxes are looped back into pulp and paper production after use to meet the needed input on recycled
material. The rest of the cardboard is considered to be
incinerated in the waste incineration with energy recovery.
In the case of the re-usable plastic crates, the material is
assumed to be recycled. As the plastic crates stay in the
possession of the logistics service provider, at the end of
life, the respective secondary granulates are identical to the
chemical composition, additives content, color, etc. of the
primary material. Thus, a high-level recycling within the
same or similar application is a standard procedure. The
secondary granulate is mainly used to produce new plastic
crates, either for re-usable plastic crates for fruit and vegetable transport or for other applications like beer or water
crates. Therefore, in the baseline scenario, an open-loop
recycling is assumed, and the value of the secondary granulate is set to 70 % of the virgin material with respect to
some potential degradation of the recycled material.
The carbon incorporated during the growth of wood is
considered as a net Global Warming Potential (GWP) intake
in the production phase. Combined with the CO2 emissions
from the end-of-life phase, the balance for biogenic carbon
is closed.
2.3 Data
Primary data (Albrecht et al. 2009) were primarily gathered
from industry, relevant associations, and published literature. All relevant background data such as energy, transport,
and auxiliary materials were taken from the database of the
software system GaBi 4. The majority of the datasets used
are publicly available, and public documentation exists
(GaBi 2008a). The rationale behind, the main structure of
the models, etc. was already determined in Barthel et al.
(2007); in 2009, an update of this study was released
(Albrecht et al. 2009). The main changes affecting this
article are an upgrade of all GaBi LCI background datasets.
Further foreground data have been updated, as the use of the
updated upstream chain data of the cardboard boxes
(FEFCO 2006). Data on the service life of plastic crates

have been updated, mainly new energy and water consumption data as well as emission data from the washing processes and updated breakage rates (IFCO 2008; EURO
POOL SYSTEM 2008). Further, some data on wooden
box production have been adopted according to GROW
(2008).
2.4 Methods applied
In this study, environmental, economic, and social aspects
are considered, giving an approach to an overall sustainability assessment in its broader sense. Environmental effects
are evaluated using the Life Cycle Assessment method
according to the ISO standards ISO 14040 (ISO 2006) and
ISO 14044 (ISO 2006). The following environmental indicators and impact categories using Centrum voor
Milieukunde Leiden (CML) indicators (Guinée et al. 2002)
are assessed:
&
&
&
&
&
&

The Primary Energy Demand (PED)—demand of fossil
and renewable energetic resources
The GWP—“anthropogenic greenhouse effect”
The Acidification Potential (AP)—contribution to “acid
rain”
The Eutrophication Potential (EP)—contribution to
“over fertilization”
The Photochemical Ozone Creation Potential (POCP)—
contribution to “summer smog”
The Abiotic Resource Depletion Potential (ADP)—
depletion of non-renewable non-organic materials

The traditional one-point study, which considers a fixed
set of boundary conditions and situations, is not performed
here. Instead, a representative baseline scenario is chosen
and assessed. The relevant parameters influencing the life
cycle are then identified and varied, and the resulting
changes in the environmental impacts are discussed.
Economic aspects are considered by performing a Life
Cycle Costing (LCC) analysis within the same system
boundaries as the environmental baseline scenario. The
basis for the comparison is the same life cycle model underlying the LCA study. All relevant cost units for production,
transportation, and distribution of the empty boxes/crates,
applicable cleaning and washing, costs/revenues for the
end of life of the different materials, etc. are considered.
The Life Cycle Working Environment (LCWE) method
(Barthel et al. 2005, 2007; Makishi Colodel et al. 2009), also
described as WE-LCA (Benoît et al. 2009), is applied for the
production and the service life in order to cover the social
aspects of the systems. This method employs social indicators for each process in the process chain. The applied
indicators are at an inventory level; the establishment of an
impact assessment for social indicators continues. These
indicators are summed up over the whole process chain to
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account for all social effects caused by the product. The unit
“seconds of work” is used as a weighting factor for the
different processes. The indicators used for the study are:
&
&
&
&

The total time of work [second/package]
The total time of women's work [second/package]
The differentiation of the working time into qualification
levels [second/package]
The number of lethal and non-lethal accidents [cases/
package].

The indicator data used are provided at the industry level
by national databases and are broken down to processes using
“value added” as an allocation key (Barthel et al. 2005, 2007).
2.5 Critical review
LCA studies that include a publically disclosed comparative
assertion affect the interests of competitors and other stakeholders, especially when the results are controversial or show
high economic implications such as in the logistics market.
The overarching aim of any critical review is to contribute to
the quality assurance of LCA studies and to protect interested
parties on the marketplace from unsubstantiated claims.
The main results presented were derived from an extensive
study completed in 2007, which was then updated and extended in 2009 (Barthel et al. 2007; Albrecht et al. 2009). The
environmental impact assessment is a comparative Life Cycle
Assessment according to ISO standards 14040 (ISO 2006)
and 14044 (ISO 2006), and the findings are intended to be
disclosed to the public. Therefore, in line with these standards,
the LCA components of the underlying studies were critically
reviewed by international external review panels.
The critical review process ascertained the transparent documentation of the purpose and use of the studies as well as the
consistent life cycle models and the data categories. Accordingly, the data, models, and methods employed are deemed
appropriate, in relation to the goal and scope of the study.

3 Results and discussion
3.1 Life cycle indicator results
PED is used as a measure of the cumulative primary energy
resources that are used directly and indirectly over the life
cycle of the system. The calculated results for the PED are
shown in Table 3. The total PED results are split into
primary energy expenditure (PED total consumption (production + service life)) and end-of-life credits (PED total
substitution (end of life)). The PED total consumption (production + service life) is a sum of PED non-renewable
consumption and PED renewable consumption, and primarily reflects the consumption of primary energy resources for
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both the production of the materials used and for the energy
needed to run the service-life processes. PED total substitution (end of life) is a sum of PED substitution nonrenewable and PED substitution renewable, and accounts
for credits from the end-of-life treatment—for example from
energy recovery. The non-renewable component of the primary energy consumption is by definition a depletion (of
fossil energy resources), whereas the renewable component
is not depleted in this sense.
The cardboard boxes and the plastic crates show almost the
same level of PED non-renewable consumption. The wooden
boxes and the cardboard boxes have a high consumption in
terms of primary energy from renewable resources (PED
renewable consumption). The use of non-renewable resources
is avoided as a result of the energy produced from incineration
and energy recovery of the wooden and cardboard boxes after
use. This results in a reduction in the PED non-renewable total
for the cardboard boxes. The wooden boxes generate more
non-renewable primary energy (PED substitution nonrenewable) at end of life than is necessary for their production,
resulting in a net negative contribution.
The PED of wooden boxes is mainly based on solar
energy captured via photosynthesis. The wooden box system recovers the highest amount of the used embodied
energy and therefore substitutes more non-renewable primary energy than what is used.
The cardboard boxes have the highest PED total. The
relation of PED non-renewable total to PED renewable total
for the cardboard boxes is one to four. The cardboard system
recovers about one third of the total primary energy.
The plastic crates show almost the same level of PED
non-renewable total, but due to a lower amount of PED
renewable total, the overall PED total is lower than both
single-use systems.
When analyzing and discussing the depletion of energy
resources from a present view, the PED non-renewable can
be seen to be the more important indicator. From a life cycle
perspective and from the calculation of end-of-life credits
with respect to a potential substitution of non-renewable
resources by renewables, the information gained by PED
renewable deepens the outcomes from the analysis of nonrenewable resource depletion. The PED indicators include
the particular embodied energy. This is caused by two
related aspects. At first, savings in the consumption of
PED non-renewable in production are caused by the use of
renewable waste products as an energy source in production
and due the renewable embodied energy with the wooden
and cardboard boxes. These savings mainly result from the
less energy intensive wooden boxes and to a minor extent
from cardboard boxes due to a more complex and energy
demanding processing. Secondly, at the end of life, this
renewable embodied energy gains credits in PED nonrenewable when, for example, wooden boxes are incinerated
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Table 3 PED of the baseline scenario
Life cycle PED [MJ per functional unit]
PED non-renewable consumption
PED renewable consumption
PED total consumption (production + service life)
PED substitution non-renewable
PED substitution renewable
PED total substitution (end of life)
PED non-renewable total
PED renewable total
PED total

Wooden boxes (single use)

Cardboard boxes (single use)

Plastic crates (re-usable)

19,050,000
77,980,000
97,030,000
−37,030,000
−16,380,000
−53,410,000
−17,980,000
61,600,000

49,150,000
77,590,000
126,740,000
−31,280,000
−6,000,000
−37,280,000
17,870,000
71,590,000

19,670,000
310,000
19,980,000
−3,240,000
−60,000
−3,300,000
16,430,000
250,000

43,610,000

89,460,000

16,680,000

in a Municipal Solid Waste Incinerator (MSWI) and
substituting potentially fossil-based power grid mixes. The
depletion of non-renewable energy carriers is further
addressed by the calculation of ADP (see Section 3.2).
3.2 Life cycle impact assessment results
A representative baseline scenario with the corresponding
parameter settings (baseline scenario (representative mean
value)) was calculated, in order to estimate the influence of
technical and organizational parameters on the system. These parameters included aspects such as lifetime, efficiencies,
and the number of fillings; see Table 4. The results of these
calculations reflect an average situation for each transport
packaging system in a European-wide context. The results
have to be interpreted carefully, knowing that a model is a
mirror of a variable reality. A single truth rarely exists in
reality, and this should be reflected by LCA as well.
The results are first presented as a range relative to the
baseline scenario. The results of the environmental impact
categories are shown in Table 4 as absolute values and in
Fig. 3 as normalized to the annual European emissions
according to Guinée et al. (2002), which were updated in 2007.
The overall results for five environmental impacts are
presented below. Table 4 provides the absolute results for
the baseline scenario split into three parts: emitted, avoided,
or incorporated, and total impacts.
The figures under emitted correspond to the total releases
over the life cycle; the figures for avoided or incorporated
reflect the effects due to incorporation of CO2 during the
growth of renewable resources and the effects of avoiding or
substituting primary production through the use of used byproducts, energy, and secondary materials. The total impact
figures represent the balance of both (emitted minus
avoided/incorporated).
The trees from which the wooden boxes are made incorporate carbon dioxide during growth. This carbon dioxide is
released when the boxes are incinerated. Electricity is produced during incineration and substitutes/avoids average

electricity production. Cardboard boxes emit more CO2
during production than wooden boxes and have less CO2
incorporation as only a portion of the input materials and
chemicals are wood based. The combined effects of the
larger number of boxes produced and the smaller quantity
of incorporated CO2 result in higher net CO2 emissions,
despite the fact that the cardboard boxes are by far the
lightest boxes and therefore emit less CO2 during road
transport than wooden boxes and plastic crates. Eighty-two
percent of the cardboard boxes are incinerated, and the
incorporated CO2 is released. The remaining 18 % are used
to satisfy a secondary pulp demand in the production of the
fruit and vegetable boxes. Plastic crates emit significantly
less carbon dioxide in the production phase than the other
options due to the characteristics of a re-usable system,
where fewer crates need to be produced. However, plastic
crates do not benefit from uptake of carbon dioxide prior to
production. The end of life of the plastic crates show a
benefit over the life cycle, due to the recycling of the crates
with substitution of primary material and the incineration
and energy recovery of production residues.
Under the given boundaries, the eutrophication impact,
caused by emissions to water and air, is lowest for the plastic
crate system, followed by wood and cardboard. For cardboard, this is mainly due to the production of Kraftliner and
Fluting (86 % of total over the life cycle). The cardboard for
fruit and vegetable boxes completely consists of the highquality pulp systems Kraftliner and Semi-Chemical Fluting
(FEFCO 2006) as these systems are suitable for a humid
atmosphere. The EP impacts of the wooden boxes are mainly due to the box production stage and to the distribution of
new boxes to growers (both approx. 25 %); approx. 20 % of
the impact is from the supply of wood, 15 % is due to the
service life stage and transports, and 15 % due to the end-oflife stage. The EP of the plastic crates is driven by their
service life. About 70 % of the emissions are caused by
transports. The washing and the production of the crates also
contribute significantly to this impact, with about 25 % of
emissions coming from these sources.

Single-use
cardboard
boxes

Single-use
wooden
boxes

100

POCP [kg C2H4-Eq./FU]

2,390
3,500

POCP [kg C2H4-Eq./FU]
ADP [kg Sb-Eq./FU]

2,220

POCP [kg C2H4-Eq./FU]
18,020

4,380

EP [kg PO43−-Eq./FU]
ADP [kg Sb-Eq./FU]

21,150

2,360,000

21,520

170

190

1,400

AP [kg SO2-Eq./FU]

GWP [kg CO2-Eq./FU]

Total

ADP [kg Sb-Eq./FU]

POCP [kg C2H4-Eq./FU]

EP [kg

PO43−-Eq./FU]

AP [kg SO2-Eq./FU]

GWP [kg CO2-Eq./FU]
8,460,000

4,570

EP [kg PO43−-Eq./FU]

Avoided or incorporated

22,550

10,820,000

GWP [kg CO2-Eq./FU]
AP [kg SO2-Eq./FU]

Cardboard
boxes

8,750

ADP [kg Sb-Eq./FU]
EMITTED

1,560

1,570

8,600

1,240,000

POCP [kg C2H4-Eq./FU]

EP [kg

PO43−-Eq./FU]

AP [kg SO2-Eq./FU]

GWP [kg CO2-Eq./FU]

Total

9,750

100

EP [kg PO43−-Eq./FU]
ADP [kg Sb-Eq./FU]

1,600

GWP [kg CO2-Eq./FU]
AP [kg SO2-Eq./FU]

8,500,000

1,000

ADP [kg Sb-Eq./FU]
Avoided or incorporated

1,660

1,670

10,200

9,740,000

Wooden
boxes

POCP [kg C2H4-Eq./FU]

EP [kg

PO43−-Eq./FU]

AP [kg SO2-Eq./FU]

GWP [kg CO2-Eq./FU]

Life cycle impacts per
functional unit (FU)
Emitted

0
–

–
–

50
80

–
–

200

220

60

400

−6,952,000

13,700

1,520

3,850

17,800

5,240,000

15,000

400

200

860,000

–

1,300

–
7,000,000

1,600

3,900

18,200

Pulp and
paper
prod.
6,100,000

2,500

370

400

3,100

2,900,000

220

60

400

Forestry +
wood
prod.
48,000

Production

2,000

400

300

2,000

−7,680,000

2,500

–

2,000

300,000

–

–

–
8,000,000

370

400

3,100

3,200,000

Prod. of
boxes

400

300

2,000

Forestry +
timber
prod.
320,000

Production

3,800

230

270

2,200

280,000

3,800

–

0

–

300,000

–

230

270

2,200

580,000

Cardboard prod. +
distrib. to grower

2,500

460

400

2,200

370,000

2,500

–

–

–

–

–

460

400

2,200

370,000

Distribution
to grower

600

110

100

500

86,000

600

–

–

–

–

–

110

100

500

86,000

Delivery and
take back

Service life

600

120

100

580

90,000

600

–

–

–

–

–

120

100

580

90,000

Delivery and
take-back

Service life

1,000

160

140

800

140,000

1,000

–

–

–

–

–

160

140

800

140,000

Long distance
transport

1,000

180

160

880

150,000

1,000

–

–

–

–

–

180

160

880

150,000

Long-distance
transport

Table 4 Life cycle impacts per functional unit (baseline scenario) divided into most important life cycle steps
End of life

120

20

20

150

12,000

120

–

–

–

–

–

20

20

150

12,000

Transports + Mill

End of life

50

10

10

40

10,000

50

–

–

–

–

–

10

10

40

10,000

Transports
incinerat.

800

50

80

300

3,800,000

800

–

–

–

–

–

50

80

300

3,800,000

Incineration

1,100

120

300

1,400

5,600,000

1,100

–

–

–

–

–

120

300

1,400

5,600,000

Incineration

–
–
–

–
–
–

−700
−130
−70
−2,000

−300
−10
−20
−200

−216,000

–
−30,000

70
–

130

700

270,000

20

10

300

30,000

2,000

54,000

–

200

Recovered
pulp

Energy
recovery

−1,000

−100

−100

−1,600

−200,000

–

100

100

1,600

200,000

1,000

–

–

–

–

Energy
recovery
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Re-usable
plastic crates

501

POCP [kg C2H4-Eq./FU]

1,089
8,410

ADP [kg Sb-Eq./FU]

850

5,902

1,228,240

POCP [kg C2H4-Eq./FU]

EP [kg

PO43−-Eq./FU]

AP [kg SO2-Eq./FU]

GWP [kg CO2-Eq./FU]

Total

12,190

61

EP [kg PO43−-Eq./FU]
ADP [kg Sb-Eq./FU]

540

AP [kg SO2-Eq./FU]

GWP [kg CO2-Eq./FU]
197,760

3,780

Avoided or incorporated

1,591

ADP [kg Sb-Eq./FU]

911

EP [kg PO43−-Eq./FU]
POCP [kg C2H4-Eq./FU]

6,442

1,426,000

GWP [kg CO2-Eq./FU]
AP [kg SO2-Eq./FU]

Plastic
crates

EMITTED

Table 4 (continued)

–
–

–
–

5,600

600

90

740

300,000

170

30

10

190

29,650

170

–

5,600

350

0

–

–

30

–

10

190

30,000

Prod. of
crates

600

90

740

300,000

Prod. plastic
granulate

Production

50

10

10

40

70,000

50

–

–

–

–

–

10

10

40

70,000

Distribution
to grower

Service life

1,400

270

230

1,300

210,000

1,400

–

–

–

–

–

270

230

1,300

210,000

Delivery and
take-back

2,800

460

360

2,000

450,000

2,800

–

–

–

–

–

460

360

2,000

450,000

Long distance
transport

180
2,000

–

130

1,550

20

70

360

289,990

2,000

–
67,000

–

0

–

10

–

180

130

1,550

290,000

Inspection and
washing

–

–

–

–

–

20

70

360

67,000

Backhaul

End of life

160

20

10

260

6,000

160

–

–

–

–

–

20

10

260

6,000

Transports + Mill
+ Regranul.

10

1

1

2

3,000

10

–

–

–

–

–

1

1

2

3,000

Incineration
of residues

–

−60
−500

−1

−3,768

−520
−1
−12

−195,000
−20

–

500

60

520

195,000

−2,400

–

1

1

20

2,400

3,768

–
12

–
–

–

–

–
–

Recovered
granulate

Energy
recovery
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Fig. 3 Environmental impacts
of the baseline scenario
normalized to the total annual
European emissions using CML
indicators (Guinée et al. 2002)

The analysis of the results for EP is valid for AP as well.
The same contributors play the most important roles and the
results are similar. For the POCP impact, the largest impacts
arise from the supply of the energy carriers electricity and
fossil-based fuels. The use of energy therefore has a major
influence on the POCP impact. The ADP impacts follow the
consumption of non-renewable primary energy as shown in
Table 3, which corroborates the overall findings of the
environmental impact assessment. Overall, the advantage
of the re-usable crate system lies in the ability of the crates
to be reused, which therefore reduces the need for plastic
crate production.
The “avoided impacts” of all three systems reflect the
positive effects of recovering energy in thermal treatment
units such as incineration plants and of recovering secondary
materials in recycling. The electricity is sold and substitutes
average electricity production in the EU25, while the secondary materials substitute a part of primary material production.
The absolute results shown in Fig. 3 are related to Europe's
total emissions for the relevant impact category in the year
2007 (Guinée et al. 2002). The main contributors to these
impacts are discussed above. The contribution of the transport
packaging systems to the annual European total is most significant in AP, ADP, and GWP, followed by POCP and EP.
Table 5 gives an overview of the main parameter settings
for the baseline scenario, which were chosen as a reference
for the discussion of results. Alternative parameter values
and the resulting life cycle impacts are shown relative to the
baseline scenario.
The parameters in Table 5 are shown per life cycle phase,
as well as by the respective transport packaging system. The
results in the section Changes in environmental impacts
relative to the baseline scenario are to be understood as
follows: negative relative numbers improve the Life Cycle
Impact Assessment (LCIA) results while positive numbers
represent a deterioration of the environmental profiles.

The different parameters are numbered (no. 1–23). A
variation in the value of these parameters is shown within
a meaningful range. Some of the parameter variations can be
seen as a sensitivity analysis showing the extent to which
the system is sensitive to variability (no. 7–12). In these
cases, a minor sensitivity outcome attests to the stability of
the system and shows that possible uncertainties in these
values do not have a notable influence on the results. The
remaining parameters (no. 1–6 and 13–23) should be
interpreted as a parameter variation showing the results of
different assumptions in order to highlight key drivers and
optimization potentials. The parameters that result in large
changes to the overall results are discussed below.
Production The production of the wooden boxes is mainly
influenced by the share of ligneous crops, the presence or
absence of technical wood drying, and the application of
steaming prior to peeling of poplar wood (no. 1–4). Only the
application of steaming of poplar prior to peeling (no
steaming is assumed in the baseline scenario) shows significant environmental relevance; it worsens the environmental
profile of the production of wooden boxes by up to 12 % in
GWP due to the additional thermal energy required for
biomass heating.
The parameter with the highest impact within the production phase of the cardboard boxes is the specific share of
different pulps and papers (no. 5). According to FEFCO
(2006), the composition of fruit and vegetable boxes is
characterized by high shares of Fluting and Kraftliner,
which are two high-quality, demanding paper types, which
are able to withstand the humid atmosphere present during
the transport of fruit and vegetables. The variation of this
parameter is therefore not a technical option for the defined
functional unit, as this specific paper quality is required.
Nevertheless, a variation indicates the importance of this
parameter and its relevance. The variation in the factors

Main production parameters

No.

12

11

10

9

8

7

Share of primary polyethylene material
in production of crates
Share of primary polypropylene
material in production of crates
Granulate losses during production
of crates
Granulate losses during production
of crates
Damaged crates prior to washing in
relation to total crates inspected
Damaged crates prior to washing
in relation to total crates inspected
Main service-life parameters

Share of poplar wood steamed prior
to peeling
Cardboard box production
5
Share of Semi-Chemical Fluting
in cardboard box
Share of Kraftliner in cardboard box
Share of Testliner in cardboard box
Share of Wellenstoff in cardboard box
Plastic crate production
6
Share of primary plastic material
in production of crates

4

Wooden box production
1
Share of poplar in box production
Share of pine in box production
2
Share of spruce in box production
Share of poplar in box production
Share of pine in box production
Share of spruce in box production
3
Share of wood dried during box
production

No.

70 %

100 %

Representative
mean value
(benchmark
basis)

0.47 %

0.47 %

2.75 %

2.75 %

42 %

Varied to
value

0.71 %

0.17 %

6%

1.50 %

100 %

100 %

21 %
33 %
33 %

37 %
0%
0%

58 %

10 %

63 %

%
%
%
%
%
%
%

100 %

0
57
44
100
0
0
50

Varied to
value

0%

80 %
11.3 %
8.7 %
80 %
11.3 %
8.7 %
20 %

Baseline scenario
(representative
mean value)

1.1 %

0.6 %

−0.8 %

0.1 %

0.0 %

−0.3 %

0.4 %

−1.0 %

1.3 %

−1.7 %

0.3 %

−0.1 %

2.5 %

−8.8 %

0.3 %

−0.1 %

0.2 %

−0.1 %

−2.6 %
1.9 %

−6.4 %

−3.1 %

0.0 %

0.6 %

−0.8 %

3.3 %

ADP

−2.5 %

−45.0 %

5.2 %

0.3 %

−1.3 %

5.1 %

POCP

Range of collected data

Range of collected data

Range of collected data

Only PP crates used or only PE crates
used respectively
Range of collected data

30 % secondary granulate considered
as realistic for possible secondary
granulate use (even more possible)

Average cardboard boxes assumed
(not suitable for fruit and vegetable
boxes due to humidity and rigidity
requirements, just for verification
purposes)

20 % drying reported. 50 % assumed
as higher value for regions with
higher humidity or lower
temperatures
Check of influence of steaming

Only poplar or no poplar used for
wooden boxes

Remarks

Changes in environmental impacts relative to the baseline scenario
GWP
AP
EP
POCP
ADP
Remarks

1.7 %

0.3 %
−1.4 %

−0.1 %

−0.1 %
0.2 %

−0.2 %

−0.3 %

−2.2 %

0.3 %

−1.1 %

−50.5 %

−49.1 %

0.4 %

−2.9 %

18.4 %

0.2 %

5.0 %

0.9 %

2.3 %

−0.3 %

1.3 %

EP

9.6 %

−1.1 %

−2.0 %

11.9 %

4.4 %

AP

7.9 %

GWP

Changes in environmental impacts relative to the baseline scenario

Table 5 Parameter settings and subsequent variation in the life cycle impact assessment results
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Main production parameters

Main end-of-life parameters

No.

Value of secondary granulate in relation
to primary
Sold steam products from incineration
in MSWI

22

23

Wooden boxes end of life
15
Share of wood to incineration
(rest to particle board industry)
Products from incineration of wood
16
Share of wood to incineration
(rest to particle board industry)
Products from incineration of wood
17
Sold steam products from incineration
in MSWI
Cardboard boxes end of life
18
Value of fibers in relation to Wellenstoff
19
Fiber allocation according to ISO/TR
14049:2000 (ISO 2000) (open loop
recycling)
20
Sold steam products from incineration
in MSWI
Plastic crates end of life
21
Share of plastic to secondary granulate

Lifetime
Rotations

14

Plastic crates service life
13
Lifetime
Rotations

No.

Table 5 (continued)

100 %

Electricity
0%

0%

100 %

100 %

50 %

100 %
70 %

100 %

0%

90 %

50 %

0%

Varied to
value

6 years

20 years

Varied to
value

Electricity
100 %

100 %

Representative
mean value
(benchmark
basis)

10 years
5 per year

10 years
5 per year

Baseline scenario
(representative
mean value)

0.1 %
−3.8 %

−0.3 %

−7.5 %

−1.1 %

−4.2 %

−26.4 %

24.0 %

−26.1 %

−20.9 %

9.9 %

19.8 %

−11.5 %

−104.5 %

10.2 %

29.3 %

−4.7 %

AP

−0.2 %

−3.2 %

2.9 %

−2.1 %

−27.5 %

−12.0 %

−3.0 %

2.1 %

−2.6 %

EP

−0.2 %

−20.5 %

22.4 %

−5.6 %

−25.6 %

−16.3 %

8.8 %

17.6 %

−5.7 %

POCP

−1.2 %

−19.3 %

21.0 %

−29.3 %

−22.1 %

−120.2 %

8.6 %

17.3 %

−10.4 %

ADP

Remarks

50 % incineration of polymer
crates considered
100 % value means that the secondary
granulate would be used in vegetable
crates again
Steam from waste incinerators is
not saleable in some regions

Steam from waste incinerators is
not saleable in some regions

System approach according ISO/TR
14049:2000 (ISO 2000

Steam from waste incinerators is
not saleable in some regions

No incineration of wooden boxes
or 50 % incineration of wood
crates considered

This represents an average technical
lifetime of the plastic crates
assuming 5 rotations per year
9.8 %
6.3 %
3.5 %
7.6 %
13.9 % This represents a low lifetime of the
plastic crates assuming 5 rotations
per year not fulfilling the technical
possibilities
Changes in environmental impacts relative to the baseline scenario
GWP
AP
EP
POCP
ADP
Remarks

−7.3 %

GWP

Changes in environmental impacts relative to the baseline scenario
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influencing the production of plastic crates results in only
minor changes to their environmental profile.
Service life Re-usable systems are mainly characterized by
the number of fillings per crate within their service life. As the
plastic crates can be used multiple times, the average lifetime
and the number of fillings during the lifetime have to be
considered. Primary data give 4.8 fillings per year and an
average life time of up to 20 years (Albrecht et al. 2009); thus,
in the conservative baseline scenario, a 10-year lifetime per
plastic crate is assumed, resulting in 50 fillings per crate. The
parameter nos. 13 and 14 take into account the influence of the
plastic crates' lifetime within the re-usable system, which
affects the total number of fillings per crate. Parameter no.13
considers an average lifetime of 6 years per crate, showing the
influence of a fairly short lifetime. Parameter no. 14 assumes a
20-year lifetime of the re-usable crates, as a close-to-reality
scenario. The number of fillings per crate within its lifetime
has a main influence on the performance of a re-usable system. Compared to the single-use wooden boxes, 40 to 60
fillings, depending on the respective impact category, need
to be reached within a re-usable crate's lifetime to be environmentally preferable. This is in average reflected by the considered baseline scenario. Compared to the single-use
cardboard boxes, the breakeven is reached already between
5 and 15 fillings, which represent lifetimes between 1 and
3 years. As a re-usable system is intended to run as long as
possible, this is seen just as a theoretical number, as reality is
somewhere between 10 and 20 years lifetime with about 5 to
10 fillings per year, resulting in a realistic number of fillings
between 50 and 200 fillings per crate during its lifetime. An
increase in the number of fillings per crate in the re-usable
system results in an improved environmental performance
over the whole packaging system related to the functional
unit. Thus, the re-usable option shows always environmental
advantages under an intended use of the multi-way system.
With an increasing number of fillings accompanied with an
increasing number of trips made by the re-usable packaging in
its lifetime, proportion of service-life emissions gains in importance within the re-usable system in comparison to the
decreasing proportion of production and the end-of-life phase.
Compared to the single-use systems the overall environmental
impacts per functional unit decrease as per filling the servicelife emissions are lower than the single-use box impacts.
However, the additional advantage in environmental impacts
caused by an increasing number of fillings per crate aspired
slows down with a rising number of loops.
Although the variation of transportation distances is not a
dedicated object of investigation and an average European
transport distance could be calculated, some qualitative conclusions can be drawn. The backhaul trips for the re-usable
system become more significant when significantly longer
transport distances are considered. This means, fruit and
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vegetable transportation over significant longer transport
distances tend to favor single-use packaging as the backhaul
is not necessary. This is, for example, also true for overseas
transports. The transportation over shorter distances tends to
favor re-usable packaging, as the service-life system and the
connection to the washing centers are optimal.
End of life In contrast to the production and service life,
where the number of parameters is relatively well determined, the consideration of the end-of-life phase offers a
wide range of values within the given scenarios.
Regarding the wooden boxes, two potential end-of-life
treatment options are considered. The first option is the recovery of the embodied energy through incineration and the
production of electricity. The second option is the material
recycling of wood waste as raw material into the particleboard
industry (no. 15 and 16). This second option is mainly relevant
in Southern Europe, and therefore, only the additional fuel
consumption of transports to Southern Europe caused by the
weight of the wood is included, to make the figures independent from a transport demand discussion.
The recycling of cardboard includes the impacts from
material recycling and the energetic recovery of the embodied energy. The variation of parameter no. 19 assumes a
higher share of cardboard returning to the pulp and paper
industry as a secondary resource. Within the representative
baseline scenario, only 17.6 % of secondary material is
returned (FEFCO 2006), as a higher share of primary fibers
is needed to ensure a sufficient level of paper quality for the
fruit and vegetables boxes. On average, within the European
cardboard sector, around 55 % of cardboard is recycled into
secondary material (FEFCO 2006). Parameter no. 19 corresponds to this higher cardboard recycling rate. A corresponding approach is developed in ISO/TR 14049 (ISO
2000). There, open loop recycling is considered, meaning
that the material is not necessarily recycled into the same
material or application. In this approach, allocation factors
for the emissions released in the different steps were calculated based on the recycling rates and times of reuse. Applying this approach here does not change the overall
findings of the study, although the results for the cardboard
boxes improve between 11 % for GWP and 28 % for EP.
The amount of broken plastic crates proceeding to regranulation is considered to be 100 % in the baseline scenario, but with a potential quality loss resulting in a residual
value of 70 % compared to primary plastics. According to
the data collected, this is the case for the investigated plastic
crate system. Nevertheless, it is of interest to see the influence of a changing end-of-life option for plastic crates (no.
21 and 22). The overall results show up to 24 % higher
impacts for plastic crates in ozone depletion, summer smog,
and global warming, if 50 % of the crates go to incineration
and only 50 % are re-granulated.
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For all three transport packaging systems, parts of the waste
flows are fed to the recovery of embodied energy in MSWI
plants (no. 17, 20, 23). The use of the steam produced in these
plants is viable and state of the art in several countries in the
EU. However, in the European average, it plays a minor role,
due to the unavailability of steam consumers or steam grids at
the solid waste incineration plants. Steam recovery and sale was
therefore not considered in the baseline scenario. The influence
of the option to sell the steam as a valuable product is assessed
as a parameter variation. In the case where the steam can be
used and therefore sold, the life cycle impacts for all three
systems decrease. The environmental impacts of the wooden
boxes decrease most significantly, followed by cardboard and
plastics. For the wooden boxes, a large decrease of the global
warming potential occurs, because the incinerator emissions are
counteracted by the production of both electricity and steam.
In summary, the environmental comparison shows that
the differences in the three transport packaging systems
analyzed reflect the system characteristics; two are singleuse systems and one is a re-usable system. The two singleuse systems are both based on the renewable feedstock
wood and wood fibers whilst the re-usable system is fossil
based. The life cycle performance of the single-use systems
is mainly characterized by the choice of feedstock and the
related manufacturing processes as well as the end-of-life
option taken. Wooden boxes are easy to produce and show a
good life cycle performance although they are not comparable to the high-tech cardboard and plastic products which
exhibit more homogeneous material characteristics.
The high-quality requirements of transport packaging
lead to high material requirements, in the case of cardboard
to the necessity of Kraftliner and Semi-Chemical Fluting as
main materials. The production of cardboard is therefore
very intensive in terms of energy and chemical use. Although the cardboard industry has a high recycling rate,
the considered high-quality boxes consist of more than
80 % primary material. The benefits at the end of life
therefore do not completely counteract the impacts of the
production phase. For both single-use systems, the service
life plays a minor role in the life cycle.
The main environmental impacts for the re-usable system
arise from the service life. There are two reasons for this:
Firstly, the plastic crates have twice the weight compared to
the other boxes and therefore resulted in higher fuel consumption and related emissions in transports. Secondly, the washing process requires additional energy and causes wastewater
emissions. The material recycling at the end-of-life phase
results in environmental credits from the recovery of secondary granulate to be used again in a similar application. With an
increasing number of fillings, the re-usable system becomes
more favorable compared to the single-use systems. This is
because the energy demand and emissions of the washing
process and the related logistics of the re-usable systems
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increase at a slower rate than the decrease in energy demand
and emissions of plastic crate production through a lower need
for plastic crate production.
Overall, plastic crates and wooden boxes have a lower
impact in the chosen impact categories in comparison to
cardboard boxes, for fruit and vegetable transport in Europe.
The plastic crates system has the most favorable environmental impact compared to the other systems. For GWP and ADP,
the results are similar for the wood and the plastic systems.
The high impacts for the cardboard boxes are mainly due to
the need for high-quality cardboard and therefore an intensive
production process. The cardboard boxes may be further
optimized from a design and shape which could lead to less
material demand for the same capacity.
3.3 Economic evaluation of the transport packaging systems
Figure 4 below shows the results of the life cycle costing
analysis of the three fruit and vegetable transport packaging
systems. The analysis shows that the re-usable system is the
most cost effective over its life cycle. Strictly speaking, these
prices do not only include costs, but also revenue for the
packaging producer. However, as this price occurs as a cost
for the customers, it is considered as such. The transport of the
new boxes/crates to the growers incurs transport costs. For the
plastic crates, additional costs for the washing, sorting, and
crate replacement after they have been used are considered.
Transports during the service life take into account the cost for
transporting empty boxes back to the growers and other
transport costs related to the logistical tasks of a re-usable
transport packaging pool provider. Edge protection is the cost
for the protection of cardboard edge of the full pallets if they
are loaded with wooden or cardboard boxes to enhance stability and protection of the freight. The Bonner Notiz is a
charge for non-reusable transport packaging, which is 0.6 %
of the value of the transported goods. The end of life cost
denotes the cost for removing the wood waste in the case of
the wooden boxes, while the revenue end of life denotes the
revenue for cardboard waste and used plastic crates. The
transportation cost of the full crates from producer countries
(growing areas) to consumer countries is not considered in the
cost analysis. The only difference between the crate systems
originates from the different weight of the boxes/crates. This
could lead to additional diesel consumption by the trucks
loaded with plastic crates in comparison to trucks loaded with
wooden or cardboard boxes; however, the effect is estimated
to be of minor relevance.
The LCC covers all necessary costs to run the respective
transport packaging service system according the functional
unit. This includes the most important steps in the value chain.
Neglected aspects are negotiable matters of expense like the
costs for the fruit and vegetable transportation itself and revenues from the rental of boxes and crates. The dominating cost
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Fig. 4 Life cycle costs of the
three systems over the entire
life cycle (production of boxes/
crates, transportation, washing
(where present), and end of life)

drivers for both single-use systems are the boxes themselves,
while for the re-usable system, the additional costs are also
relevant. Overall, the service of one functional unit of the reusable plastic crate system costs around half that of the singleuse systems. The cost data are mainly derived from industry
(Euro Pool System 2008, IFCO Systems 2008) and market
experts (Fraunhofer IML 2008).
3.4 Social indicators
The social effects show a differentiated picture for the different
indicators. As mentioned in Section 2.4, the applied indicators
are at an inventory level. The production phase of the cardboard
boxes shows the highest working time (150 s/box), followed by
the plastic crates (120 s/box) and wooden boxes (85 s/box)
related to the entire value chain. This is mainly caused by the
highly processed and work-intensive upstream products. The
working time's share of women employment is highest for
plastic crates with approx. 28 %, followed by wooden boxes
with approx. 18 % and cardboard boxes with approx. 5 %. This
is mainly driven by the high share of employment in the
wooden and cardboard box systems that is in forestry and
logging, which is male dominated due to its physical labor.
Within the chemical and plastics industry, the share of female
work is higher.
When considering production and operation, all three
systems require a relatively large share of low-qualified
employees. The description of qualification levels addresses
the qualification required for a job position rather than the
actual qualification of the employees; it ranges from level A
(master degree and above) to level E (untrained or shortterm trained workers). For the re-usable system, the lowqualified ones are mostly employed for washing and sorting;
for wooden boxes and cardboard boxes, they are employed

for the production step, mainly in forestry and logging. As a
long-term result, low-qualification jobs are ensured.
In comparison to the single-use box systems, the reusable plastic crate system shows a very low lethal accident
rate (Fig. 5). For the wooden boxes, the high lethal accident
rate results from the logging of wood.
A considerable achievement is obtained using the LCWE
method, in that the social indicators can be quantified along the
life cycle of a product. This approach is based on the same
product life cycle model as LCA; as background, it uses statistical data concerning social issues which are available for most
of the highly developed countries. LCWE data sets are integrated in the GaBi software and database with a respective
documentation of the employed data sources (GaBi 2008b).
LCWE data is gathered on the level of industry branches and
broken down onto the level of production processes. Hence,
mean LCWE profiles are dedicated to the specific production
processes, which is desired to minor the influence of spikes.
The dedication of mean LCWE profiles is important to not
overstate indicators which describe events with a very low
probability of occurrence, like accidents. The statistical significance increases through the extension of the control sample.
This leads to an increase of the underlying reference on the one
hand and therefore to a de-specification of the determined
LCWE profile on the other hand. Process specificity and statistical significance act antagonistically. This correlation and
the possible deduction of a rule to apply a sufficient aggregation
level of particular data collections is an important but pending
question for (some) social indicators. Challenges remain regarding the interpretation of the results for some indicators; for
example: is a high working time to be assessed as a positive or
negative impact? Furthermore, the development of additional
social indicators to be used within the LCWE method would
clearly increase its significance.
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Fig. 5 Lethal and non-lethal accidents per produced package

4 Sustainability consequences of the influence
of the packaging on the product
In this study, the environmental impacts of fruit and vegetable
transport systems are analyzed in different technical situations
and with different boundary conditions. The environmental
impact results are complemented with life cycle cost and life
cycle working environment results, in order to obtain a more
encompassing sustainability assessment. However, it must be
acknowledged that in specific boundary conditions, some
packaging systems show additional and/or intangible benefits
such as: flexibility of design (shapes, appearance, printings,
labeling); free choice of supplier; suitability for bar codes or
RFID tags and other logistic systems; low weight, ease of
handling and stacking; hygiene, occupational health and safety aspects; and prevention of food losses. These properties
play an important role in the decision-making process of a
packaging system and should not be neglected.
Recent LCA studies of food items and their packaging
(e.g., Büsser and Jungbluth 2009; Silvenius et al. 2011)
indicate that the transport of goods and their primary packaging cause only a minor share of the total environmental
impacts of the studied system. However, in the specific case
of fruits and vegetables, the study by Cellura et al. (2012)
indicates that a more relevant share of total environmental
impacts is caused by packaging and transport. Nevertheless,
from an environmental perspective, the package's role to
protect the product and distribute it undamaged to the final
consumer must be considered when comparing different
packaging solutions, especially for easily deteriorating fresh
products with short shelf life, such as fruits and vegetables.
According to Buzby et al. (2009), a significant share of the

food losses (up to more than 50 %) in the USA take place
between the producer and the retailer, which underlines the
important role of transport packaging to prevent fruits and
vegetables from spoiling and other losses. Different
packaging-related aspects contribute to the prevention of
losses that occur during transport of fruits and vegetables.
For example, the fruits and vegetables might have been
packed only in transport packages, as was the assumption
in this study. However, in some cases, primary packaging,
such as dividers and trays, can be used to further protect the
products. Different packaging material properties may give
preference to some materials over others in terms of
protecting the fruit and vegetables. These properties include
respiratory and barrier properties, the ability to maintain
optimal humidity conditions, and the adaptability of the
packaging to any specific treatment the product may require
(Chonhenchob and Singh 2003; Remón et al. 2003; López
Camelo 2004). In addition, it has been stated that the placement of the products in the transport package, whether
packed in single or multiple layers or in horizontal or
vertical placement, may impact the condition of some fruits
and vegetables (Chonhenchob and Singh 2003, 2005). Furthermore, the conditions during transport and storage may
be optimized through packaging. Different packaging materials have different responsiveness to the vibration caused
by transportation (Chonhenchob and Singh 2003). Correspondingly, packaging materials have different heat transfer
characteristics, which affect the ability of the package to
adjust to the optimal storage temperature for the specific
fruit or vegetable in question (Singh 1992).
According to Aworh (2010), plastic crates perform well
in prevention of food losses because the crates are strong,
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impermeable to moisture, possible to clean and sanitize,
and have smooth surfaces and good stack stability. The
smooth surfaces, which reduce the damages in the skins
of fruits and vegetables, have also assisted the shift
from wooden boxes to cardboard boxes and plastic
crates (Aworh 2010). On the other hand, some vegetables such as radish and green onions have been found
to stay fresh longer in wooden boxes because of the
more suitable humidity conditions.
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&

For re-usable plastic crates, system optimization of the
environmental profile could be gained due to:
&

5 Conclusions and recommendations
The environmental results show that the re-usable plastic crates and single-use wooden boxes display almost
similar results in GWP, AP, and POCP. For the other
impact categories considered (EP, ADP), the re-usable
plastic crates show the lowest impacts whereas the
single-use cardboard boxes have the highest ones. These
results are in accordance with the results of the study
by ADEME (2000).
The further optimization potential for each transport
packaging option could be identified. For single-use wooden boxes, system optimization of the environmental profile
could be gained due to:
&
&
&
&

The reduction of wood transports, especially longdistance transports of wood imports.
The reduction of weight of wooden boxes (weight varies
partly almost factor two for same capacity depending on
design and the moisture of the wood).
The kind of used wood. As poplar seems to be less
intensive in forestry and box production, the broader
use of poplar seems to be favorable.
The energy recovery in end of life. Due to the fact that
wooden boxes are not recycled into particleboard in
central Europe, certain transport distances to southern
European sites apply. Energy recovery of wooden boxes
in central Europe therefore seems to be the most appropriate end-of-life option.

For single-use cardboard boxes, system optimization of
the environmental profile could be gained due to:
&

&

The box dimensions and, therefore, the amount of required material is a possible aspect of further optimization as this appears to have a relevant influence on the
environmental impacts.
The composition of papers concerning the primary and
secondary fiber content playing a relevant role. Relatively less secondary fiber is used in the production of
fruit and vegetable cardboard boxes with the required
quality. If the share of secondary fiber could be increased, environmental impacts could be reduced.

Energy recovery at end of life: Due to the fact that fruit
and vegetable cardboard boxes are not recycled into fruit
and vegetable cardboard boxes again, different options
for end-of-life apply. The energy recovery of cardboard
boxes seems to be an appropriate end-of-life option as
electricity and steam products are resulting.

&
&

&

An increasing number of filling per lifetime. Thereby the
overall results are optimized as the most important life
cycle phase is the use phase. If the lifetime is reduced,
the use phase becomes relatively more important. Therefore a conservative number of fillings were chosen as
baseline scenario.
The increase of amount of secondary granulates in the
production of the crates.
The application of recycling. If closed loop recycling is
not possible open loop recycling into high value applications should be applied. In this case most of the
secondary granulates is used in crate production for
other applications, reflecting about 70% of the primary
granulates value in fruit and vegetable crate production.
The improved washing and cleaning process being of
relevance within the life cycle of re-usable crates. Therefore, any effective reduction in energy consumption and
related emissions, emissions from washing water as well
as improvement of efficiencies lead to an overall optimization, especially with respect to a high number of
fillings per lifetime.

Regarding economic aspects, the re-usable system also
shows advantages over the single-use systems. The highest
share of the life cycle costs for wooden boxes and cardboard
boxes occurs in the production phase, while for plastic crates,
the service life is the main cost driver. The re-usable crates
show a decrease in life cycle costs when increasing the number of fillings. The number of circulations per re-usable crate
should therefore be as high as possible.
When assessing social impacts, plastic crates are the most
preferable option in terms of the number of lethal accidents,
and wooden boxes the worst. LCWE results should always
be interpreted in the context of the societal boundaries and
conditions, as the direction of the indicator scales is not as
clear as in LCIA (e.g., not every context is a high share of
highly qualified workers more preferable than a high share
of lowly qualified workers). In this respect, a higher share of
jobs by women and their qualification profiles might be
assessed differently by the different interested parties: employers, employees of different qualification levels, and
politicians. For example, female workers and politicians
might welcome and therefore assess positively a high share
of women workers, whereas employers may not due to a

1566

potential higher share of part-time work for example. Nevertheless, it is highly recommendable to further explore and
discuss this social assessment method, possibly by obtaining
different user profiles with a predefined view on the indicators.
The current and ongoing discussion about sustainability
highlights the necessity of assessment and quantification of
a range of sustainability indicators. This study shows that a
comparative sustainability assessment is feasible in a structured methodological way under similar boundary conditions and from a life cycle perspective. It is clear that such
a study will not be able to cover sustainability exhaustively,
but it can be concluded that certain sustainability aspects can
complement an environmental life cycle assessment and
provide important additional information for decision
makers in policy and industry. Within this study, the underlying foreground life cycle inventory model was used as
basis for the life cycle impact assessment as well as for the
evaluation of economic and social aspects. Supplemented
by the use of consistent background data, the study benefits
from conformed system boundaries and a clear reproducibility and therefore can be easily updated in the future. An
increased inclusion of the LCA aspects of food losses and
the resulting benefits for the environmental performance of
the respective transport packaging systems are envisaged as
necessary research future activities.
A comparative sustainability assessment of fruit and vegetable transport packaging options will always be partial, as
the packaging influences the amount and quality of the fresh
food arriving to the consumer which consequently influences the total impact of the packaging–product system.
However, life cycle decision making occurs based on both
quantitative science-based information and built-in social
and emotional rules (Fullana-i-Palmer et al. 2011). Therefore, further research is needed to help the decision-making
process from a life cycle management perspective both in
relation to the influence of packaging in the product life
cycle and in relation to how the results are processed together with other societal and emotional factors.
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