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Abstract 

Almost a third of all food produced is lost or wasted each year. Due to the use 
of energy, fertilizers and pesticides, food production substantially pollutes air, 
climate, soil, and water. Even more tragic if food is then lost or wasted. Since 
the function of packaging is to transport food safely and to protect its contents, 
food losses can be reduced by optimized packaging. At the same time, packaging 
that has not been optimized may also have the opposite effect, be it by too large 
packages or a design that makes it difficult to empty. Packaging and its 
manufacturers are in any case subject to public criticism since with the rising 
amount of packaging its ecological impact increases as well. Particularly, if it is 
not recycled but incinerated or, at worst, if it ends up in nature. When designing 
packaging it is important to weigh the environmental impact between packaging 
and possible food waste. The present work is therefore dedicated to the 
overarching goal of creating a better understanding of the interaction between 
packaging and food waste, as well as the subsequent consideration of this 
relationship in sustainability assessments of packaging. 

In a first step, existing literature was analyzed to identify hot spots of packaging-
related food loss and waste along the food supply chain. It was investigated in 
which way packaging leads to food loss and waste and how such quantities can 
be operationalized. 

After testing for emptiability was recognized as the most feasible option for this 
thesis, methods for operationalization were established. Based on a case study 
with dairy products, it was recognized that highly viscous products in 
inaccessible packaging (e.g. bottles) are particularly affected by poor 
emptiability. The accompanying life cycle analysis revealed that emptiability 
can lead to even greater environmental impacts than by the packaging material 
itself, as was the case for cream in a beverage carton. 

In a third and final step, a comparative sustainability assessment was carried 
out using tomato ketchup as a case study. First, products were tested for their 
emptiability which showed that up to 29% ketchup can remain in polypropylene 
bottles, while emptiability of ketchup in glass packaging only led to 4% food 
loss. While glass packaging achieved poorer LCA results compared to 
polypropylene bottles, the entire food packaging system was able to perform 
better, a direct effect of its good emptiability. An economic analysis showed that 
although higher food losses lead to higher costs for consumers, it does produce 
a positive overall economic effect. Finally, multi-criteria decision analysis was 
used to identify the most sustainable alternative, which was again heavily 
influenced by emptiability.  
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Kurzfassung 

Weltweit gehen jährlich rund ein Drittel aller Lebensmittel verloren. Da die 
Produktion von Lebensmitteln durch den Einsatz von Energie, Düngemitteln 
und Pestiziden zu deutlichen Belastungen von Luft, Klima, Böden und 
Gewässern führt, ist deren Verlust umso tragischer. Verpackungen haben die 
Funktion, Lebensmittel sicher transportierbar zu machen und ihren Inhalt zu 
schützen, wodurch Lebensmittelverluste reduziert werden können. Ebenso 
können nicht-optimierte Verpackungen zu Verlusten führen, sei es durch die 
Verwendung zu großer Packungen oder einem Design, welches eine nur 
mangelhafte Restentleerbarkeit ermöglicht. Verpackungen und deren Hersteller 
stehen jedenfalls in der öffentlichen Kritik, denn mit der zunehmenden Menge 
an Verpackungen wachsen auch deren ökologische Auswirkungen. Besonders in 
der Kritik stehen Verpackungen aus Kunststoff, vor allem wenn diese am Ende 
ihres Lebensweges nicht recycelt, sondern verbrannt oder im schlimmsten Fall 
in der Natur landen. Es gilt, ökologische Auswirkungen zwischen Verpackung 
und Lebensmittelverlusten abzuwägen. Die vorliegende Arbeit widmet sich 
deshalb dem übergeordneten Ziel, ein besseres Verständnis für das 
Zusammenspiel zwischen Verpackung und Lebensmittelabfällen zu schaffen, 
sowie dieses in Nachhaltigkeitsbewertungen von Verpackungen zu 
berücksichtigen. 

In einem ersten Schritt wurde bestehende Literatur analysiert, um Hot Spots 
von verpackungsbedingten Lebensmittelverlusten entlang der 
Wertschöpfungskette zu identifizieren. Es wurde untersucht, in welcher Art und 
Weise Verpackungen zu Lebensmittelverlusten führen und wie solche Mengen 
operationalisiert werden können. 

Nachdem eine Testierung auf Restentleerbarkeit als machbar erkannt wurde, 
wurden in einem zweiten Schritt Methoden entwickelt, um ein solches Verfahren 
zu standardisieren. Anhand einer Fallstudie mit Milchprodukten konnte erhoben 
werden, dass hochviskose Produkte in nicht-zugänglichen Verpackungen (z.B. 
Flaschen) besonders stark von schlechter Restentleerbarkeit betroffen sind. Die 
begleitend durchgeführte Lebenszyklusanalyse offenbarte, dass dies für Rahm 
im Getränkeverbundkarton zu größeren Umweltauswirkungen führen kann als 
mit der Produktion und Entsorgung der Verpackung verbunden sind. 

In einem dritten und letzten Schritt wurde am Fallbeispiel Tomatenketchup eine 
vergleichende Nachhaltigkeitsbewertung durchgeführt. Hierzu wurde zuerst eine 
Restentleerbarkeitsuntersuchung angestellt die zeigte, dass in 
Polypropylenflaschen bis zu 29% Ketchup zurückbleiben kann, die 
Restentleerbarkeit des Ketchups in einer Flasche jedoch nur zu rund 4% 
Lebensmittelverlusten führte. Während die Glasverpackung schlechtere 
ökobilanzielle Ergebnisse erzielte, konnte das gesamte 
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Lebensmittelverpackungssystem durch die gute Restentleerbarkeit jedoch in 
Summe besser abschneiden. Eine ökonomische Betrachtung mittels 
Lebenszykluskostenanalyse zeigte, dass höhere Lebensmittelverluste zwar auch 
zu höheren Kosten für Konsumentinnen und Konsumenten führt, jedoch einen 
positiven ökonomischen Gesamteffekt produziert. Abschließend wurde mittels 
einer multikriteriellen Entscheidungsanalyse die Auswahl der nachhaltigsten 
Alternative getroffen, welche erneut substanziell durch die Restentleerbarkeit 
der Produkte beeinflusst wurde.   
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1 Introduction 

1.1 Food loss and waste 

The global food and agriculture supply chain is responsible for 13.7 billion tons 
of CO2 equivalents or 26% of the worlds emissions each year4. 50% of the total 
habitable land and 70% of freshwater withdrawal are used for agriculture, as 
well as considerable quantities of pesticides and fertilizers which pollute air, 
water bodies and soil if not managed properly5. Considering the expected 
population growth of up to 10 billion people by 20506, carbon emissions and the 
pressure on land and water resources by the food and agriculture sector are 
expected to increase even more. If food is then lost or wasted instead of being 
consumed, this leads to a tragic waste of resources. 

In the available literature, the terms ‘food loss’ and ‘food waste’ are often used 
synonymously, while some authors insist on a distinction7. Today, there is no 
common definition of the terms ‘food loss’ and ‘food waste’7. According to the 
Food and Agriculture Organization of the United Nations (FAO), food loss is 
‘the result of decisions and actions by suppliers’ and thus ‘concerns all stages of 
the food supply chain up to, but excluding, the point where there is interaction 
with the final consumer and thus excludes retail, food service providers and 
consumers’, while ‘food waste’ is the ‘result of purchasing decisions by 
consumers, or decisions by retailers and food service providers that affect 
consumer behaviour’8. Hence, the distinction between ‘food loss’ and ‘food waste’ 
can be vital when setting political, social, or technological counter-measures.  

In countries with higher amounts of food loss, mainly low-income countries, 
measures such as improving the infrastructure for storage and cooling of food as 
well as introducing optimized packaging may be of more importance than in 
countries with higher income, where such infrastructure already exists and 
higher quantities are wasted at the consumer level9,10. The FAO estimates that, 
globally, 13.8% of all the food produced in 2016 was lost, while there exists no 
recent global estimate for the amount that was wasted. Leastwise, the FAO 
estimated that in 2009, a combined quantity of food loss and waste (FLW) 
amounted to 1.3 billion tons or 30%10. As a result, this led to the emission of 3.3 
gigatons of CO2 equivalents. To put this into context, food waste would rank 
third after USA and China if it was compared to countries11. 
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1.2 Packaging functions 

Packaging is one of the contributors to the total environmental impact of a food-
packaging system12. It is a product to be used for the containment of goods13, 
such as facilitating the transportation of liquids14. Packaging can be grouped 
into (i) primary packaging, which comes into direct contact with the product, 
(ii) secondary packaging, which contains one or more primary packaging units 
and (iii) distribution, transport or tertiary packaging, which contains one or 
more packages (packaging and its contents)13. Besides containment, packaging 
fulfils several additional functions, such as (i) protection, (ii) communication 
and (iii) convenience (or the facilitation of handling)14,15. 

1.2.1 Protection 

Packaging must protect its contents along the supply chain, from the point of 
filling up until the consumption. It must not only protect its contents from their 
surroundings, but in some cases the surrounding from the contents as well (e.g. 
hazardous goods). The protective function can be grouped into  

 Mechanical properties: Prevention against influences on the contents 
such as shocks or vibration, as well as preventing theft or tampering 

 Barrier properties: Prevention against spoilage by absorption or 
transmission of UV light, oxygen or water vapor, as well as migration of 
undesired substances from the packaging material or the surroundings 
into its contents 

 Thermal properties: Protecting the consumer from getting injured by hot 
contents or keeping the contents at a desired temperature 

 Sealing properties: Providing a tightly sealed packaging in order to 
prevent leakage or contamination from its surroundings15   

1.2.2 Communication 

Packaging is responsible for communicating with consumers and further actors 
along the supply chain. The communication feature consists mainly on 
information and instructions of (i) the product, (ii) the packaging and (iii) the 
package: 

 the product: weight, volume, ingredients, or shelf life 

 the packaging: handling, opening and (re)closing, using, and handling 
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 the package: sales price, origin and destination, and the name of the 
manufacturer 

Information can be conveyed in the form of imprinted text, barcodes or QR 
codes on the packaging15. 

1.2.3 Convenience 

Packaging can and should be used for facilitating the handling of the packaging 
and its contents. Such facilitation can be attained by incorporating design 
features to support easy opening and (re)closing or emptying of contents. 
Furthermore, by considering the apportionment into its design, i.e. using smaller 
package sizes14, the user is more likely to consume all of the contents, thus 
reducing the amount of FLW15. 

1.3 Environmental impact of packaging and packaging waste  

In the European Union (EU), the amount of packaging waste reached a record 
high of 77 million tons in 2017, which represents an increase of 9.3% in 10 years16.   
Packaging and packaging waste consists mainly of the materials paper and 
cardboard, plastic, glass, wood and metal16, in the EU as well as in Austria 
(Table 1).  

Table 1: Generated packaging waste in 2017 by material in the European Union (EU)16 and Austria17 

Packaging 
material 

Generated waste 
in 2017 in the EU 
(metric tons) 

Share of 
material 
(%) 

Generated waste 
in 2017 in Austria 
(metric tons) 

Share of 
material 
(%) 

Paper and 
cardboard 

31.429.879 40.6 575.620 41.8 

Plastic 14.548.499 18.8 302.306 22.0 

Glass 14.060.109 18.2 278.337 20.2 

Wood 13.255.270 17.1 112.960 8.2 

Metal 3.976.924 5.1 63.188 4.6 

Other - - 44.594 3.2 

Total 77.486.579 100 1.377.005 100 

In 2017, the European Union reported a recycling rate of 67% and a recovery 
rate (recycling, composting and incineration with energy recovery) of 82%16, 
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compared to Austria with rates of 66% and 95% respectively16. There is, 
however, no official data on packaging waste not managed properly (i.e. 
‘littered’). Still, the World Bank estimates that one third of all waste produced 
globally is going to an open dump18.  

While the amount of packaging waste has increased, so has the criticism by the 
public, particularly on packaging made from plastic. In the eyes of consumers, 
using plastic is considered a ‘knock-out criterion’ when assessing the 
sustainability of packaging19, while it is often identified as the one with the most 
favorable results in comparative life cycle assessments (LCA)20. It has to be 
noted, however, that LCA is not able to quantify the environmental impact 
caused by littering of certain objects, such as damage to human health by the 
consumption of seafood which ate plastic debris beforehand21. It is estimated 
that 4.8 to 12.7 million metric tons of plastic, and thus of plastic packaging as 
well, entering the oceans every year22, which would lead to the fact that by 2050, 
there could be more plastic than fish in the sea (by mass)23. 

When talking about the environmental impact of packaging, it is imperative to 
understand the relative importance, i.e. its contribution to the impact of the 
total food-packaging system (‘packaging relative environmental impact’, 
PREI24). In most applications, plastic packaging, or packaging in general, has a 
considerably smaller environmental impact than is associated with the 
production of its contents25. To put this into perspective, packaging is 
responsible for only 5% of greenhouse gas emissions related to the global food 
supply chain4, which translates to a contribution of 1.3% to the total greenhouse 
gas emissions globally. However, the relative environmental importance of 
packaging can vary greatly, depending on the type of food-packaging system. 
While the PREIs of plastic films and trays for products as cheese26 or beef27 can 
be as low as 1%, for beverages, values for aluminum cans, disposable glass or 
PET bottles can range from 34%28 to 78%29.  

As a result, for products with low PREIs, even small quantities of packaging-
related FLW (PFLW) could lead to greater environmental impacts than that 
associated with the production and disposal of the packaging material. 
Consequently, assessing and, in the best case, quantifying the amount of FLW 
related to packaging design should be of high priority in life cycle or 
sustainability assessments of packaging. 
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2 Aims and structure of the thesis 

As described in the introduction section, PFLW can contribute substantially to 
the total environmental impact of a food-packaging system. Therefore, the 
overall goal of this thesis is to quantify and include PFLW in sustainability 
assessments of packaging. 

To address this goal, the following approach is taken: 

Firstly, the available literature is reviewed to gain an extensive understanding 
of the relationship between packaging and FLW. Drivers and hotspots of FLW 
at different food supply chain stages are researched and already established 
methods for the quantification of PFLW are identified. This is addressed by the 
first paper (see section ‘Full text: Paper I’, p. 41ff) 

Then, if no such methods are available, the gained knowledge is used to propose 
an operationalization for the quantification of PFLW. Consequently, the amount 
of food left in its associated packaging is measured, which is subsequently 
referred to as ‘emptiability testing’. Taking dairy products as a use case, their 
PFLW is quantified by means of gravimetric analysis as well as the simulation 
of spooning out the contents. After quantifying PFLW, its environmental 
impacts are compared to those of the packaging itself to evaluate its relative 
importance. This is addressed by the second paper (see section ‘Full text: Paper 
II’, p. 57ff). 

Next, the proposed method is refined and extended to a further use case of 
tomato ketchup products. Finally, PFLW of the investigated products is 
quantified, the LCA and LCC (life cycle costing) of the packaging, its contents 
and PFLW is calculated and lastly the most sustainable product identified by 
means of a multi-criteria decision analysis (MCDA). This is addressed by the 
third paper (see section ‘Full text: Paper III’, p. 80ff). 

From the proposed approach, the following research questions can be derived: 

i. What are the main drivers and issues of PFLW? 

ii. How can PFLW be quantified? 

iii. Are environmental impacts of PFLW relevant in comparative LCA 
studies of packaging? 

iv. What are the economic implications of PFLW? 
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v. Does the consideration of PFLW influence the ranking of packaging in 
sustainability assessments? 

Paper I addresses research questions (i) and (ii), Paper II questions (ii) and (iii) 
and Paper III questions, (ii), (iii), (iv), and (v).  

Concerning the structure of this thesis, first the methods used in the papers are 
described in section 3 (p. 7ff.), then the summary of the papers including their 
results are presented in section 4 (p. 12ff.). Section 5 of this thesis (p. 29ff.) lists 
the conclusions and scientific contribution. Finally, the full text of all papers is 
attached to the end of the thesis (p 41ff.). 
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3 Methods 

3.1 Life cycle assessment 

Life cycle assessment is a ‘method to address potential environmental aspects 
throughout a product’s life cycle, from the acquisition of raw materials to its 
end-of-life treatment’ (‘cradle-to-grave’)30. The first known LCA, then still 
referred to as ‘Resource and Environmental Profile Analysis’ (REPA), was 
conducted in 196931 for the Coca-Cola Company. The company commissioned 
this study to have a solid base for their decision on whether they should self-
manufacture beverage cans, use refillable or disposable glass bottles or if they 
should introduce plastic bottles. While the study was never published, the 
company indicated to have used it to support packaging-related decisions. Since 
then, several REPA studies31 were conducted until 1990 the term ‘life cycle 
assessment’ was first used by the Society of Environmental Toxicology and 
Chemistry (SETAC)32. Finally, the first international ISO standard on the 
principles and framework on LCA was released in 1997 and revised in 200630. 

According to ISO 1404030 (and 1404433), LCA consists of a (i) goal and scope 
definition, (ii) the creation of a life cycle inventory, (iii) the calculation of the 
impact assessment and (iv) an interpretation phase. LCA is an iterative 
technique, meaning that an unexpected change in one scope could lead to the 
modification of another. 

 
Figure 1: Four phases of a life cycle assessment (own representation, based on ISO 1404030) 

Interpretation 

Goal and scope definition 

Inventory analysis 

Impact assessment 
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In the first phase, the goal is formulated, including the reasons for carrying out 
the study, its intended application and the targeted audience, as well as the 
scope, consisting of, inter alia, the system boundaries, the functional unit, the 
selection of impact categories (e.g. climate change, eutrophication of fresh water, 
acidification, and more), and allocation procedures. The primary purpose of a 
functional unit is to ‘provide a reference to which the inputs and outputs are 
related’30. For instance, if the goal of an LCA study is to understand the 
potential environmental impacts of different vehicles for public transport, the 
functional unit could be that of ‘a person transported over 1 km’. In the case of 
beverage packaging, an appropriate functional unit could be either the 
‘facilitation of the distribution of 1 liter beverage’ or ‘the facilitation of the 
consumption of 1 liter beverage’. For instance, if a packaging leads to FLW of 
50%, twice as much food has to be produced for the consumption of 1 kg 
compared to a loss rate of 0%34. Consequently, results of the LCA can vary 
greatly depending on the choice of functional unit.   

In the second phase, all ‘relevant inputs and outputs of a product system’ are 
quantified by data collection, validation and, if required, an allocation of 
different flows, to finally generate a life cycle inventory30. 

In the third phase, the impact assessment is calculated by ‘evaluating the 
significance of potential environmental impacts’ after assigning the respective 
characterization of each flow for every selected impact category30. 

In the fourth and final phase, the findings from the life cycle inventory and 
impact assessment are interpreted, potentially including conclusions and 
recommendations for decision-makers30. Such conclusions should be drawn after 
the consideration of identified limitations of the study and thus the evaluation 
of the robustness of results due to a lack of data quality or sensitivity of certain 
assumptions33. 

While ISO 14040 and 14044 give guidance on how to conduct LCA studies in 
general, it still leaves practitioners a great deal of leeway. These standards never 
actually aimed for a true standardization, particularly by stating that ‚there is 
no single method for conducting LCA‘30,35. However, reproducibility and 
comparability of LCA results is only possible using standardized methods. As a 
result, the European Commission developed the Product Environmental 
Footprint (PEF) guidance36,37, a framework containing more detailed 
requirements and recommendations for conducting LCA or PEF studies. 
Consequently, Product Environmental Footprint Category Rules (PEFCR) for 
several types of products were developed based on the PEF guidance during a 
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pilot phase between 2013 and 2018. In 2020, the European Commission proposed 
that future green claims should only be based on results produced by PEF-
compliant studies38, indicating that PEF could indeed become a mandatory and 
highly relevant framework for LCA in the future. As a result, life cycle 
assessments in this thesis were based on the methodology laid out in the PEF 
guidance. 

In particular, the following information from the PEF guidance is used for the 
LCA calculations in Papers II and III: 

 Defining the system boundaries 

 Default transport mode and distances 

 Default recycled content of packaging materials 

 Default type and quantity of secondary packaging (for Paper II) 

 Allocation procedures and factors for the input and output of secondary 
materials (‘Circular Footprint Formula’) 

 Selection of impact categories, their indicators, and methods 

 Identification of the most relevant impact categories 

3.2 Life cycle costing 

Historically, (conventional) life cycle costing (LCC) is seen as a method that 
‘generally includes costs associated with a product that are borne directly by a 
given actor’ and which is ‘usually presented from the perspective of the producer 
or consumer alone’39. As a result, by contrast to LCA, no end-of-life and thus 
only part of a products’ life cycle is considered39. 

By contrast, environmental LCC is often carried out alongside an LCA by using 
the same study parameters such as system boundaries and the functional unit, 
thus enabling the consideration of the full life cycle and taking a system’s 
perspective rather than the perspective of the producer or consumer alone. Since 
double-counting between environmental LCC and LCA should be avoided, costs 
of externalities such as greenhouse gas emissions are generally omitted from 
LCC39. 

In this thesis, LCC was performed together with LCA. Further, the goal of the 
LCC was to consider its results from a sustainability and thus a system’s 
perspective. Therefore, environmental LCC, or more precisely the concept of 
‘value added’ (VA), was selected for assessing the economic effects of PFLW. 
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The general assumption of VA is that the sales price of a product is typically 
higher than its production process, resulting in a margin or ‘value added’. VA 
is calculated as the difference between revenues and costs and given in a 
monetary unit such as Euro (€)40. Finally, the total life cycle cost is the ‘sum of 
all value added over the life cycle’41, including the same flows of the LCA but 
excluding costs associated with environmental externalities.  

3.3 Multi-criteria decision analysis 

As reported in section 3.1, not only climate change but several other impact 
categories can be selected and calculated in LCA, leading to a multitude of 
different results. In a comparative study, this could lead to a situation where 
product A yields better results in some, but product B in other impact 
categories, complicating the identification of the ‘better’ product. In LCA, this 
can be addressed by the steps (i) normalization (‘calculation of the magnitude 
of category indicator results relative to reference information’30), (ii) weighting 
(‘converting and possibly aggregating indicator results across impact categories 
using numerical factors based on value-choices’33) and, finally, (iii) the 
calculation of a single score by summing up all normalized and weighted values 
as documented in the PEF guidance36. However, while such an aggregated value 
may be easier to communicate to or to use by a decision-maker, it is associated 
with a higher uncertainty compared to individual impact category results42. The 
identification of the ‘best’ product is becomes even more complicated when 
further metrics other than LCA results are taken into consideration, such as 
LCC results. A method increasingly used to aid such multi-dimensional 
sustainability assessments is ‘multi-criteria decision analysis’ (MCDA)43. 

Within MCDA, there is a rich pool of methods to choose from, each with 
different restrictions or requirements44. For this thesis, Technique for Order 
Preference by Similarity to Ideal Solution (TOPSIS)45 was selected by using the 
MCDA tool46 considering the requirements on the method listed in Paper III. 
Using TOPSIS, the best possible alternative is identified as the one having the 
shortest geometric distance to the positive ideal solution and the longest distance 
from the negative ideal solution. The general process of performing TOPSIS can 
be summarized as follows: 

1. Creation of an evaluation matrix of m alternatives and n criteria 

2. Normalization of the matrix 

3. Weighting of the normalized matrix 
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4. Determination of the positive ideal and negative ideal solution 

5. Calculation of the Euclidian distances 

6. Calculation of the relative closeness value to the ideal solution 

7. Ranking of the alternatives45 

The process of weighting criteria can influence the outcome of a MCDA 
substantially. Weights can be determined either (i) a priori, meaning that they 
are set before or (ii) a posteriori, where they are set after data is collected. A 
priori weights are generally determined subjectively by surveys or interviews, 
while a posteriori weights are calculated objectively, based on the collected 
data47. In Paper III, a posteriori weights were used, calculated using the methods 
(i) Criteria Importance through Intercriteria Correlation (CRITIC)48 and (ii) 
entropy49. While both methods are based on the concept of reducing redundancy 
by the calculation of standard deviations, CRITIC not only incorporates 
contrast but also conflict intensity between the selected criteria. The reader is 
referred to the full text of Paper III (p.80ff) for a detailed description of the 
calculation procedures concerning CRITIC, entropy and TOPSIS. 
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4 Summary of published articles 

4.1 Packaging-related food losses and waste. An overview of 
drivers and issues 

4.1.1 Background, aim and methods 

Against the motivation of gaining a deeper understanding of the drivers and 
associated environmental issues of packaging-related FLW, a systematic review 
was performed. First, literature was searched in the online database 
ScienceDirect50 by using the keywords ‘food waste’ AND ‘packaging’, as well 
with the additional keyword ‘LCA’. Moreover, the bibliography of the selected 
literature was screened for further relevant scientific literature and reports of 
renowned organizations (such as the FAO), to be also included in the review. 
Finally, 88 publications were analyzed. 

4.1.2 Results and discussion 

Main causes of PFLW reported in the literature were distilled and summarized 
in Table 2. 
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Table 2: Overview of causes reported in literature for packaging-related food loss and waste along the food 
supply chain (based on Table 1, Paper I). 

Stage Type of packaging related food loss and waste 

Food in the 
supply chain 

Primary 
production 

Not applicable 

Post-harvest 
handling and 
storage 

Damage of products due to contaminants, sharp edges 
or splinters of field containers, over-packing of field 
crates 

Processing and 
packaging 

Problems in the filling process 
Packaging failures while sealing 
Packaging changes due to marketing reasons 

Distribution 
and retail 

Packaging does not provide enough mechanical 
protection (inappropriate packaging material, poor 
stackability, no packaging at all) 
Damage to barcodes on packaging 

Food in households Difficult to open packaging 
Difficult to empty packaging 
Inappropriate packaging size 

No PFLW could be identified for the primary production stage since no 
packaging is used or required during the agricultural production. Together with 
the introduction of packaging, the first possibility of PFLW arises. After 
harvesting, food can be damaged by field containers with sharp edges51 or 
contaminations52. At the processing and packaging stage, products can be 
damaged or lost by damaged packaging53,54. Additionally, product can be lost in 
automatic filling processes by unoptimized operations resulting in overfilling55, 
or bad handling in manual filling processes51. Due to changes in marketing and 
the resulting modification of packaging designs, products could be disposed of if 
they are already packed but not intended to be marketed anymore56. 

During distribution of food, PFLW can occur due to damaged packaging, or by 
damage to the product by using inappropriate packaging or no packaging at 
all57, or by packaging that is stacked poorly58. Unoptimized stock management 
and an exceedance of best before dates59 leads to further avoidable losses. 
Moreover, the retail sector may discard food if the barcode on packages is not 
readable after getting damaged57. Finally, if one or more of several food items of 
a packaging is spoiled, the supermarket may dispose of the whole package due 
to an unwillingness of removing still edible food from the packaging60,61. 

At the consumption stage, causes of PFLW are manifold as well and can reach 
up to 20 or 25% of the total FLW of a household62. For instance, if packaging 
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cannot be opened easily, consumers may spill products in the opening 
process15,63,64. After emptying, some food can remain inside the packaging which 
may be, at least partly, due to an unoptimized packaging design, such as a 
presence of a fold or corrugations inside the packaging, as well as the shape of 
the packaging itself62,65.  

Moreover, the size of a package can be one of the main reasons of PFLW at the 
consumption stage. If smaller packages are available, it proves to be easier to 
the consumer to buy the desired amount of food15,66–68. While too large packages 
are often linked to over-preparing and thus the generation of FLW, a direct 
causality is hard to prove and thus should be treated with caution69. 

As stated in the introduction section, food production and thus PFLW can be 
of greater significance than the production and waste management of packaging. 
Thus, it should be of high priority to include PFLW in LCA studies of 
packaging. Still, most of the available literature omits this aspect70. By including 
PFLW, the identification of the packaging with the better LCA results could 
change (Figure 2). 

 
Figure 2: Carbon footprint of two packaging options for cheese, adapted from Figure 2 in Paper I and 
denkstatt (2014)71 
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While the available literature on considering PFLW in LCA is scarce, several 
approaches for this process could be identified in publications, namely: 

 Conducting a survey of a household’s FLW including items of causes 
addressed at packaging design62 

 Calculating break-even rates for environmental impacts between an 
increase of packaging and PFLW72,73 

 Performing scenario analysis for probable amounts of PFLW based on 
expert opinion74 

 Considering the barrier properties (e.g. water and oxygen barrier) of 
packaging when defining the functional unit in an LCA75 

 Simulating the emptying behavior of a package (‘emptiability’) and 
quantifying the resulting food remaining inside65 

It was concluded that PFLW is still an under-researched topic and that only a 
few, but fortunately an increasing number of authors include PFLW in LCA 
today.   

4.2 Technical emptiability of dairy product packaging and its 
environmental implications in Austria 

4.2.1 Background, aim and methods 

Testing packages on their emptiability was identified as the most feasible 
approach for quantifying PFLW, concluding from Paper I. While some scientific 
literature on emptiability already exists34,62,65, only Meurer et al. (2017) report 
their testing procedure in detail, where the authors performed gravimetric 
analysis on different types of packaging for ultra-high temperature (UHT) milk. 

For Paper II, milk and dairy products were chosen as a case study since they 
are associated with high environmental impacts76 and are consumed in large 
quantities in Austria77. In total, 36 products were purchased and tested, which 
were grouped as follows: 

 Milk, buttermilk, and chocolate milk 

 Café latte 

 Cream and low-fat cream alternative 

 Liquid yogurt 
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 Yogurt, sour milk, fresh, and curd cheese 

These products were packed in the following types of packaging: 

 Beverage cartons 

 Plastic (polyethylene terephthalate, PET) and glass bottles 

 Plastic cups and tubs (polypropylene, PP and polystyrene, PS) 

 Plastic pouches (multi-layer of high-density polyethylene, HDPE, PP, 
and ethylene vinyl alcohol, EVOH) 

Since Meurer et al. (2017) only detail the testing procedure for UHT milk, 
adopting this methodology or rather developing new procedures for other types 
of products was necessary. For milk (whole milk, low-fat milk, lactose-free 
skimmed milk), buttermilk, and chocolate milk, the package was opened and 
then held upside down for 1 minute. brought to the starting position, panned 
five times, and held for 10 seconds, tilted again and finally held for 1 minute 
upside down. Chocolate milk in a beverage carton was emptied by pressing the 
package while the provided straw was inserted. Emptying Café Latte and liquid 
yoghurt was performed following the procedure for milk, with an additional 
shaking of five times before opening the package. Emptying cream and low-fat 
cream alternative in bottles followed the procedure of milk, while the low-fat 
cream alternative in a pouch was squeezed until no visible amounts of product 
could be emptied anymore. 

Emptiability testing of yogurt, sour milk, fresh, and curd cheese differed greatly 
from the other products since the contents inside these packages could be 
accessed and thus emptied with a spoon with an additional scraping of the lid. 
It should be noted that a perfect consumer was simulated by this procedure, not 
necessarily reflecting the emptying behavior of consumers in practice. Thus, this 
type of emptiability is subsequently referred to as ‘technical’ emptiability.  

The principal steps of quantification were: 

1. Weighing of the package (food and packaging) 

2. Following the emptying procedure of the respective product and 
weighing of the emptied package 

3. Washing and air-drying the packaging for 48 hours at room temperature 
(22 ± 1 C°) 

4. Weighing of the cleaned packaging 
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Emptiability was then calculated as the mass of food residues (difference 
between mass of emptied package and cleaned packaging), divided by the mass 
of food contained originally in the package (difference between mass of package 
and cleaned packaging). Tests were repeated three times at room (22 ± 1 C°) 
and refrigerator temperature (7 ± 1 C°) respectively. Finally, the emptiability 
index (EMPT) was expressed as the arithmetic mean of the respective 
temperatures (EMPT22°C and EMPT7°C), as well as a combined result (EMPT22°C, 

7°C). Variability was given as the product of the respective standard deviation 
and 3.26 for EMPT22°C and EMPT7°C and 1.44 for EMPT22°C, 7°C, which follows 
from a desired statistical power of 0.80 and a confidence interval of 95%. 

After the emptying procedure, all packaging components were weighed, and 
their material was determined by means of Fourier-transform infrared 
spectroscopy. Streamlined life cycle assessments were then carried out for every 
dairy product-packaging combination, omitting primary data collection, but 
using Ecoinvent 3.5 as a source of life cycle data. The PEF guidance36 was 
followed in respect to allocation rules, selection of impact categories and their 
respective methods and indicators, as well as several types of default data such 
as transport distances, quantity and type of secondary packaging, as well as 
recycled content of primary packaging. The functional unit was defined as “one 
kg of consumed dairy product at room or refrigerator temperature in the home 
of the consumer” with system boundaries specified from cradle to grave, leading 
to an investigated foreground system starting at the agricultural production and 
ending at the end-of-life of the package (Figure 3). 

 
Figure 3: System boundaries of the foreground system, taken from Figure 1 in Paper II 

To understand the influence of emptiability on the LCA, the difference between 
a functional unit of ‘1 kg consumed food’ and ‘1kg distributed food’ was 
calculated and expressed in relation to the impacts associated with the 
production and waste management of primary packaging for every impact 
category. 
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4.2.2 Results and discussion 

EMPT22°C, 7°C values of the investigated products ranged from 0.25% (± 0.11) for 
curd cheese in PS tubs to 5.79% (± 0.43) for liquid yogurt in PET bottles 
(Figure 4). In general, emptiability of dairy products in accessible packaging 
was better than in non-accessible packaging (Figure 5). From both figures, a 
high variability of EMPT is apparent for several types of products or packaging, 
while products investigated packed only in one type of packaging yield a lower 
variability in general, such as buttermilk. It can be concluded that EMPT is not 
only a function of packaging design or properties of food (such as viscosity) 
alone, but rather their interaction. It is further apparent that food with high 
viscosity (such as liquid yogurt) yields a comparatively poor emptiability if the 
associated packaging cannot be accessed.  

While several investigated products were packed in different types of packaging, 
only low-fat cream alternative was identified as being the exact same product 
available in two types of packaging. For this product, EMPT22°C, 7°C was 
determined at 3.85% (± 0.08) for PET bottles, while emptiability was 
significantly better in a pouch (1.10% ± 0.55), resulting from the ability to 
squeeze the pouch efficiently compared to the non-accessible bottle. While there 
were differences between EMPT22°C and EMPT7°C, no significant trend could be 
found (p=0.94). 
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Figure 4: Emptiability results, grouped by types of dairy products (adapted from Figure 9 in Paper II) 

 
Figure 5: Emptiability results, grouped by types of packaging for dairy products (adapted from Figure 8 in 
Paper II) 

Concerning the LCA results, the contribution of primary packaging ranged from 
1.6% to 52.4% (mean 12.8%) for climate change. Naturally, after including 
emptiability in the LCA calculation, overall results increased. The associated 
implications varied greatly for every selected impact category, partly topping 
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1000% for categories such as acidification (AC) and terrestrial eutrophication 
for some products such as cream (TEU) (Table 3). 

Table 3: Percentage increase of selected products (product with the five highest and lowest increases in 
climate change) for primary packaging after including EMPT22°C, 7°C (adapted from Table 4 in Paper II). 
Abbreviations for impact categories are: AC, Acidification; PM, Particulate matter; CC, Climate change; 
TEU, Terrestrial eutrophication; FEU, Freshwater eutrophication; FRD, Fossil resource depletion 

Dairy product AC RE CC TEU FEU FRD 

Cream, 23% fat | Beverage 
carton, flat top 

1045 ± 
81 

426 ± 
33 

264 ± 
20 

1827 ± 
141 

208 ± 
16 

72 ± 
6 

Liquid yogurt | Beverage 
carton, bottle top 

390 ± 
19 

170 ± 
8 

87 ± 4 700 ± 
33 

121 ± 
6 

35 ± 
2 

Liquid yogurt | Beverage 
carton, gable top 

318 ± 
28 

134 ± 
12 

87 ± 8 555 ± 
50 

99 ± 9 34 ± 
3 

Buttermilk | Beverage carton, 
bottle top, variant a 

279 ± 
31 

125 ± 
14 

51 ± 6 512 ± 
56 

66 ± 7 19 ± 
2 

Buttermilk | Beverage carton, 
bottle top, variant b 

272 ± 
27 

121 ± 
12 

50 ± 5 498 ± 
50 

65 ± 6 19 ± 
2 

Yogurt, cereals | PS cup 39 ± 3 31 ± 2 4 ± 0 103 ± 7 52 ± 4 2 ± 0 

Sour milk | PS cup 36 ± 7 27 ± 5 4 ± 1 91 ± 17 22 ± 4 3 ± 1 

Cafe Latté | PET bottle 22 ± 3 18 ± 3 3 ± 0 50 ± 7 3 ± 0 1 ± 0 

Curd cheese, crumbly | PS tub 25 ± 
11 

18 ± 8 3 ± 1 63 ± 28 10 ± 4 2 ± 1 

Whole milk | Glass bottle 5 ± 0 3 ± 0 1 ± 0 11 ± 1 1 ± 0 1 ± 0 

Concerning climate change, the increases ranged from 1% for whole milk in glass 
packaging to 264% for cream (fat content of 23%) in a beverage carton. Thus, 
for cream in beverage cartons, technical emptiability was of even more 
importance than the production and waste management of its packaging. This 
was a result of the high environmental impacts associated with the production 
of this type of food, as well as the low impacts generated by beverage cartons 
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compared to other types of packaging. This highlights the relevance of including 
EMPT when conducting comparative LCA studies of packaging. 

4.3 Environmental and economic assessment of food-
packaging systems with a focus on food waste. Case study 
on tomato ketchup 

4.3.1 Background, aim, and methods 

An important conclusion from Paper II was the fact that packaging should be 
tested on its emptiability in comparative LCA studies. To support this even 
further, tomato ketchup was investigated in Paper III.  

From Paper II it became apparent that if PFLW is included in studies of 
different packaging for a specific product category (e.g. tomato ketchup), but 
which does not contain the exact same product (i.e. hot tomato ketchup by 
company A), then packaging should not be compared without considering its 
contents as well. This is necessary since (i) viscosity of the products and thus 
their emptiability, as well as their (ii) composition and thus the environmental 
impact associated with its production could differ greatly from one another. 
Consequently, in Paper III the scope was not only on packaging but rather the 
entire food-packaging system, for which four different tomato ketchup products 
were examined (Figure 6).  

The aim was to identify the most sustainable product by: 

1. Testing emptiability 

2. Conducting LCA and LCC including emptiability results 

3. Assessing the total sustainability considering LCA and LCC results by 
means of MCDA (TOPSIS) 

The functional unit was chosen as 3.8 kg consumed ketchup, the average 
consumption per capita in Austria in 201878. Analogous to Paper II, the LCA 
was conducted without collection of primary data but was based on weighing 
and identifying the packaging material after testing for emptiability. Ecoinvent 
3.5 was used as LCI database and the PEF guidance was followed for the 
selection of impact categories, allocation factors and procedures, as well as for 
default transport distances. The difference in conventional and organic 
agriculture of tomatoes could not be considered due to missing information in 
Ecoinvent. While organic tomatoes may have lower79 or higher80 yields, their 
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LCA results can be higher81,82 or lower as well. Still, organic agriculture is 
associated with several environmental benefits such as greater biodiversity and 
fewer negative effects on human health83. Thus, organic agriculture was 
considered as beneficial in TOPSIS as well and quantified as ‘1’, compared to 
‘0’ for products of conventional agriculture. Weights for TOPSIS were 
determined by (i) equal weighting, as well as by means of (ii) Criteria 
Importance through Intercriteria Correlation (CRITIC) and (iii) Shannon’s 
entropy. 

 
Figure 6: Ketchup products chosen as illustrative examples.  a) Conventional ketchup, produced in Austria, 
450 g indicated filling quantity, 29.99 g colored polypropylene (PP) bottle with 10.81 g colored PP cap, 0.28 
g multilayer seal (assuming a composition of 52% polyethylene, 25% polyethylene terephthalate, 17% 
adhesive and 6% aluminum) and 0.97 g PP labels. 172 g tomatoes per 100 g ketchup. Sales price: 1.99 € 
(PP-450-CONV).  
b) Organic ketchup, produced in Austria, 380 g indicated filling quantity, 22.30 g clear transparent PP 
bottle with 4.36 g colored PP cap, 0.29 g multilayer seal and 0.63 g PP labels. Sales price: 2.99€ (PP-380-
ORG).  
c) Organic ketchup, produced in the Czech Republic, 550 g indicated filling quantity, 30.96 g clear 
transparent PP bottle with 9.79 g colored PP cap, 0.32 g multilayer seal and 1.27 g paper labels. 210 g 
tomatoes per 100 g ketchup. Sales price: 1.99 € (PP-550-ORG).  
d) Organic ketchup, produced in Italy, 480 g indicated filling quantity, 236.61 g flint packaging glass with 
4.88 g tinplate screw cap and 1.29 g paper labels. 225 g tomatoes per 100 g ketchup. Sales price: 1.45 € (GL-
480-ORG). Figure taken from Paper III. 

For the selected products, not only technical but also practical emptiability was 
tested. The general calculation steps followed the methodology presented in 
Paper II. For simulating practical emptiability in plastic packaging, the bottles 
were shaken three times and then squeezed until air was released. Next, the 
bottles were swiveled and squeezed again until air was released. This process 
was repeated three times. By contrast, for products in glass packaging, the 
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bottles were shaken three times, held upside down for 2 minutes, then shaken 
again three times and held upside down again for 1 minute. Additionally, 
technical emptiability was tested by scraping the bottles and their respective 
caps using a dedicated ketchup spoon with a length of 24.5 cm.  

All tests were performed at room temperature (22°C ± 1) with a sample size of 
6. The final indices for both practical and technical emptiability were expressed 
as arithmetic average ± confidence interval 95%. The results were analyzed by 
one-way ANOVA (Fisher’s with Tukey post hoc test for samples with equality 
of variances and Welch’s with Games-Howell post hoc test for samples without 
equality of variances). 

4.3.2 Results and discussion 

Practical emptiability (Figure 7) ranged from 13.12% (±2.05) to 28.80% (±3.30) 
for PP bottles, while the product in glass packaging performed significantly 
better at 3.85% (±0.41). These results are comparable to other studies reporting 
0.5% to 26% in PP bottles84 and 30% to 52% in PET bottles85. 

Nonetheless, emptiability of PP bottles can be significantly improved by using 
a spoon, resulting in technical emptiability indices of between 5.12% (±0.40) 
and 7.08% (±0.61). Since results of technical emptiability did not differ 
significantly, only practical emptiability was included in the subsequent TOPSIS 
analysis.  
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Figure 7: Emptiability results of examined products. Bars represent the mean, while error bars represent 
95% confidence intervals. Abbreviations represent (i) the packaging material as polypropylene (PP) or glass 
(GL), (ii) the content of bottles of 380, 450 or 550 g and (iii) if the ketchup is a product of conventional 
(CNV) or organic (ORG) agriculture. Figure taken from Paper III. 

The product with the poorest emptiability (PP-380-ORG) was also the one with 
the highest tomato content. Since the viscosity of ketchup increases with its 
tomato content86, this could be one of the reasons for this outcome.  

PP-380-ORG could be identified as the product with the greatest environmental 
impact across all relevant impact categories (Figure 8). This was again a result 
of its poor emptiability, stemming from its high tomato content, naturally 
leading to a higher amount of tomatoes and energy demand in the 
manufacturing process. Consequently, for PP-380-ORG, FLW due to poor 
emptiability leads to even greater environmental impacts than its packaging. By 
contrast, the glass packaging of GL-480-ORG) yielded worse LCA results but 
can be considered better considering its good comparably good emptiability.  
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Figure 8: LCA results of tomato ketchup products per functional unit. Figure taken from Paper III. 

Concerning the results of LCC, or VA to be more precise, a very similar picture 
was presented (Figure 9). However, while for LCA results lower values are 
preferable, for VA a higher result and thus a greater contribution to the economy 
is desirable. 
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Figure 9: VA results of ketchup products in Euro per functional unit. Figure taken from Paper III 

Unsurprisingly, a higher FLW rate leads to an increase in profit along the supply 
chain. The more ketchup is wasted due to poor emptiability, the more the 
ketchup manufacturer can sell, which then also increases the profits of the 
respective suppliers of packaging or ingredients. Ultimately, the product with 
the poorest emptiability led to the best VA result. Conversely, looking only at 
the costs to the consumer, the product with the best emptiability (GL-480-
ORG) would be the most beneficial. 

After testing for emptiability and calculating the LCA and LCC, weights for the 
use in TOPSIS were determined by equal weighting, as well as CRITIC and 
Entropy (Table 4). 
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Table 4: Weights of criteria, calculated using equal weighting (Equal), CRITIC and entropy. Abbreviations 
for criteria represent: CC (climate change), FRD (fossil resource depletion), WU (water use), FEU 
(eutrophication, freshwater), AC (acidification), PM (particulate matter), and VA (value added). Table 
adapted from Table 4 in Paper III.
 Category Criteria Equal (%) CRITIC (%) Entropy (%) 

Life cycle assessment CC 12.5 6.8 14.4 

FRD 12.5 7.5 13.9 

WU 12.5 8.4 17.3 

FEU 12.5 6.8 14.3 

AC 12.5 8.0 14.2 

PM 12.5 15.2 13.3 

Organic agriculture Yes/no 12.5 32.2 7.5 

Economic assessment VA 12.5 15.2 5.1 

The determined weights differed greatly between each set. Concerning CRITIC, 
organic agriculture was assigned 32.2%, but only 7.5% using entropy. In 
contrast, entropy assigned more weight to the LCA and less to LCC results.  

After creating the decision matrix and following the TOPSIS procedure (as 
detailed in the full text of Paper III), final closeness values for all products were 
calculated with the best being the one closest to 1 (Figure 10). 

 
Figure 10: TOPSIS results (relative closeness values) of ketchup products. Abbreviations for products 

represent (i) the packaging material as polypropylene (PP) or glass (GL), (ii) the content of bottles of 380, 
450, 480 or 550 g and (iii) if the ketchup is a product of conventional (CNV) or organic (ORG) agriculture. 
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Closeness values varied widely, resulting from the different computed emphasis. 
Nonetheless, PP-550-ORG was identified as the best and GL-480-ORG the 
second-best possible solution across all three weighting sets. The most striking 
differences were for PP-380-ORG and PP-450-CNV, following from the varying 
importance of organic agriculture. 
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5 Conclusions and outlook 

This thesis evaluated methods for the operationalization of packaging-related 
food loss and waste, its integration in life cycle and life cycle cost assessments 
and the proposal of a combined sustainability assessment using multi-criteria 
decision analysis. The following is a summary of the results of Papers I, II and 
III, in response to the research questions raised in section 2 (p. 5f) 

5.1 Conclusions 

(i) What are the main drivers and issues of 
PFLW? 

Packaging-related food loss and waste can occur at every stage of the food supply 
chain, beginning at the post-harvest and handling stage and ending with 
emptying the package. In general, food can be lost or wasted by either (i) the 
omission of packaging itself, (ii) the use of inappropriate packaging (e.g. under-
packing or insufficient barrier properties) or by (iii) unoptimized packaging 
design (difficult to open or empty, no reclosability, too large package). 

Since the production of food and thus its wastage is associated with a substantial 
consumption of resources and generation of emissions, the quantification of 
PFLW is highly relevant. However, it is still an under-researched issue and just 
not considered in the majority of LCA studies on food70. In total, 30% of all food 
produced is lost or wasted globally10. In relation to a households total FLW, 
packaging can be responsible for 20% to 25%62. 

(ii) How can the quantification of PFLW be 
operationalized? 

In the available literature, the following approaches for the quantification of 
PFLW could be identified: 

 Surveying a household’s FLW62 
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 Simulating the emptying behavior of a package (‘emptiability’) and 
quantifying the resulting food remaining inside65 

Testing packages on their emptiability was considered as most viable within the 
scope of this thesis. New approaches for its operationalization were proposed in 
Papers II and III.  

In Paper II, 36 different dairy products and in Paper III, four different tomato 
ketchup products were examined. The resulting emptiability indices (ratio of 
food left in a package compared to original quantity) can be grouped and 
summarized as follows (Table 5): 

Table 5: Summary of emptiability indices (arithmetic average) of examined products 

Product 
category 

Product Technical 
emptiability (%) 

Practical 
emptiability (%) 

Dairy product Buttermilk 3.36 – 3.97 - 

Cream 0.66 – 4.18 - 

Curd cheese 0.25 – 0.67 - 

Fresh cheese 0.40 – 0.48 - 

Liquid yogurt 1.43 – 5.79 - 

Low-fat cream 
alternative 

1.10 – 3.85 - 

Sour milk 0.43 – 0.45 - 

Yogurt 0.68 – 1.72 - 

Café Latté 0.53 – 1.25 - 

Chocolate milk 0.80 – 1.26 - 

Milk 0.31 – 0.45 - 

Condiment Tomato ketchup 3.37 – 7.08 3.85 – 28.80 

It is apparent that emptiability of tomato ketchup is substantially worse than 
that of dairy products. In summary, emptiability should be tested for (i) 
products with high viscosity and/or which are resource-intensive and (ii) 
packaging that is not accessible.  
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(iii) Are environmental impacts of PFLW relevant in 
comparative LCA studies of packaging? 

Papers II and III highlight the importance of including PFLW, or emptiability 
to be more precise, in comparative LCA studies of packaging. Concerning 
climate change, emptiability of cream in a beverage carton leads to greenhouse 
gas emissions 2.64 greater than those of its primary packaging. PFLW is also 
highly relevant for buttermilk and liquid yogurt in beverage cartons, as well as 
for tomato ketchup in PP bottles. In other impact categories, particularly 
acidification and terrestrial eutrophication, emptiability can exceed 10 orders of 
magnitude compared to the impacts of packaging. 

(iv) What are the economic implications of 
PFLW? 

In Paper III, poor emptiability of ketchup results in financial losses of 0.4 to 
12.2 € per year for a consumer, depending on the type of product. However, the 
economic implications were calculated and considered from a system’s 
perspective, showing that PFLW generates profits for all other actors along the 
food supply chain. Overall, poor emptiability leads to a greater contribution to 
the economy. This highlights the research need for environmental LCC methods 
depicting actual economic sustainability such as business diversity or long-term 
investments87. 

(v) Does the consideration of PFLW influence 
the ranking of packaging in sustainability 
assessments? 

Paper II and III highlighted that emptiability can have a substantial 
contribution to LCA and LCC results. In Paper III, the inclusion of emptiability 
altered the ranking of the products in both LCA, LCC and the final TOPSIS 
results, further supporting the claim of this thesis that PFLW can be highly 
relevant in comparative studies of packaging.  D
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5.2 Scientific contribution and outlook 

This thesis showed that the quantification of PFLW is feasible by testing 
products on their emptiability. In some cases, emptiability-related FLW can 
even lead to greater environmental impacts than the production and waste 
management of the associated packaging. This is particularly true for resource-
intensive food products (e.g. dairy products with high milk content such as 
cream) and resource-extensive packaging (such as beverage cartons). However, 
this approach is not without limitations, since the emptying procedure simulated 
in a laboratory setting could differ greatly from that in practice.  

The present thesis contributes to the scientific discussion by operationalizing 
emptiability testing, as well as by comparing different packaging types 
combining life cycle assessments and life cycle costing with multi-criteria 
decision analysis. It highlights the importance of considering the entire food-
packaging system, compared to only packaging itself. In the future, further 
research should focus on developing methods for collecting or estimating PFLW 
data at other supply chain stages, more particular while products are 
transported or stored between the manufacturer and the retail sector. Moreover, 
future comparative assessments considering PFLW could further include social 
aspects of sustainability, e.g. by using social life cycle assessments. 
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