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Abstract: Food loss and waste have been identified as significant contributors to existing environ-
mental challenges. Previous studies have extensively quantified losses and waste throughout the
value chain. However, there is a lack of knowledge regarding the influence of packaging design on
food residue quantities. This study analyses the technical emptiability of dairy product packaging,
building upon previously described methods and proposing new methods for a standardized analysis.
The results demonstrate significant variations in residue amounts depending on product type, fat
content, viscosity, packaging type and design, as well as consumer handling. The findings indicate
that residues of high-viscosity products, such as yoghurt drinks and buttermilk, can accumulate
to a level exceeding 4% of the total filling weight in the packaging; meanwhile, the residues of
low-viscosity products, such as milk, collectively represent less than 1% of the total filling weight.
Consumer handling instructions on packaging significantly reduce residues, as shown by the in-
struction to shake before opening, which notably decreases the residues of high-viscosity products.
Future legislation to minimize food waste and reduce the environmental impact of packaging will
necessitate that the packaging industry produces easy-to-empty packaging. This will improve sorting,
recycling, recyclate quality, and environmental impact, consequently enhancing the sustainability of
dairy packaging.

Keywords: technical emptiability; dairy products; food loss; food waste; food residues; emptiability;
sustainability; milk; dairy; beverage carton; packaging; food waste reduction

1. Introduction

Food loss and food waste are among the major present contributors to climate change.
The consequences of wasted food include additional burdens on waste management sys-
tems, the exacerbation of food insecurity, societal impacts, accelerated biodiversity loss,
and pollution and waste generation [1–5].

Within the Sustainable Development Goals, the United Nations set Goal 12.3, to halve
food waste at the retail and consumer level by 2030 [6].

The term “food loss” is defined as “all the crop and livestock human-edible commodity
quantities that, directly or indirectly, completely exit the post-harvest/slaughter production/supply
chain by being discarded, incinerated or otherwise, and do not re-enter in any other utilisation
[. . .], up to, and excluding, the retail level.” [1]. This definition encompasses losses that occur
during storage, transport, and processing, as well as losses of imported quantities. The FAO
defines losses as including the commodity as a whole with its non-edible parts [1]. Food
waste, on the other hand, is defined as “food [. . .] and associated inedible parts removed from the
human food supply chain in the following sectors: manufacturing of food products [. . .]; food/grocery
retail; food service; and households. “Removed from the human food supply chain” means one of the
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following end destinations: landfill, controlled combustion, sewer, litter/discards/refuse, co/anaerobic
digestion, compost/aerobic digestion or land application.” [1].

Significant quantities of food are wasted throughout the chain of production, distribu-
tion, and retail, and at the consumer end. It is estimated that 931 million tons of food waste
were generated globally in 2019; of this, 61% is attributed to waste generation in private
households, 26% is from food services, and 13% of food waste occurs at the retail stage
of the food life cycle. The average per capita annual food waste is 74 kg. The generation
of food waste in households exhibits a similar pattern across country income groups, as
observed by the FAO [1]. Given that food waste at the consumer or household stage has a
greater environmental impact than food waste at other points along the value chain, it is
crucial to prioritize the reduction in waste at the consumer or household level [7]. It has
been reported that 20 to 30% of total environmental emissions in households originate from
food consumption, which highlights the impact of wasted rather than consumed food [8].

The issue of food waste in households has been extensively researched and is attributed
to a number of factors. One contributing factor is the tendency to prepare and cook more
food than can be consumed in a timely manner [9]. Another is the lack of planning, bulk
buying, and the unwillingness to consume leftover food [10]. In addition to consumer
behavior, packaging plays a significant role in the potential for food waste generation. This
includes packaging with an excess of content that cannot be consumed within the product’s
shelf life, multipacks, or offers to purchase more for a reduced price. Another important
aspect is the printed “best before” date on the packaging [11].

In the UK, 75 to 90% of the consumers believe that the greater environmental impact
is not caused by the wasted food, but by the packaging waste [11]. This demonstrates that
consumers are unaware of the environmental consequences of their consumption habits
and the fact that food packaging systems account for only a small percentage of the total
environmental footprint of food consumption [12].

Indeed, several studies have indicated that food waste has a greater environmental
impact than food packaging [13–15]. Consequently, the reduction in food waste could
enhance food security and alleviate pressure on the environment, biodiversity, waste
management systems, and climate change, while also conferring economic advantages to
agricultural production [1].

1.1. Dairy Industry in the DACH Region

In 2020, the Austrian, German, and Swiss dairy industry generated an annual revenue
of approximately EUR 33 billion, making it the second largest sector of food production [16].
The total dairy consumption per capita in 2021 was between 70.1 kg in Austria [17] and
77.9 kg in Germany [16,18,19].

1.2. Packaging

Packaging fulfils a multitude of crucial functions, starting with product protection and
consumer information; the containment function allows for distribution and convenient
logistics [20–24].

Packaging design can have an influence on the amount of product which remains
within the packaging when emptied by the consumer [21]. Consequently, packaging
contributes to sustainability, as it can prevent food waste [22–24].

The sustainability of food packaging can be described in terms of two distinct types of
effects. The direct environmental effects are caused by the production, use, and disposal of
packaging [20,22,25]. In contrast, indirect effects are described as packaging-related food loss
and waste. This includes food waste through poor emptying behavior and food degradation
through insufficient barrier functions of packaging or damaged packaging [22,25].

In the DACH region, a variety of packaging options are employed for dairy products.
In Germany alone, 655,400 tons of yoghurt was produced in 2023, encompassing

a range of varieties, including dessert yoghurt, drink yoghurt, skyr, cream cheese, and
curd [26–31]. Yoghurts are typically sold in cups made of polypropylene (PP) or polystyrene
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(PS), glass jars, bottles, and pouches, and canisters when purchased in bulk [18–21]. The
lids of plastic cups are either made of aluminum, paper laminate, or plastic film [32–35].

The presence of residual products in packaging materials following disposal can
negatively impact the recyclability of the packaging material [36–42].

Residues that remain on the surface can influence polymer detection during near-
infrared radiation (NIR) sorting, thereby reducing the efficiency of the sorting process [43].
Given the importance of recyclability in the context of packaging circularity, it is crucial to
avoid product residues [20,44].

In the context of existing and forthcoming legislation, such as the Circular Economy
Package and the Packaging and Packaging Waste Regulation (PPWR) legislation, the
topic of emptiability is of significant importance. Actions include ambitious increases in
recycling rates, the utilization of recycled materials by the industry, and the reduction in
food waste [44,45].

1.3. Emptiability

The analysis of technical emptiability represents a convenient method for determining
the amount of unintentional wasted food. The influencing factors may be attributed to
product properties, which include mechanisms of adhesion and other rheological proper-
ties [46].

In several studies, food residues from dairy products have been proven to be an
economic, ethical, and ecological problem [47–49].

The absorption of milk onto surfaces is due to the fat and hydrocolloids, which act as
stabilizers [46].

In a qualitative and quantitative study by Williams and Wikström et al. (2023), it was
found that 3 out of 4 kg of disposed dairy products in beverage cartons were discarded
due to poor emptying behavior of the packaging. The authors proposed that the high
viscosity of the products and their adhesive behavior towards the packaging surface were
contributing factors [7]. In further studies, where reasons for food waste were evaluated by
questionnaire from consumers, 22 out of 38 yoghurts were claimed to be difficult to empty,
while for milk only for 3 out of 19 samples were put into this category for reasons as to why
the food was wasted [50].

Further aspects of technical emptiability analysis are the factor of packaging design,
consumer behavior, and packaging handling.

Method development and quantification of food residues for ultra-high-temperature
(UHT) milk when emptying packaging was primarily conducted by Meurer et al. (2017) [51].
These methods were subsequently adapted by Wohner et al. (2019) [32] and applied to
a diverse range of products and packaging systems, including cups for yoghurt, as well
as bottles and beverage cartons containing different types of drinking milk and other
milk products.

1.4. The Aim of This Study

This study builds upon and refines the previously published methods, applying them
to a broader range of product types and packaging systems, as well as a greater number
of samples.

The analysis was conducted within the context of a sustainability assessment for dairy
product packaging in the DACH region. The technical emptiability of packaging was de-
fined as an indirect effect on the environment. When assessing the carbon footprint and the
sustainability of different packaging options, it is necessary to consider the environmental
emissions from food waste.

The development of the aforementioned methods allows for the quantification of the
amount of food remaining in diverse packaging systems for different dairy products. This
enables the drawing of conclusions regarding consumer handling, product properties, and
the influence of packaging factors, such as opening size and positioning, and the geometry
of the packaging.
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2. Materials and Methods

The selected regional focus is the dairy industry in Germany, Austria, and Switzerland.
Product samples were either purchased at different supermarkets or handed in by retailers,
producers, and packaging manufacturers from the respective area. In total, 124 articles
were selected for testing and categorized according to certain aspects (Table 1).

Table 1. Dairy categories and criteria for tested products.

Category Sub-Category Number of Samples Criteria

Drinking milk and
mixed milk products

Whole milk/unskimmed
milk/ESL milk 15 Fat content 2.5–3.9%

Low-fat/skimmed milk 6 Fat content 0.2–1.8%
UHT whole milk 8 Fat content 3.5–3.8%, unchilled storage
UHT low-fat milk 5 Fat content 0.5–1.5%, unchilled storage

ESL milk 10 Fat content 1.5–3.6%
Buttermilk 5 Fat content 1%

Cocoa/Choco drink/milk drink 11 Milk based drink containing chocolate or
cocoa, fat content 1.1–3.6%

Coffee drink 9 Milk based drink containing coffee, fat
content 0.1–4.5%

Whey drink 4 Fat content 0.5%
Protein drink 4 Fat content 0.1–3.6%

Yoghurt and drinking
yoghurt

Fruit/chocolate/coffee
yoghurt 22 Fat content 3.2–4%

Yoghurt drink (plain, fruit,
drinking kefir) 9 Fat content 0.1–1.8%

In order to keep samples from beverage carton companies anonymous, samples were
given generic letter–number combinations and short descriptions about their specific design
features (Table 2).

Table 2. Beverage carton (BC) types and relevant design specifics. Filling volume 1000 mL if not
otherwise specified.

Carton
Type Carton Size (H × W × D) in cm Top Type Geometry Opening Size

(Inner Diameter) Lid/Straw Position

BC 1
1000 mL: 23 × 7 × 7;

500 mL BC slim: 19 × 6 × 6; 500
mL BC short: 14.5 × 6.7 × 6.7

Bottle-
shaped top 3.5 cm Centered on top of

the carton

BC 2 20.2 (back)/18.8 (front) × 7.7 × 7 Diagonal flat
top 3.1 cm On the lower side

of the flat top

BC 3 200 mL: 10.5 × 4.5 × 4.5
1500 mL: 25 × 9.2 × 6.5 Flat top 1.7 cm In the corner of the

flat top

BC 3 with
straw 10.8 × 6.3 × 4 Flat top

Paper-based straw
with 15.7 cm

length

Straw positioned
in the corner of the

flat top

BC 4 500 g: 18 × 6 × 6 Gable top
Cut out

longitudinal
edge

1.7 cm

BC 4 with
straw 10.8 × 5.7 × 5.5 Gable top

Cut out
longitudinal

edge

Paper-based straw
with 14 cm length

Straw positioned
centered on one

side of the
gable top

BC 5 500 mL: 14.5 × 7 × 7
1000 mL: 23.2 × 7 × 7 Gable top 2.0 cm
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Table 2. Cont.

Carton
Type Carton Size (H × W × D) in cm Top Type Geometry Opening Size

(Inner Diameter) Lid/Straw Position

BC 6 14.5 × 7 × 7 Gable top
Cut out

longitudinal
edge

2.0 cm

BC 7 23.2 × 7 × 7 Gable top 2.0 cm

BC 8 with
straw 14.5 × 7.4 × 4.7 Flat top

Paper-based straw
with 17.3 cm

length

Straw positioned
in the corner of the

flat top

BC 9 20.3 × 7 × 7 Flat top 2.0 cm In the corner of the
flat top

BC 10 19 × 9.2 × 6 Flat top
Aluminum foil
on the inside,
aseptic carton

2.0 cm In the corner of the
flat top

BC 11 19 × 9.2 × 6 Flat top 2.0 cm In the corner of the
flat top

BC 12 20.8 × 7 × 7
Mix of Flat
and Gable

Top

Six corners on
the lid side 2.0 cm

Each product was obtained and tested in triplicate (n = 3).
The products in cups were stored in an upright position, while bottles and beverage

cartons were stored either lying down or upright for at least 24 h prior to testing.
The storage temperature was set at 5 ± 2 ◦C, and the transfer time between storage

and the start of the emptying process did not exceed 5 min. The tests were performed at
room temperature (20 ± 2 ◦C). This was performed to simulate direct consumption.

The testing of the technical emptiability is based on methods published by Meurer
et al. (2017) [51] and Wohner et al. (2019) [52]. Prior to emptying, each product was checked
for consumption and emptying instructions on the labels. In cases where instructions
recommended the product be shaken prior to opening, this step was included prior to the
described emptying process. For the weighing the scale Sartorius Extend (model number
ED8201-CW) scale (Sartorius Lab Instruments, Goettingen, Germany) was used.

The overall process design included the following steps:

1. Weighing of the unopened packaging, including product content.
2. If recommended on the label, products were shaken according to the instruction.
3. Emptying of the packaging as described as below for the following:

• Dairy products in bottles and beverage cartons;
• Dairy products in to-go cups with snap-on lids;
• Dairy products in beverage cartons with drinking straws;
• Dairy products in pouches;
• Dairy products in cups.

4. Weighing of the emptied packaging (packaging including residues).
5. Washing and drying of the packaging at 23 ◦C for at least 24 h.
6. Weighing of the cleaned packaging (exclusive of any residual matter).

• Emptiability Method of Dairy Products in Bottles and Beverage Cartons

This method was selected for all products packaged in bottles and beverage cartons.
Following the weighing of the packaging and, if recommended, the application of a shaking
motion, the packaging was opened and emptied for one minute. For this step, the bottle
or carton was held upside down in a manner that ensured the opening was parallel to the
tabletop. The packaging was then placed on the table for five seconds, rotated five times,
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and then placed back on the table for 10 s. Subsequently, the packaging was inverted for a
further one-minute period. The method then proceeded with the weighing of the emptied
packaging and the aforementioned steps.

• Emptiability Method of Dairy Products in To-go cups with Snap-On Lids

The cups containing the to-go products were opened, and if included in the pack-
aging, the specific drinking lid was placed on the cup for emptying. The subsequent
emptying proceeded in accordance with the previously described procedure for bottles and
beverage cartons.

• Emptiability Method of Dairy Products in Beverage Cartons with Drinking Straw

Some beverage packaging included a straw. The method was based on the same
principle as described for bottles and cartons, with a slight adaptation. The packaging was
emptied in an inverted position through the straw and the packaging was pressed during
the two minutes of emptying.

• Emptiability Method of Dairy Products in Pouches

The consumption of yoghurt packed in pouches was facilitated by inverting the
packaging and then squeezing between the thumb and index finger from the packaging
bottom to the lid. This process was repeated three times.

• Emptiability Method of Dairy Products in Cups

Yoghurt products packaged in cups were emptied with a teaspoon if the mass of the
content was less than one kilogram. The size of the teaspoon was 3 × 4.5 cm. For larger
packaging, a tablespoon was used. First, the lid was cleaned by scratching with the spoon
up to seven times, or until no product was left on the lid. The cups were inverted at an
angle of 45◦ measured from the tabletop, after which the product was removed using the
spoon. The time taken to empty the cup was recorded and found to be less than one minute
for cups containing less than 400 g of product. For cups containing 400–500 g of product,
the emptying time was set at two minutes, while for cups containing more than 500 g of
product, the emptying time was set at three minutes.

3. Results

The samples are analyzed for their emptiability, comparing different packaging sys-
tems for the same product as well as comparing the emptiability of different products in
the same packaging system.

Influencing factors, such as lid-size, lid-positioning, geometric design, and consumer
handling instructions are identified and elaborated on.

3.1. Influence of Product Handling Information

In the case of buttermilk samples, different packaging systems could be found in
Austrian supermarkets. In all but one case, the handling instruction to shake the packaging
before opening was printed on the packaging. These instructions were followed in the
emptying process. The results showed large differences in the retention rate depending on
the packaging type and the consumer handling.

Figure 1 illustrates the results of the five assessed samples. In the case of sample BC 1,
one sample was accompanied by instructions to shake, while the other was devoid of clear
instructions. In the absence of instructions, the residue amount found in the packaging after
the standardized emptying process accounted for 4.49% of the filling amount. However,
when shaken, the amount can be reduced to 1.01%. The other samples in an HDPE bottle
and in an BC 5 and BC 6 beverage carton type had printed instructions to shake before
consumption on the packaging. The lowest amount of food residues was measured in the
HDPE bottle with 0.88% of the total content remaining in the packaging. The beverage
cartons BC 5 and 6 showed high retention rates, with 3.88% and 4.06%, respectively. In
this case, the positioning and size of the lid were found to be additional factors affecting
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emptiability. When comparing the different beverage cartons, which were shaken prior
to the emptying process, it was observed that the carton with the large lid, which was
positioned centrally on the top of the carton, retained only one quarter of the amount of the
two cartons, BC 5 and BC 6, where the lid is smaller in size and is positioned on the side of
the gable.
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Figure 1. Buttermilk food residues in different packaging types after standardized emptying. For
each sample, n = 3 applies. Light green color highlights BC 1, other packaging types are displayed in
dark green.

3.2. Coffee Drinks

A variety of packaging types for coffee drinks were identified. A total of nine sam-
ples of coffee drinks were analyzed. The packaging types included cups made out from
polypropylene (PP) with snap-on lids or aluminum lid, PET bottles as well as aluminum
or fiber-based cans. The filling volume for two samples was 230 mL, all other packaging
contained 250 mL.

The results presented in Figure 2 demonstrate the quantity of measured food
residues in the various packaging types that were sampled. The lowest value was
observed in a to-go cup with 0.52% of the total filling weight remaining in the packaging
following the standardized emptying process. Other to-go cups demonstrated retention
rates of 0.78%, 0.98%, and 1.46%. Another cup made of PP but featuring a foil instead
of a hooded lid retained 1.19% of the filling weight. A notable discrepancy is evident
between cans manufactured from aluminum and those crafted from fiber-based materi-
als. While the aluminum packaging retained 0.66% of the total filling weight, the carton
packaging retained a significantly higher quantity, at 1.54%, but with a high variance. No
discernible differences were observed in the product properties or packaging geometry.
The aluminum packaging had a filling volume of 250 mL, while the cartons can have a
capacity of 230 mL.

Two PET bottles with identical geometric shapes and opening sizes were also subjected
to testing. The results demonstrated that 0.71% and 0.79% of food residues remained
after emptying.
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Figure 2. Food residues measured in different packaging types for coffee drinks. For each sample,
n = 3 applies.

3.3. Cocoa, Chocolate Drinks, and Other Milk Drinks

Chocolate drinks are a popular beverage in the DACH region, available in a variety of
packaging types and sizes. The filling volume of these drinks ranges from 220 to 750 mL.
In this study, eleven samples were tested for emptiability (Figure 3).
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Figure 3. Food residues measured in different packaging types for chocolate drinks. For each sample,
n = 3 applies.

Four different beverage cartons were sampled; of these, two packages were designed
with a screw cap (BC 1 and BC 5) and the two others included a straw for drinking
(BC 4 with straw and BC 3 with straw). The two samples in the BC 1 packaging retained
the lowest amounts in the tested beverage cartons with 0.69% and 0.71% of the total filling
volume. Although the two samples vary in geometry, the results are comparable, indicating
that the width and height of the packaging are of low relevance. The main influencing
factors for the emptiability are the opening size of BC 1 and its centric positioning. In
comparison to the result of BC 1, BC 5 retained nearly double the amount of residue. The
opening of BC 5 is smaller in diameter and is located on the side of the gable, which is
disadvantageous in the emptying process, as the product becomes trapped in the folding
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of the gable. Beverage cartons designed for use with a straw exhibit higher residue rates,
with 1.67% observed for BC 8, 2.74% for BC 4, and 3.00% for BC 3.

Similar tendencies to coffee drinks in aluminum- and fiber-based cans can be observed
for chocolate drinks. The aluminum can exhibited 0.58% food residue, while the fiber-based
can exhibited a more than fourfold increase, at 2.65%. The PET bottle achieved the best
result, with a value of 0.55%, which is similar in geometry to those tested for coffee drinks
but contained 500 mL instead of 250 mL.

Another PET bottle with a more angular shape contained 1.00% of its content after
emptying. The highest amount of food residue (3.59%) was measured in an HDPE bottle.
As the shape of the bottle was similar to the PET bottle with the smallest residue amount, it
can be reasoned that food properties and the surface structure of the bottle influence the
emptying behavior.

Packaging options with a straw showed high variances in the results.

3.4. Protein Drinks

Four samples of protein drinks were tested for emptiability. Three of the samples were
packaged in PET bottles, with a filling volume of 250 mL, 350 mL, or 500 mL, and one
sample was packaged in a beverage carton. Despite the different filling volumes and bottle
geometries, the residue rates for the bottles were found to be similar, with values between
0.54% and 0.72% (Figure 4). The beverage carton exhibited the lowest filling volume of
200 mL and the highest food retention rate of 2.81%. This is presumed to be attributable
to the unfortunate design of the gable and an uncentred positioning of the opening, in
addition to the small filling volume of 200 mL.
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Figure 4. Food residues measured for protein drinks. Sampled were three PET bottles and
one beverage carton. For each sample, n = 3 applies.

3.5. Whey Drinks

A similar tendency can be observed in the case of whey drinks, with the quantity of
residue being lower due to the lower product viscosity. In this instance, the residues in the
beverage cartons accounted for 0.50% to 1.04% of the total filling weight (Figure 5). The
centrally located large opening of BC 1 appeared to be more conducive to emptying than
the off-centered opening on the gable of BC 6 and BC 12.
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Figure 5. Food residues measured for whey drinks. One PET bottle and three beverage cartons were
sampled. For each sample, n = 3 applies.

3.6. Yoghurt Drinks

In addition to bottles and beverage cartons, yoghurt drinks in the German-speaking
region are sold in pouches. A total of nine packaging samples were evaluated. After
emptying, the lowest amount of food residues was observed in bottles made of PET and
HDPE, with a range from 1.28% to 2.62% (Figure 6). The two samples packaged in BC 1
retained 2.10% and 4.22% of the total content, respectively. No differences in food properties,
emptying behavior, or packaging characteristics were observed. The highest retention rate
was measured in BC 4, at 5.88%.
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Figure 6. Food residues measured for yoghurt drinks. For each sample, n = 3 applies.

3.7. Comparison of Retained Dairy Residues in Beverage Cartons

BC 1 is distinguished by its geometrical symmetry, the considerable opening size,
and the central positioning of the lid on the gable. Overall, this beverage carton has
demonstrated the lowest level of residue compared to other tested beverage cartons.

The differences in the emptying behavior of the diverse product types can be observed
in Figure 7. The highest amount of residue was observed for high-viscosity products,
including buttermilk (4.49%) and yoghurt drinks (4.22% and 2.10%), which were not
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shaken prior to emptying. Milk samples with varying fat contents exhibited a low residue
rate of between 0.28% and 0.32% (Figure 7).
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Figure 7. Quantified food residues of diverse dairy products in beverage carton type 1. For each
sample, n = 3 applies.

In contrast to BC 1, BC 5 is characterized by an asymmetric positioning of the lid
on the side of the gable and the smaller opening size. This results in a greater degree of
product entrapment and retention within the packaging following standardized emptying.
Diverse types of milk exhibit low residue rates, with values ranging from 0.27% to 0.53%,
while for cacao, 1.20% of residues were measured. The high viscosity of buttermilk results
in 4.06% of the product remaining in the packaging after standardized emptying (Figure 8).

Sustainability 2024, 16, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 8. Quantified food residues of diverse dairy products in beverage carton type 5. For each 
sample, n = 3 applies. 

3.8. Retained Dairy Residues in PET Bottles 
All assessed PET bottles are characterized by their symmetric round shape and cen-

tric lid positioning. Yoghurt drinks showed more than double the amount of food retained 
in the bottle, compared to other dairy products. The lowest values were measured for ESL 
milk (0.17%) and whey drinks (0.30%). The whey drink and cacao showed high variability 
with values such as ±0.28% and ±0.76%, respectively (Figure 9). 

 
Figure 9. Quantified food residues of diverse dairy products in PET bottles. For each sample, n = 3 
applies. 

3.9. Food Residues in Fruit Yoghurt Packaging 
The category of fruit yoghurt is characterized by a high degree of heterogeneity in 

terms of filling weight, with a range of values observed, from 50 g to 1000 g. Except for 
one sample, cups retained on average 1.70% of their content. One cup with a filling weight 
of 100 g retained 32% of its content, due to the cup�s shape, which inhibited emptying with 

0.27% 0.32% 0.32% 0.41% 0.52% 0.53%

1.20%

4.06%

0.00%
0.50%
1.00%
1.50%
2.00%
2.50%
3.00%
3.50%
4.00%
4.50%

Am
ou

nt
 o

f f
oo

d 
re

si
du

es
 re

la
tiv

e 
to

 
th

e 
fil

lin
g 

w
ei

gh
t

Samples of Dairy Products

0.17%

0.30%0.54%0.55%
0.62%0.71%0.72%0.79%

1.00%
1.28%

2.37%2.62%

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

Am
ou

nt
 o

f f
oo

d 
re

si
du

es
 re

la
tiv

e 
to

 
th

e 
fil

lin
g 

w
ei

gh
t

Samples of Dairy Products

Figure 8. Quantified food residues of diverse dairy products in beverage carton type 5. For each
sample, n = 3 applies.

3.8. Retained Dairy Residues in PET Bottles

All assessed PET bottles are characterized by their symmetric round shape and centric
lid positioning. Yoghurt drinks showed more than double the amount of food retained in
the bottle, compared to other dairy products. The lowest values were measured for ESL
milk (0.17%) and whey drinks (0.30%). The whey drink and cacao showed high variability
with values such as ±0.28% and ±0.76%, respectively (Figure 9).
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Figure 9. Quantified food residues of diverse dairy products in PET bottles. For each sample, n = 3 applies.

3.9. Food Residues in Fruit Yoghurt Packaging

The category of fruit yoghurt is characterized by a high degree of heterogeneity in
terms of filling weight, with a range of values observed, from 50 g to 1000 g. Except for one
sample, cups retained on average 1.70% of their content. One cup with a filling weight of
100 g retained 32% of its content, due to the cup’s shape, which inhibited emptying with
the teaspoon. The mold exhibits a slight conical inlet towards the base. Additionally, a
7 mm high, inwardly drawn edge is present on the base of the cup (Figure 10).
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Figure 10. Quantified food residues of yoghurt in cups and a pouch. For each sample n = 3 applies.
Cups with good emptiability behavior are highlighted in blue bars, the pouch is marked in orange
and the cup with unfavorable design has been highlighted in green.

4. Discussion

The measurement of food residues retained by different packaging plays a significant
role in the assessment of the sustainability of packaging options.

The project involved the further or novel development of packaging-system-specific
methods for determining the technical emptiability of dairy products. These methods
were based on existing methods published by Meurer et al. (2017) and Wohner et al.
(2019) [32,51]. A total of 124 products from 15 different product categories were analyzed.
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Of these, 76 samples were liquid milk products. The samples were packaged in differently
designed packaging options, allowing for a comparison of retained food residues in differ-
ent packaging. Sixteen different beverage cartons were assessed, of which three samples
contained a paper straw for drinking.

The considerable range of residue amounts indicates that, in addition to food prop-
erties, packaging-related aspects such as packaging type and packaging design exert a
considerable influence. Overall, low-viscosity products demonstrated superior emptying
behavior compared to products with a high viscosity. This is exemplified by the results
of butter milk, which is a high-viscosity product, and ESL milk, which is a low-viscosity
product. These results are in accordance with the findings of Schmidt (2011) and Schinkel
et al. (2023) [53,54].

Furthermore, the results for different packaging types and designs for the same prod-
uct indicate that bottles are a favorable packaging system choice in terms of emptiability.
When beverage cartons are selected as a packaging option, cartons with a bottle-shaped top
exhibit a lower amount of residue than those with a gable or flat-shaped top. An overview
of the results for each product and packaging type is provided in Table 3.

Table 3. Results of measured food residues for liquid milk products in diverse packaging options.
Values are depicted in percentage of total product filling weight. In cases of more than one sample
per product type and packaging option, an average value was calculated. The value marked with an
asterisk is an average taken from two samples with different product handling.

Product Type Yoghurt
Drinks Buttermilk ESL

Milk

UTH
Skimmed

Milk

UTH
Milk

Coffee
Drinks

Chocolate
Drinks

Skimmed
Milk

Protein
Drinks

Whey
Drinks

Whole
Milk

n 9 5 10 5 8 9 11 6 4 4 5

Average 2.74 2.87 0.41 0.54 0.72 0.96 1.67 0.53 1.17 0.64 0.29

BC 1 3.16 2.75 * 0.28 0.32 0.70 0.30 0.50 0.31

BC 2 0.89 0.84

BC 3 0.78 2.81

BC 3 with straw 3.00

BC 4 5.88

BC 4 with straw 2.74

BC 5 4.06 0.46 0.27 1.20 0.53 0.32

BC 6 3.88 0.73

BC 7 0.39 0.20

BC 8 with straw 1.67

BC 9 0.74 0.85

BC 10 0.69 0.89

BC 11 0.67

BC 12 1.1 1.04

To-Go Cup with lid 0.94

To-Go Cup
with foil 1.19

PET bottle 2.09 0.17 0.75 0.77 0.63 0.30

Glass bottle 0.18

HDPE bottle 1.47 0.88 0.37 3.59

Aluminum can 0.66 0.58

Fiber-based can 1.54 2.65

Pouch 3.27
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4.1. Data Comparison to the Existing Literature

While packaging and food loss are two topics which are widely researched individually,
packaging-related food loss is largely unexplored, with the exception of a few available
studies [52].

The residue amounts in packaging for the product category UHT milk do not correlate
with the existing data published by Meurer et al. (2017), which is due to differences in
emptying methods [51]. UHT milk in an HDPE bottle retained 0.37% ± 0.03%, while
Meurer et al. (2017) reported a retained volume of 0.80 ± 0.03 mL, which equates to 0.08%
of the filling volume and the approximate product weight [51]. The product samples T38
and M6 are of an identical shape and dimension to packaging type 2, as described in
the study by Meurer et al. (2017), in which residues of 0.6% of the filling volume were
measured [51]. In this study the measured food waste for the same packaging type was
quantified in two samples with values of 0.76% and 0.93%, respectively. These values also
demonstrate no correlation to existing results. The dimensions of samples M13, T30, and
T31 are identical to those of packaging type 5, as assessed by Meurer et al. (2017); yet again,
no correlation could be quantified in the results. This can be attributed to the different
type of closing mechanism which may result in a different pouring behavior and retention
rate [51].

When comparing the results to the data published by Wohner et al. (2019), it is
important to note that the applied methodology has been developed further and that the
new approach considers a higher differentiation in packaging design [32].

The results obtained for buttermilk with 4.18% and 4.13% remaining in the beverage car-
ton packaging with a bottle top design were similar to those reported by Wohner et al. (2019).
This finding is consistent with the results for buttermilk in BC type 1 without instructions to
shake, which showed a food retention rate of 4.49% [32]. In the case of buttermilk in beverage
cartons with a gable top, 3.41% of the original contents were retained, while in this study,
similar packaging designs (BC 5 and BC 6) retained 4.06% and 3.88% of the filling, respectively.

For whole milk in a gable-top beverage carton Wohner et al. (2019) measured 0.34%,
while in this study, both samples in a BC 5 packaging type retained 0.32%, which is a
comparable value and shows little influence of detailing in the methodological processes of
emptying [32].

The results for low-fat milk in a gable-top beverage carton exhibit similar tenden-
cies. Wohner et al. (2019) measured 0.51% of residues, while this study yielded samples
with results of 0.20 and 0.53% [32]. In contrast, in both studies, the results for the same
product type in a flat-top beverage carton vary drastically between the two studies. While
Wohner et al. (2019) published results of 0.52% food residues, this study measured 1.10% of
the retained product [32].

The results for liquid yoghurt, chocolate milk, and café latte published by Wohner
et al. (2019) could not be replicated in the study, indicating that differences in the emp-
tying process and potential differences in temperature during analysis influence the re-
sults. Another factor to consider is that the packaging design of the assessed samples
differed between the two studies. Details in packaging design and product properties from
Wohner et al. (2019) cannot be reconstructed [32].

4.2. Implications of Food Waste on Global Warming Potential

Life Cycle Assessment (LCA) serves as a tool for determining the environmental
impact of a product by quantifying energy and material use, as well as waste and emissions
generation, and has become an important decision-making tool in packaging design [20].

So far, many comparative LCAs have been published, but many overlook the inter-
action of product and product packaging, leaving indirect environmental impact by food
waste out of the equation [20].

The proposed approach by Pauer et al. (2019), that emptiability serves as a quan-
tification for packaging-related food losses and waste, was taken up in this study [20].
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For their methodological framework, only assumptions could be taken; those data are
now available.

Other studies have already published LCA data for different packaging options and
foods and drinks [55–57].

The carbon footprint of 1 kg of ESL milk in a beverage carton was estimated to be
1.4 kg CO2 equivalent. The emission of skimmed milk was slightly lower if sold in a
beverage carton, with an estimated value of 1.2 kg CO2 equivalent. Furthermore, it
was determined that UHT milk emits 1.3 kg CO2 equivalent when unskimmed, while
skimmed UHT milk emits 1.1 kg CO2 equivalent [55]. A beverage carton was quantified by
Fehringer (2019) to emit between 83 g and 100 g CO2 equivalent in the assessment category
of climate change [57]. Now, assuming a 1.4 kg CO2 equivalent, a value of 100 g CO2 equiv-
alent being attributed to the packaging and 1.3 kg CO2 equivalent being attributed to ESL
milk, the environmental emissions of the discarded food compared to the environmental
impact can be assessed.

Taking an average residue value for ESL milk in beverage cartons of 0.44% and the
aforementioned carbon footprint of 1 kg ESL milk of 1.3 kg CO2 equivalent, the environ-
mental emissions of the food waste sum up to 5.72 g of CO2 equivalents.

A study conducted by Ghinea and Leahu (2020) determined the global warming
potential for 1 kg yoghurt, which was quantified with 2.92 kg CO2 equivalent [58]. For the
sample of yoghurt in a cup with a 100 g filling volume and a retention rate of 32%, this
would mean environmental impacts of 93.44 g CO2 equivalent.

4.3. Importance of Technical Emptiability in the Context to the PPWR

The majority of viscous products are utilized within the food industry. Consequently,
the primary impetus for scientific research into this topic originates from this sector [53].

In the Impact Assessment Report accompanying the current draft of the Packaging and
Packaging Waste Regulation, several barriers to packaging recycling are identified. One
of these non-recyclable packaging types is highly contaminated with food in cases where
the packaging is difficult to empty and is therefore considered an obstacle to packaging
circularity [59].

The latter standard, CR 13688:2000, argues that residues do not inhibit material recy-
cling, but claims that it does not reflect the current state of knowledge [59].

The PPWR recognizes the negative impact of product residues on collection, sorting,
and recycling as well as the potential for material contamination as a key intervention for
waste prevention. This intervention focuses on the definition of Design for Recycling [59].

In hindsight, to inform future legislation on the circularity and recyclability of packag-
ing, note that high viscosity products in poorly designed packaging systems can be seen
as a major problem, as poor emptiability can lead do low recyclate quality [53]. To date,
no clear thresholds have been communicated as no standardized methodology has been
published to measure the emptiability of different packaging systems and products.

4.4. Limitations

It is of paramount importance to emphasize that the methodology employed should
reflect and promote sustainable consumption practices amongst consumers. Consequently,
wasteful consumer handling may result in elevated residue levels remaining within the
packaging. As evidenced by the elevated variance values, additional, as-yet-unidentified
influencing factors warrant investigation. Variables such as temperature during storage
and emptying, as well as product and packaging properties, could potentially influence the
results. The objective of this exploratory study was to conduct a comprehensive analysis
of diverse products and packaging types to identify optimal packaging solutions for
specific products.
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5. Conclusions

In this study, existing emptiability methods were newly or further developed and
applied to a wider range of product categories and packaging systems. The objective was
to propose a standardized method for future comparability of emptiability results. In light
of future international regulations, such as the PPWR, the emptiability of packaging for
highly viscous products is of crucial importance in order to ensure the recyclability of the
packaging material and to minimize the carbon footprint and other social, economic, ethical,
and environmental implications of wasted food. Future research should concentrate on the
development of further methods for technical emptiability. This will enable insights to be
gained into residue amounts for a wider range of products in the food and non-food sectors,
and for other packaging systems than those analyzed here. The results of this research
must be validated by quantitative and qualitative analysis of consumer handling, as well as
by the evaluation of the status quo of the residue amounts found in sorting and recycling
facilities. This implies that the issue must be addressed from both a waste generation
perspective and an end-of-life scenario. Consequently, it is essential to determine the
impact of residues on recyclability.

The presented results constitute a call to action for the food and packaging industries
to optimize packaging design in order to reduce food waste. Furthermore, they encourage
customers and other stakeholders to support action to avoid packaging options which lead
to high amounts of food waste.
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