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Abstract

For most sectors of the economy, circular economy is still a long way off. However, in the case of the beverage crates used by
fritz-kulturgiiter to transport fritz-kola between bottling points, wholesalers, and retailers, circular economy becomes the building
block in the new material value chain. The older crates, made of high-density polyethylene, have been in circulation for over a
decade and are reaching the end of their service life. Moreover, since the market for Fritz-kola has grown steadily, so has the
demand for these beverage crates. Fritz-kulturgiiter decided to kill two birds with one stone by designing new crates as a part of
the Oko2Box project. The new crates use shredded old crates as reinforcement to reduce their overall environmental impacts. The
geometry of the crates has also been optimized to reduce weight and to ensure that they meet performance standards. In addition,
novel biobased dyes replace the existing dyes to further reduce their environmental impact. Life cycle assessment shows that the
new crates have lower environmental impacts both during the production phase as well as during the use-phase. The circular
footprint formula has been implemented to allocate the impacts of the recycling process between the two life cycles.
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1. Introduction kulturgiiter GmbH in Germany, which is the manufacturer of

the beverages fritz-kola. The new beverage crate design aims to
Beverage crates are used by beverage manufacturers to ease  achieve the following compared to the existing beverage crate:

the transport and handling of beverages sold in glass bottles. e Reduce environmental impacts associated with material

Different beverage manufacturers utilize different types of procurement through use of novel biobased materials

beverage crates which are designed to fit the design of their e Reduce weight by at least 10 % and increase the average

beverage bottle, and these crates can be made from different duty cycle by up to 5 years, thus reducing the use phase

materials, depending on the specific requirements of the environmental impacts

beverage manufacturer. The German soft drink market is e Improve recyclability at end-of-life

expected to grow annually by 3.23% (compounded annual

growth rate 2024-2029) [8]. As the market for beverages grows
[4], so does the demand for beverage crates. The innovation in
the market focuses primarily on incorporating advanced
materials to manufacture the beverage crates to improve their
duty cycle [6]. This life cycle assessment (LCA) guides the
development of a new beverage crate for the company fritz-

2212-8271 © 2025 The Authors. Published by Elsevier B.V.

2. Goal of the LCA

The goal of this LCA is to quantify the environmental
impacts, specifically the climate change impacts that can be
attributed to the life cycle of beverage crates and to draw a
comparison between the existing and newly developed
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beverage crates. The intended application of the results is to
develop a new beverage crate using innovative biobased
materials so that it has lower overall life cycle impacts. The
LCA has been modelled using the attributional methodology
and is thus prone to the limitations that come with it. The study
is conducted to inform the beverage manufacturer (fritz-
kulturgiiter GmbH) and the crate manufacturer (Delbrouck
GmbH) about the differences in the environmental
performance of the newly designed crates and the currently
used crates. The LCA is performed as a part of the so-called
project ‘Oko2Box’ in partnership between the Institute for
Bioplastics and Biocomposites (IfBB) at the Hochschule
Hannover — University of Applied Sciences and Arts,

Fraunhofer WKI HOFZET, Delbrouck GmbH (crate
manufacturer), and fritz-kulturgiiter GmbH (beverage
manufacturer).

3. Scope of the LCA

The product system under study is a beverage crate (crate
thus forward) used to transport carbonated beverages in glass
bottles between the bottling point, wholesale, retail, and the end
consumer. The crate is generally made from a polymer
material, in this case, recycled high density polyethylene
(rHDPE). The newly developed crate, as shown in Figure 1, is
manufactured using a newly developed polymer compound H3,
which comprises of rHDPE as polymer matrix, biochar as
colored additive (black), and maleic anhydride grafted
polyethylene (MAH-PE) as a compatibilizer.

Figure 1 The newly developed beverage crate for fritz-kola (crate size: 300 x
200 X 285 mm)

In addition to the compound H3, other relevant compounds
that were developed as part of the project have been modelled
as scenarios. Many new compounds were developed and tested
for their thermo-mechanical properties during the project. The
compounds which performed at par with the existing beverage
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crate material were identified as relevant for scenario analysis.
The material compositions of the different compounds in
weight percentage and the nomenclature are listed in Table 1.

Table 1 Material composition of selected compounds

Compound BioHDPE Recycled Biochar  Cellulo MAH-
Nomenclature HDPE se PE

Status Quo owt.-% 97wt.-%  Owt.-% owt.-%  3wt-%
Compound H3  Owt.-% 87wt.-% 10wt.-%  Owt.-%  3wt.-%
Compound H5 ~ Owt.-% 87wt.-% Swt.-% Swt-%  3wt-%
Compound H6  87wt.-%  Owt.-% 10wt.-%  Owt.-%  3wt.-%

3.1. Functional unit and reference flow

The functional unit (FU) of this study is defined as one
beverage crate used for the distribution of 5 liters (i.e. 10 x 0,5
liters) of bottled carbonated beverage safely between the
bottling plant and the retailers over a period of 30 duty cycles,
corresponding to approximately 20 years of use.

3.2. System boundary

A cradle-to-grave system boundary is selected, i.e., all
stages of the life cycle of the beverage crates, material
acquisition, production, distribution, use phase, and the end-of-
life are included within the system boundary for the current
study. Since a recycled material is used, the circular footprint
formula (CFF) [3] as described in the Product Environmental
Footprint (PEF) of the European Union is used to allocate the
impacts between different life cycles of the material.
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Figure 2 System boundaries and the LCI process flow diagram
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Internal recycling and garbage disposal at all stages of the
life cycle have also been considered. The system boundaries
and the LCI process flow diagram are depicted in Figure 2.

3.3. Environment Footprint impact categories

The Environmental Footprint (EF) 3.1 has been used as the
life cycle impact assessment (LCIA) method for this study.
Since it is also a goal of the project to incorporate bio-based
materials, the results for the impact category climate change
have also been calculated using the LCIA method derived from
the sixth assessment report of the Intergovernmental Panel on
Climate Change (IPCC AR6) which includes the impacts of
biogenic carbon storage. However, in line with product
environmental footprint (PEF) recommendations the results for
climate change including biogenic carbon have been presented
as extra results.

Results have been calculated and listed for all impact
categories. However, the interpretation of results is limited to
relevant impact categories. Special focus is laid on the climate
change impact category, since one of the goals of the project is
the reduction of the carbon emissions involved in the
production and delivery of beverage crates.

3.4. Data quality and handling of multi-functional processes

The study complies with the requirements, including data
quality and allocation hierarchies of ISO EN 14044. Moreover,
since the beverage crates are manufactured using recycled
materials, the environmental impacts of the recycled materials
are calculated using the circular footprint formula as described
in the PEF method. It must be noted that the PEF method
explicitly excludes the storage effect of biogenic carbon, but
this is presented here as an additional result, since it aligns with
the goal of the LCA.

3.5. Software and database

Sphera LCA For Experts (LCA FE v10.8.0.14) software has
been used to create the LCA model. The process data for
primary processes has been acquired from the relevant
manufacturing facilities. Some secondary processes have been
modelled based on literature data. Life cycle inventory (LCI)
datasets for background processes (materials, energy, etc.)
have been derived from the Sphera Managed Life Cycle
Content (MLC; content update 2024.1) databases and the
ecoinvent v3.8 database.

3.6. Assumptions and limitation

Since the LCI data for the production and transport of the
beverage crates, especially the transportation distances, is case-
specific, the results are representative only of the described
product system. The environmental burdens associated with
procurement of capital goods, infrastructure and equipment are

explicitly excluded from the scope of this LCA in line with the
PEF recommendations [3]. Primary data, where available, has
been used in inventory modelling. Data gaps are filled using
partly representative data from databases and literature.
Process specific assumptions have been detailed in the relevant
sections.

4. Life Cycle Inventory

4.1. Raw material acquisition and pre-processing

The biobased polyethylene (PE) used in the project is a
commercial product manufactured by the company Braskem
S.A. The LCI data for biobased PE production is available from
Sphera MLC and is used since it is closely representative of the
used material.

Maleic anhydride grafted polyethylene (MAH-PE) used as
a compatibilizer in the project is also a commercially available
product manufactured by the company BYK-chemie GmbH.
The LCI dataset is modelled based on literature data [5] so it is
not completely representative of the used material.

Biochar used in the project is also a commercially available
product and is manufactured by Novocarbo GmbH. The LCI
dataset is modelled based on LCI published in EcoBio for
biochar produced by MASH Makes [7]. Pigment Masterbatch
is modelled based on literature data [2]. These datasets are
closely but not fully representative for the used materials.

The recycled PE used in the project is made available by
Delbrouck GmbH, the crate manufacturer. It is the product of
mechanical recycling (shredding and washing) of the existing
crates as proof of concept. The LCI dataset is modelled using
the CFF described in Annex 1 to 2 of the PEF method [3] as
follows:

CFF = material + energy + disposal (N

Material = (1 - Rl)EV + Rl X <A X Erecycled + (1 - A)EV % %)
14

o Psou
+ (1 - A)RZ X <ErecyclingEoL —Ey x Q_t
P

Energy = (1 — B)R3 X (Egg — LHV X Xgp neat X Esg heat
— KHV X XER,elec X ESE,elec)

Disposal = (1 — R, — R3)E)

The values and descriptions of the variables of the CFF is
documented in Table 2. According to the manufacturer, the
beverage crates will be recycled again at the End-of-Life (EoL).
Hence, there is no proportion of the material that is used for
energy recovery so the energy part in the CFF has not been
implemented here. This process is closely representative of the
used material.

Table 2 Values and descriptions of the dimensionless variables in the CFF

Variable Value
Ry 0.8

Description
Proportion of material in input to the
production that has been recycled
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from a previous system (conservative
estimate based on information from
crate manufacturer)
Proportion of the material in the
product that will be recycled (or
reused) in a subsequent system
(conservative estimate based on
information from crate manufacturer)
The proportion of the material in the
product that is used for energy
recovery at End-of-Life
Allocation factor of burdens and
credits between supplier and user of
recycled materials (PEF default
value)
Os;, 0.9 Quality ratio for the recycled material
Q—p that enters the system (PEF default
value)
Qs,ue 0.9 Quality ratio for the material that
Q_p leaves the system and will be recycled
again (PEF default value)
Specific impacts per FU associated
with the production of virgin material,
in this case rHDPE, since the status
quo is manufactured using rtHDPE
Specific impacts per FU associated
with the production of recycled
material, in this case rHDPE
- Specific impacts per FU associated
with the EoL recycling of the material
used in the product
Specific impacts per FU associated
with the production of the virgin
material assumed to be substituted

R3 0

Erecycled -

ErccyclingEoL

E*, -

The transportation steps for raw materials have been
modelled based on PEF recommendations Annex 1 and 2,
hence the distances are not completely representative.

4.2. Production

The compounding process has been modelled by modifying,
based on primary data, the extrusion dataset available from
Sphera MLC. Hence, this process is completely representative
of the product system.

The injection molding process has been modelled based on
annual average data for injection molding crates from PE
material. All the input and output flows (material, energy,
internal recycling) and their respective values were measured
and made available (sensitive; cannot be disclosed) by the
manufacturer, Delbrouck GmbH. Hence, this process is
completely representative of the product system.

The transportation of crates to the filling point has been
modelled based on the transportation distance and the transport
fleet data (sensitive; cannot be disclosed) made available by the
beverage manufacturer, fritz-kulturgiiter GmbH. Hence, this
process is completely representative of the product system.

4.3. Use phase

The use phase is cyclical and comprises of the following unit
processes: Dbottling, warehouse, retail, warehouse, bottle
sorting, warehouse, and back again to bottling. These processes
take place at different locations, the transport distances and the
transport fleet data (sensitive; cannot be disclosed) has been
made available by the beverage manufacturer, fritz-kulturgiiter.

According to the PEF method, the processes in the use phase
can be differentiated into product dependent and product
independent processes. Product dependent processes are those
which are directly or indirectly influenced by the product
design while product independent processes are those which
have no relationship with the design of the product [3].

In the case of the use phase of the beverage crates, the
bottling (including washing), wholesale, retail, and the sorting
processes are product independent processes because the
design of the beverage crates has no impact on any of these
processes. Hence, these steps are excluded in the scenario
analysis results. The transportation steps, however, are
dependent processes since the weight of the beverage crate also
has an impact on the fuel consumption and the corresponding
emissions. Hence, these process steps are included in the
comparative LCIA as well as in the scenario analysis results.

The product independent processes are modelled in
accordance with the recommendations of the PEF using the
main function approach to calculate the standalone LCIA
results and are thus only partly representative of the product
system [3]. Bottling and washing process are modelled using
LCI data published in [1]. Wholesale and retail processes are
modelled based on PEF recommendations from [3] Annex 1
and 2.

4.4. End-of-Life (including product recovery and recycling)

The end-of-life of the crates is also modelled using the CFF
as described in equation (1). The specific values for the
variables are described in Table 2. The transportation distances
for disposal and collection are known from the re-manufacturer
of the crates. The End-of-life has been modelled using default
plastic recycling process (washing, sorting, and shredding)
available from Sphera MLC and ecoinvent. Since shredded
plastic (as opposed to granules) is used for manufacturing the
crates, the agglomeration process has been excluded. This
process is closely representative of the product system.

5. Life Cycle Impact Assessment

At the current phase in the project, the test crates have been
manufactured from the newly developed polymer compound
H3 using the same mold that is used to manufacture the status
quo beverage crates.

Results from stacking tests and deformation tests suggest
that the new beverage crates have higher impact and
compression strength. These results suggest that the newer
crates can be made with thinner walls to be at least 10 % lighter
than the existing crate whilst maintaining the same level of
performance (corresponds to the scenario compound H3 -
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10%). The status quo weighs 1760 g while the newly developed
crate weighs 1640 g. The results for this are calculated using
the EF 3.1 and the IPCC AR6 LCIA methods in the Sphera
LCA FE and are shown in Table 3.

Table 3 Cumulative LCIA Results using impact assessment methods EF 3.1
and IPCC ARG (Climate Change incl. biogenic Cabon)

Impact Category Unit %ts(t)us (CI_?;H _p]%léz()i
Acidification Mole of H+ eq. 1.77E-02 1.63E-02
Climate Change kg CO2 eq. 1.20E+01 1.12E+01
gﬂgaé?ozzﬁ?fzarbon) kg CO2 eq. 1.19E+01 1.09E+01
Ecotoxicity, freshwater CTUe 7.17E+01 6.66E+01
Eutrophication, freshwater kgPeq. 3.10E-04 2.68E-04
Eutrophication, marine kg N eq. 6.13E-03 5.65E-03
Eutrophication, terrestrial Mole of N eq. 6.25E-02 5.78E-02
Human toxicity, cancer CTUh 3.60E-09 3,30E-09
Human toxicity, non-cancer CTUh 1.04E-07 9.65E-08
Ionising radiation, human health ~ kBq U235 eq. 1.27E+00 1.17E+00
Land Use Pt 8.57E+01 7.94E+01
Ozone depletion kg CFC-11 eq. 4.16E-08 3.52E-08
Particulate matter Disease incidence 1.66E-07 1.52E-07
Photochemical ozone formation kg NMVOCeq. 1.59E-02 1.46E-02
Resource use, fossils MJ 1.83E+02 1.70E+02

Resource use, mineral and metals kg Sb eq. 6.35E-06 5.54E-06

Water use m?® world equiv. ~ 8.30E-01 7.50E-01

As shown in Table 3, the cumulative LCIA results for almost
all impact categories are lower for the newly developed crate
as compared to the existing crate. This can be attributed to the
fact that the newly developed crate weighs less than the existing
one. To further understand the LCIA results, the next section
presents contribution results as well as scenario analysis for
different compounds that were developed as a part of the
project.

6. Life Cycle Interpretation

To understand the LCIA results in detail, a contribution
analysis for the newly developed compound is performed so
that the contribution of different phases of the life cycle can be
understood. As a second step, scenarios are developed for
different product weights and polymer compounds developed
for the beverage crate to understand and compare the impacts
on the impact category climate change.

6.1. Contribution results

To analyze the results, especially for the impact category
climate change, both including and excluding biogenic carbon,
contribution results are presented in Figure 3. It can be
deducted from the contribution analysis above that the
contribution of the use phase of the beverage crates dominates
over the other life cycle phases. Thus, the weight of the empty

beverage crate is the first and foremost point of contention
when designing the beverage crates.

kg CO, eq./FU
0 2 4 6 8 10 12 14

Status Quo |
Compound H3-10% . _

Status Quo |
Compound H3-10% |} ]

carbon

incl. biogenic excl. biogenic
carbon

W Material Acquisition B Material Transport Production

m Use Phase m End of Life

Figure 3 Contribution results for climate change.

However, the impacts from the production phase and the
material acquisition phase are also rather significant, when
considered independent of the use phase impacts. Thus, it is
also important to select materials that have a lower climate
change impact and to find ways to reduce the climate change
impacts of the production phase.

6.2. Scenario analysis

The LCIA results for the relevant compounds which were
developed are presented as scenario results. The material
compositions of the different compounds in weight percentage
and the nomenclature are listed in Table 1. In Table 4 the
weight of the beverage is calculated as if it were to be
manufactured using the same mold as the existing crate but
using the newly developed compounds. This is done using the
specific densities of the compounds, measured according to the
DIN EN ISO 1183-1, and the measured weight of the existing
crate. Two additional scenarios where the weight of the crate
varies £10 % compared to the original crate are also included.
The LCIA results for the scenarios are statistically normalized
over the status quo as the reference scenario so that for all
impact categories the result for the reference scenario is always
100 %. The other scenarios are compared to the reference
scenario and the results are presented in Figure 4.

Table 4 Densities and weights of the crates for different scenarios

Density (g/cm?) Weight (g)
Status Quo 0.95 (measured) 1760 (measured)
Compound H3 0.98 (measured) 1822 (calculated)
Compound H3 -10% weight - 1640 (calculated)
Compound H3 +10% weight - 2004 (calculated)
Compound H5 0.98 (measured) 1819 (calculated)

Compound H6 0.97 (measured) 1805 (calculated)

The environmental impacts across most impact categories
for the compound H6 are higher than those for the other
compounds. The environmental impacts of the compound H6
for the impact categories acidification, marine eutrophication,
terrestrial eutrophication, and land use are significantly higher
than those of the other compounds. The reason for this is that
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compound H6 mainly contains biobased PE as opposed to other
compounds which mainly contain rHDPE.

The environmental impacts for other compounds across
most impact categories varies between +15 % of status quo.
The beverage crate with the lightest weight (Compound H3 -
10%) has the lowest impact across all impact categories, as is
to be expected, since the use phase contributes the most to the
impacts. For the impact category climate change including
biogenic carbon, the compound H6 has the lowest impact since
here the impact of storage of biogenic carbon is also
considered.

Scenario Results Normalized over Status
Quo for Selected LCIA Categories

(

200% 400%
Acidification

Climate change (excl. biogenic Carbon)
Climate change (incl biogenic Carbon)
Ecotoxicity, freshwater

Eutrophication, freshwater

Eutrophication, marine

Eutrophication, terrestrial

Ionising radiation,
human health

Land Use
Resource use, fossils
Water use

| Status Quo

Compound H3 -10%
® Compound H5

® Compound H3
® Compound H3 +10%
Compound H6

Figure 4 Normalized LCIA results for the compounds.

The newly developed crate is made largely from the same
material as the status quo, i.e., recycled PE. However, through
the addition of biochar as a filler for coloration, an innovative
biobased material, the climate change impacts can be reduced.

7. Assumptions and Limitations

Since the research is still ongoing, the results presented here
are not final. The results for the newly developed crates are
calculated based on the assumption that it weighs 10 % less
than the status quo. This assumption is derived by the technical
experts through rheological and thermo-mechanical testing of
the newly developed compound and the already produced test
crates. These test crates weigh slightly more than the status quo
but perform significantly better in thermo-mechanical testing.

The LCA compares the environmental impacts of existing
beverage crates made from rHDPE with newly developed
beverage crate made from innovative materials. In this context,
it is particularly important to note that the transport packaging
analyzed here primarily serves to protect the transported
beverages. The environmental impacts of these beverages may
be way higher than those of the packaging systems, but these
are not considered. It should be noted that for the material
biochar, the LCI is modelled using literature data and is thus,

not completely representative. Further, it should be
acknowledged that there exist gaps in the modelling and
characterizing approaches for biogenic carbon within life cycle
assessment methodology, especially the modelling and
characterizing the storage of biogenic carbon in products with
lifespans shorter than that of the characterization method, in the
case of GWP100 that translates to product lifespans shorted
than 100 years.

A prerequisite for achieving high rates of recycling is to
design crates that are easy to recycle, i.e., to design crates that
contain lowest amounts of additives, coatings, or pigments so
that these can be recycled mechanically multiple times before
they undergo chemical recycling or thermal downcycling.
Design for recycling is therefore an important issue but it has
not been assessed in detail in this LCA.

8. Discussions and Conclusions

The implementation of the CFF in the Sphera LCA FE
software, enables to test the sensitivity of various
dimensionless variables in the CFF formula, of which the
variable A, which is the allocation factor between two life
cycles, has the highest influence on the LCIA results of the
material. For instance, when a recycled material (rHDPE)
replaces a virgin material (HDPE), when switching the value
of A from 0.2 to 0.8, the GWP results change from 1.08 kg
CO»-eq/kg material to 0.78 kg CO»-eq/kg material. However,
in this case, recycled material replaces another recycled
material and a virgin material so, the differences in the cradle-
to-gate LCIA results of the recycled material caused by the
variable A are not very significant. The LCI data used for the
recycled HDPE is an ecoinvent dataset, while the LCI of the
EoL, is modelled using primary data from the manufacturer of
the crates.

Further, hotspot analysis through contribution results shows
that use phase is the most dominant phase, followed by
production, material procurement, EoL, and transport.
Although here, the results are only shown for the climate
change impact category, this pattern is found in all relevant
impact categories. This provides an idea as to what measures
can be taken and how much effect these measures would have
on the life cycle environmental impacts of the beverage crate.

In the last phase of the project, the goal is to produce at least
40,000 new crates using the newly developed compound and
the new geometry. Now, while the reduction of the life cycle
environmental impacts of one crate may not seem significant,
the overall reduction in the environmental impacts owing to the
production and use of 40,000 beverage crates will surely be
significant. The findings of this study are relevant to all the
stakeholders, including the public or the consumers of the
carbonated beverages in general. The comparison of the
environmental impacts of packaging systems, beverage crates
in this case, could serve as decision support to producers,
consumers, as well as policy makers.
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