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Abstract: The reliability and clarity of environmental assessments represent an important prerequisite
for measures towards the sustainable transformation of our economic system. Studies examining the
environmental performance of reusables are often used to derive arguments for and against their use.
Accordingly, it is important to have clarity about the influence of methodological decisions on the
results of such studies. This paper analyses possible approaches to the allocation of environmental
impacts of transport processes to reusable shipping packaging in the context of parcel deliveries.
A model was developed to conduct comparative analyses of carbon emissions (carbon footprint)
from the use of single-use vs. reusable shipping packaging and was subsequently applied to two
reusable shipping packaging systems currently available on the market. The results showed that using
different allocation models led to significant variations in the results for the carbon footprint of the
analysed packaging (single-use and reusable), while at the same time, the calculated environmental
break-even point in the comparison between the single-use and reusable options remained rather
stable. The results highlight the importance of a clear and standardized methodological framework
for the communication of footprint information for reusable shipping packaging. Moreover, for
determining the environmental break-even point, the results suggest that aspects like the comparison
scenario (i.e., the selection of the single-use packaging) are more important than the methodological
choice of the allocation model for transportation processes.
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1. Introduction

Until 2021, e-commerce in Germany and Europe has been showing continuous growth
for years—with growth rates well above ten percent between 2017 and 2021, which was
partly fuelled by the Corona pandemic [1-3]. In Germany, in 2021, the turnover in e-
commerce was EUR 99.1 billion [4]. In 2022 and 2023, the turnover in e-commerce dropped,
but it still remains above the pre-pandemic level, and a continuously strong market position
can be assumed for the future [4].

In line with the growth in e-commerce, there has been a significant increase in the
number of items sent by courier, express, and parcel (CEP) services; from 2014 to 2018,
the number of items sent in Germany increased by 740 million, which corresponds to a
growth rate of 27%. In 2021, the total number of items sent by CEP providers exceeded 4
billion [5,6].

Products sold in e-commerce are mostly packed in single-use shipping packaging,
which is disposed of upon receipt of the goods. This linear packaging system leads to a high
consumption of resources and corresponding amounts of waste: as described by Reitz [7],
in 2020, more than 900 kt of packaging waste was generated in e-commerce in Germany,
90% of which was cartons and boxes made of corrugated board. By 2030, forecasts assume
that packaging consumption will increase to just under 1500 kt [8].
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If the trend of steadily increasing resource consumption and corresponding amounts
of waste in this area is to be broken, innovative solutions at the logistics system level
and adjustments to business models will be required. A significant reduction in resource
consumption and waste as well as a reduction in greenhouse gas emissions can be achieved
by using reusable packaging instead of disposable (single-use) packaging [8-10]. To con-
tribute to the sustainable transformation of economic systems through the use of reusable
shipping packaging, studies are needed to assess their environmental performance—also in
comparison to single-use packaging—and thus provide a valid basis for targeted measures.

In addition to the analyses of the fundamental potential of reusable packaging that
demonstrate the environmental benefits of using reusable packaging in lieu of disposable
packaging, environmental assessments (particularly carbon footprint studies) of shipping
packaging are also carried out for the purpose of comparing packaging with each other and
communicating environmental product information. Comparative assessments of reusable
(and disposable) shipping packaging have been carried out frequently in recent times (see,
e.g., [9,11-15]).

Despite some methodological differences between the studies, there are some common
findings, such as the following:

e  The number of cycles achieved by reusable packaging is crucial for its environmental
performance.

e Transport contributes significantly to the total environmental impact of reusable pack-
aging and should be optimized to maximise environmental benefits.

e The impact of packaging production is relevant, but it is not the decisive factor,
particularly when a high number of use cycles is achieved.

The results of life cycle assessments (LCAs), carbon footprint studies, etc., are, however,
influenced by methodological choices. This needs to be considered when interpreting the
results, especially if these are used for communicating environmental information or claims
publicly. A comparison of absolute numbers, e.g., for the carbon footprint per use cycle
for a reusable packaging solution, is, however, hardly ever possible—even more so if
the communication suggests environmental preference over other products regarding
certain environmental aspects. Several standards in the 14,000 series of the International
Standardisation Organization (ISO) provide guidance in this regard [16-19].

ISO 14026 provides principles, requirements, and guidelines for communicating the
environmental footprint information of products. Besides referring to ISO 14044, ISO 14026
requires that footprint communications are based on studies conducted following Product
Category Rules (PCRs) in accordance with ISO/TS 14027 (development of product category
rules) [20]. Among other aspects, ISO/TS 14027 requires PCRs to include a definition of the
functional unit as well as of allocation rules which shall be applied.

While there are different methodological choices to be made that impact the results, for
shipping packaging, such category rules do not exist so far. And, while there is a common
understanding concerning the functional unit in LCA and carbon footprint studies of
shipping packaging—typically defined as one (or multiple) use cycles of the packaging
required to deliver a defined shipment ordered online to the final customer including
return of the packaging if applicable—regarding the allocation of the transport emissions
to the single parcel as well as allocation of environmental burdens between packaging and
product, there appears to be no common understanding. With the relatively new prEN
17837:2022 [21] “Postal Services-Parcel Delivery Environmental Footprint-Methodology for
calculation and declaration of GHG emissions and air pollutants of parcel logistics delivery
services”, first steps into the direction of standardizing environmental assessments for
parcel delivery are made, and conclusions for assessing packaging can be drawn. However,
this standard also allows for choosing between different allocation methods and does not
guarantee a comparability of calculations.

Against this background, in this paper, we investigate possible approaches to allocation
and assess the effect of the choice of allocation rules for single studies as well as for



Sustainability 2024, 16, 4723

3o0f14

comparing studies and using footprint information for communication. The following
questions will be addressed:

e  What allocation approaches can be derived from existing related standards and guide-
lines?

e How do different methods of allocating the environmental impacts (CO, emissions)
of transportation processes influence the environmental performance of reusable
shipping packaging?

e  How does the choice of the allocation method influence the results of comparative
studies of single-use vs. reusable shipping packaging?

e  What recommendations can be derived based on the results for the communication of
footprint information?

2. The Role of Transport and Possible Allocation Approaches

A relevant share of the total environmental impacts of reusable shipping packaging
results from transportation processes (see, e.g., refs. [8,9,11,22,23]). From the warehouse in
which the product is stored until it is ordered and shipped to the customer, different means
of transportation might be used. While the exact design of the transportation processes
might differ from case to case, in many cases, the transport can be divided into long-distance
transport, which typically uses 16/28/40 t lorries, and the last mile, which uses 3.5 t trucks.

The emissions from the transport processes comprise well-to-wheel emissions from
the use (and combustion) of fuel as well as pro rata consideration of vehicle manufacturing
and end-of-life and infrastructure use, with the latter being negligible in many cases.

In LCA and carbon footprint studies of shipping packaging, two subsequent steps
of allocation are required for the transportation processes: First, the total environmental
impacts (resulting from fuel consumption and emissions) of the transport processes need to
be assigned to the individual parcel (i.e., the packaging and the product). This is necessary
since irrespective of the transportation being long-distance or last mile, usually more than
one parcel is transported on the same vehicle. Second, transports represent co-processes in
which two services are provided, namely

1.  Transport of the product;
2. Transport of the packaging.

To conduct LCAs/carbon footprint studies of the packaging, it is therefore necessary
to further allocate the environmental impacts (fuel consumption and emissions) of the
transport processes that have been assigned to the individual parcel in the first step between
the packaging and the product. The necessary allocation procedures are illustrated in
Figure 1:

In some studies [9,24,25] that assess reusable packaging, datasets from LCA databases
are used to model transport emissions, which quantify the emissions based on ton kilo-
metres (tkm), i.e., on the transported mass and the distance. However, such datasets
often assume a capacity utilization that is higher than is typically the case for parcel deliv-
ery [26,27] and allocate the emissions based on mass. In fact, the emissions from transport
are a combination of constant emissions which are independent from the load and emissions
which depend on (and increase with) the load [28,29].

In parcel delivery, particularly on the last mile, the capacity utilization is typically
significantly lower than the maximum load. The limiting factor here is not the mass of the
transported parcels but their volume and practical requirements of the delivery. Therefore,
a more differentiated modelling approach to calculate the total transport emissions seems
favourable.

To then allocate the total emissions to the single parcels and then between the product
and the packaging, different approaches can be considered.

General guidance on possible approaches is provided by the standards mentioned
above (e.g., ISO 14040/44). More specific guidance regarding the allocation of environ-
mental impacts of transportation processes between parcels (i.e., step one of the allocation
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procedure is described above) can be found in a recently published draft European Norm:
(prEN 17837:2022) “Methodology for calculation and declaration of GHG emissions and
air pollutants of parcel logistics delivery services” [21]. Regarding the second level of
allocation, a respective methodology has been developed in the context of LCAs of bever-

age packaging in Germany [28,29]. These approaches will be described in the following
sections.
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Figure 1. Two-step allocation procedure for assigning environmental impacts of the transport
processes to the packing.

Z
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3. Calculating GHG Emissions from Transportation Processes
3.1. Allocating Environmental Impacts between Parcels: prEN 17837:2022

The standard “Methodology for calculation and declaration of GHG emissions and air
pollutants of parcel logistics delivery services” (prEN 17837:2022) provides principles and
rules for the quantification, allocation, and reporting of environmental impacts related to
parcel logistics delivery services.

According to prEN 17837:2022 [21],

“The emissions shall be allocated to the parcels according to the clearly stated and justified
allocation procedure. The allocation of emissions from an operation towards the parcel
delivery service shall be representative and carried out in a manner that it reflects
the underlying physical relationships between them. Finally, the sum of the allocated

emissions to a parcel for a set of operation shall be equal to the emissions from the operation
before allocation.”

Different allocation procedures are proposed for operation processes and transporta-
tion processes. In the following, with regard to the research questions of this article, we
focus on the transport processes.

For transport processes, five approaches are proposed, of which two are “preferred
approaches”: one for long-distance (“trunking”) and one for last mile/first mile delivery.
These approaches are summarized in Table 1.
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Table 1. Allocation approaches outlined in prEN 17837.
Simplified Approaches Preferred Approaches
By number of packages Last mile: based on the number of stops on a tour
By volume Long distances: based on volume and mass
By mass

Different preferred allocation procedures are provided for long-distance and last-
mile/first-mile deliveries because it is recognized that the limiting factors impacting the
vehicles’ fuel consumption are different: It is argued that, for long-distance transportation,
weight and volume are the pertinent factors influencing fuel consumption and thereby the
environmental impacts because the volume of the parcel influences the loading limit of
the vehicle and the latter has a direct impact on fuel consumption. For pick-up/delivery
on the first/last mile, the number of stops is assumed to be the main factor influencing
fuel consumption. This could be a suitable approach for (possibly comparative) carbon
footprint calculations of delivery services, but for the focus of this study, which is on the
assessment of (single-use and reusable) packaging (which should be independent from the
number of stops), this approach is not suitable.

Furthermore, for long-haul transportation, an approach to allocate emissions between
parcels and other cargo as well as combined passenger and cargo transportation is proposed
based on the share of mass of parcel to the other cargo transported. However, this is not
relevant in this study as it is assumed that only parcels are transported.

3.2. Allocation between Packaging and Product: Learnings from Beverage Packaging

Transportation is a co-process, since the product under investigation is transported
together with another product, the packaged good. Against this background, the minimum
requirements for LCAs of beverage packaging developed by the German Federal Environ-
ment Agency stipulate that only the share of the environmental impacts of the packaging,
but not the share of the packaged good are to be taken into account in LCAs that focus on
the packaging [28]. Accordingly, including the impacts of the packaged good would be an
expansion of system boundaries that is not in line with an attributive approach to the LCA
of a packaging system [28].

Following this logic, only the environmental impacts caused by the presence of the
packaging should be considered in the context of a LCA that focusses on the environmental
impacts of transport packaging.

It is further important that a corresponding allocation procedure considers that there is
no linear relationship between the transportation of the packaging and the environmental
impacts resulting from the transport process. Due to its individual nature (e.g., volume,
shape), a package can result in the same number of goods having to be transported on
more vehicles. However, such an effect is not considered when the results are scaled up or
down based on ton kilometres (tkm).

One example for an allocation method that meets these requirements and at the same
time considers the packaging-related degree of capacity utilization of the means of transport
(e.g., truck, container, etc.) is the method used in the study “Life Cycle Assessment for
Beverage Packaging II” [29]:

Within the scope of the method, the individual degree of utilization of the vehicle as
well as the share of the transported product and the packaging system are determined. In
the case of a packaging-related underutilization, mathematically, more vehicles are driving
to transport the same number of products. As a result, the environmental impact attributed
to the packaging system is higher. This approach tends to result in a larger proportion of
the transport loads being transferred to the transported goods in the case of light packaging
systems, while a higher proportion of the loads is assigned to the packaging in the case of
heavier and small-volume systems.
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The starting point for the method is the division of the environmental impacts (fuel
consumption and emissions) into the constant, load-independent share for the transport of
the empty vehicle and the load-dependent share for the transport of the vehicle’s payload
(which is equal to the additional load caused by loading of the vehicle) (cf. Figure 2).

A }Emissions depending on load
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Figure 2. Load-dependent and load-independent emissions.

Whereas the allocation between the packaging and the transported good of the load-
dependent portion is “simply” carried out based on mass proportions, since the additional
load is caused by the mass of the payload, the allocation of the environmental impacts of
the load-independent share is performed based on causality. This means that it is calculated
according to which proportion of the load-independent share is caused by the presence of
the packaging.

In this regard, hypothetical optimal packaging is assumed as an alternative, under
the use of which the payload of the transporting vehicle is fully utilized with the product.
The environmental load to be assigned to the packaging system is then calculated based
on the difference between the environmental load of the actual system (i.e., transport with
load) and the hypothetical ideal case. The environmental impact of the ideal case, on the
other hand, is attributed to the product (for a detailed description of the allocation process,
see [29]).

4. Approach

In order to assess the impact of different allocation approaches on the environmental
impacts of shipping packaging, a model was developed to conduct comparative analyses
of carbon emissions (carbon footprint) from the use of single-use and reusable packaging.

For this purpose, different single-use shipping packaging was compared with suitable
reusable alternatives. The modelling of reusable packaging is based on two currently
available systems that are already in use on a small scale:

e A flexible reusable plastic bag (“hey circle bag”);
e A reusable plastic box (“hey circle box”).

Within the definition of the product system to be analysed, the methodological re-
quirements of pr:EN 17837 were slightly adapted in line with the defined goals of this
study:

Only direct and indirect emissions from transportation processes are included (well-
to-wheel). Location operation processes (“Location Operation Categories (LOCs)”) and
other indirect emissions are outside of the scope.

The following transport operation categories are considered:

e Transport of (reusable or single-use) packaging from production (of packaging) to
central hub/e-commerce retailer.
Mode: ship and lorry.

e  Transport of parcel from central logistic hub to (regional/processing) hub (“trunking”).
Mode: large lorry.

e  Transport of parcel from (regional /processing) hub to delivery depot (“processing”).
Mode: medium size lorry.
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e  Transport of parcel from delivery depot to consumer/parcel station, etc. (“last mile”).
Mode: small size lorry.
e Transport of empty (reusable) packaging back to central hub/e-commerce retailer.

To model emissions from transport, process parameters need to be defined, including
the

Mode of transport;

Type of vehicle (lorry);

Type and consumption of fuel(s) per trip;

Distance travelled per trip;

Number, weight, and volume of parcels transported in a leg (trunking);
Number of parcels delivered and number of stops during a round trip (last-mile
delivery);

Weight and volume of parcels catered during a round trip (last mile-delivery);
Load factors of vehicles;

Vehicle capacity (volume, weight);

Empty distances.

Different parameters that were needed for allocating emissions between parcels were
approximated based on other studies [5,8,23,30-34]. This includes, for example, vehicle
capacity in terms of volume and weight. Load factors were approximated based on publicly
available statistics by the German Federal Motor Transport Authority (KBA) [26,35]. The
average number of stops during last-mile delivery tours was calculated based on case
studies by the German Association of Courier, Express, and Package Service Providers
(BIEK) [5,30-34].

The reusable packaging analysed in the model was provided by hey circle. The hey
circle parcel delivery system deviates from the archetypal process flow described in prEN
17837:2022, so far as the parcel circulates between the consumer and e-commerce. Therefore,
considered transport processes only include processes starting from “trunking” to the “last
mile”.

Two packaging solutions from hey circle (bag and box) are compared to different
single-use packaging options. Table 2 provides an overview of the packaging options under
investigation:

Table 2. Packaging under investigation.

Packaging Type Mass Materials
Hey circle box Reusable 990 g >95% PP
Hey circle bag Reusable 82¢g >95% PP
Single-use bag Single use 35g PP, 50% recycled material
Single-use bag Single use 44 ¢ Paper (Kraftliner)
Single-use box Single use 353 g Cardboard, 80% recycled material

The primary data used in the study were provided by hey circle and their suppliers,
respectively. In addition, market data for parcel delivery from previously published
research were used [8,23]. The emissions from transportation were modelled using fuel
consumption data for the different means of transport under consideration in a designated
transport model. Background processes were modelled using datasets from ecoinvent v3.

The emissions from the manufacturing and end-of-life stages of the examined packag-
ing were calculated in a carbon footprint model, which incorporated background processes
from ecoinvent v3. Regarding the consideration of recycled content and recycling at end-of-
life, the guidelines of the Product Environmental Footprint (PEF) were followed [36,37].

This model was coupled with a specific transportation model, in which the transport
emissions for the depicted transport chain were calculated. Various approaches could
be chosen for allocating the emissions to the individual shipment and, ultimately, the
packaging. Table 3 summarizes the allocation models integrated in the model.
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Table 3. Allocation methods integrated in the model.

Step 1: Allocation of Emissions between Parcels Step 2: Allocation between Packaging and Product
EN 17837: by volume By volume
EN 17837: by mass
EN 17837: by number of parcels By mass

Calculation by tkm and based on packaging mass

The model provides the carbon footprint per use cycle and the environmental break-
even points for the reusable packaging under investigation for the selected allocation
method and the specific parameters defining the transport and the parcel.

Figure 3 provides an overview of the combination of the transport and packaging
model and lists the required parameter input(s).

e Mode of transport

e Type of vehicle

e Type and consumption of fuel(s) per trip

e Distance travelled per trip

e Number, weight and volume of parcels transported in a leg

e Number of parcels delivered and number of stops during a round
trip

e Weight and volume of parcels catered during a round trip

e  Product weight and volume

e Load factors of vehicles e Material composition
e Vehicle capacity (volume, weight) e Recycled share
e Empty distances. e End-of-life treatment

Parameter Input

Transport model Packaging model

Calculation of transport emissions Calculation emissions for packaging
For selected allocation methods: <3€'production and Eol following PEF formula.

Step 1: Allocation of Step 2: Allocation between
emissions between parcels packaging and product

EN 17837: by Volume By Volume s
EN 17837: by Mass O Bl ;,; Eopaga - £y x )
EN17837: by Number of By Mass R (B LY T B~ UV Xt B[ 1- 22 s o [

parcels
Calculation by tkm and based on packaging mass

-

Carbon footprint per use
&

Environmental
break-even-point

Figure 3. Model structure and parameter input.

5. Results
5.1. Carbon Footprint of Reusable Packaging Solutions

The carbon footprint for reusable packaging depends on the number of use cycles.
The carbon footprint consists of emissions that occur per use cycle and emissions from
packaging production and end-of-life stages, which are distributed over the number of
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use cycles. Relevant emissions per use cycle result from the transport processes to the
customers, and back to the e-commerce retailer or the reuse system, respectively.

The carbon footprint for the two assessed reusable packaging solutions depending on
the different number of use cycles is shown in the following table for the different allocation
methods and the calculation based on tkm, respectively.

Allocation of the emissions based on the number of parcels (i.e., each parcel is allocated
an equal share of the emissions) does not lead to meaningful results. Firstly, the differences
between the different parcels are neglected, which is not in line with the goals of this study.
Secondly, for the return trip (i.e., the transport of the now empty packaging), the high
emissions from allocation step 1 (equal distribution of emissions based on the number of
parcels) are 100% percent allocated to the packaging in step 2, as there are no more products
in the packaging. This is the reason for the high emissions shown in Table 4. Therefore, the
results from allocating based on the number of parcels are not included in the following
description of the results.

Table 4. Carbon footprint results. Results in CO, equivalents.

Step 1: Step 1: Step 1: Step 1: Step 1: Step 1:
Packaein Number of Volume Volume Mass Mass Number Number tkm
88 Use Cycles Step 2: Step 2: Step 2: Step 2: Step 2: Step 2: Approach
Volume Mass Volume Mass Volume Mass
15 36lg 414 ¢ 408 g 477 g 566 g 647 g 455¢
Hey circle 20 280 g 333 ¢g 326¢g 3% g 484 ¢ 566 g 373 g
b
ox 30 198 g 251¢g 245 ¢ 3l4¢g 403 g 484 ¢ 292¢g
5 8g 77¢g 84 g 76 g 303 g 290 g 75g
He}}; circle 10 54g 46 g 52g 45¢ 271g 259 g 43g
a
8 15 43 g 35g 41g Mg 260 g 248 g 32¢g

For the hey circle box, the results between the different allocation and calculation
methods differ between 30 and 60 percent, depending on the allocation/calculation method
and the number of cycles. For the hey circle bag, results differ between 10 and 20 percent.

The improvements of the carbon footprint, which can be achieved by increasing the
number of use cycles from 15 to 30 in case of the box, range from 34 to 45 percent. The
carbon footprint improvements resulting from increasing the number of use cycles from 5
to 15 in case of the bag range from 49 to 57 percent.

The calculation based on ecoinvent datasets for tkm (which is essentially a mass-based
approach) results in similar results as the other mass-based allocation approaches (in both
steps). For the latter, the emissions are slightly higher as the capacity utilization was
modified (i.e., decreased) to better reflect parcel delivery.

5.2. Environmental Break-Even Points

A key question for reusable packaging is how many cycles need to be reached to have
a better environmental performance—measured here as the carbon footprint—than the
replaced single-use packaging.

As the allocation based on the number of parcels does not lead to meaningful results
in this regard, this allocation method is not included in the following. Table 5 gives an
overview of the calculated break-even points for the different allocation methods.
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Table 5. Break-even point results.

Step 1: Step 1: Step 1: Step 1:
Packaein Compared Volume Volume Mass Mass tkm
gmg to Step 2: Step 2: Step 2: Step 2: Approach
Volume Mass Volume Mass
Plastic bag 49 - - - -
Hey circle ~ Paper bag - - - - -
box
Cardboard 10 11 1 12 12
box
Plastic bag 3 3 3 3 3
Hey circle  Paper bag 8 9 8 9 9
bag
Cardboard 1 1 1 1 1
box

The hey circle box aims at substituting cardboard boxes; however, plastic and paper
bags are included for completeness. Within the considered range, the reusable box is not
environmentally advantageous compared to the paper bag. In comparison to the plastic
bag, an environmental break-even point is only observed with one allocation approach—
allocation based solely on volume. Here, the reusable box becomes environmentally
advantageous after 49 cycles.

In comparison to the cardboard box, the various allocation approaches yield eco-
logical break-even points of 10 (based solely on volume), 11 (based on volume/mass,
mass/volume), and 12 (based solely on mass as well as on tkm).

For the comparison between the reusable bag and the disposable plastic bag, all
considered approaches result in a break-even point of 3. Compared to the paper bag, the
required number of cycles ranges from 8 to 9; in comparison to the cardboard box, the
reusable bag is environmentally advantageous—already after the first cycle—regardless of
the chosen methodological approach.

6. Discussion and Conclusions

Based on existing standards, different allocation methods were identified and applied
for allocating transport emissions to individual parcels as well as between the packaging
and the product. This was carried out in two steps, as outlined in Table 3. In addition,
a calculation using a process calculating emissions based on the transport performance
in tkm was performed. Hereby, it could be demonstrated which types of conclusions
regarding the environmental performance of reusable shipping packaging strongly depend
on the choice of allocation methods and which statements are largely unaffected by alloca-
tion methodology. Thus, a contribution was made to further develop the environmental
assessments of shipping packaging, aiming to provide an even more valid basis for making
decisions regarding the promotion of reusable packaging in the context of the sustainable
transformation of our economic system.

As described above, allocation based on the number of parcels (i.e., each parcel is
allocated an equal share of emissions) does not lead to meaningful results—at least not if
all transported shipments are not identical—which will not be the case in reality, especially
regarding the return transport of emptied packaging. Firstly, in this allocation approach, the
differences between the different parcels are neglected, which is not in line with the goals
of this study. Secondly, for the return trip (i.e., the transport of the now empty packaging),
the relatively high emissions allocated to the empty packaging in allocation step 1 (equal
distribution of emissions based on the number of parcels) are 100% percent allocated to the
packaging in step 2, as there is no more products.

Regarding the other allocation approaches under investigation, the packaging carbon
footprint calculated for different numbers of use cycles differs significantly. This shows
that the results calculated using different approaches for allocating transport emissions are
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not comparable. As the carbon footprint is a figure frequently used in communications by
providers of reusable shipping packaging [38—40], either to be reported directly as a product
carbon footprint or to calculate potential greenhouse gas savings for the packaging user,
this underlines the necessity for a clear and standardized methodological framework for the
communication of footprint information for reusable shipping packaging or—at least—for
transparency when reporting environmental information such as the carbon footprint. The
necessary transparency must include relevant process parameters that influence the carbon
footprint. These include, in particular, the transport parameters such as distances, means
of transport, and capacity utilization. Further relevant factors are the diversity and type of
other parcels in the delivery, the transported product (weight, volume), and the potential
opportunity for reusable packaging to reduce its volume for return shipping (foldable
packaging).

During the delivery of identical parcels, all assessed allocation methods lead to the
same results. However, in reality, a variety of different parcels are transported together.
If a study aims at, for example, comparing different means of transport, ignoring these
differences and assuming identical parcels can be justified. If studies aim at analysing and
comparing the carbon footprint (or environmental performance) of different packaging
types, these differences cannot be neglected as parameters such as weight and volume are
crucial in this kind of assessment.

The assumption of a lightweight product can lead to higher emissions for the pack-
aging in the allocation. Conversely, a heavy product will be assighed more emissions in
allocation by mass. The same applies to large and small product volumes in allocation by
volume. At the same time, it is important to consider that (reusable) shipping packages
are generally intended for the transport of roughly defined products (in terms of weight,
volume, and protection requirements), which should be considered in the calculation.

For all examined approaches (except the allocation based on the number of shipments),
arguments can be found; the explanations in Section 2 should be considered. For example,
allocation by volume can be justified by the fact that volume is the limiting factor in delivery
traffic, and packaging that is volume-reduced or reducible for return shipping will perform
better in allocation by volume. Allocation by mass could be justified, among other reasons,
by the fact that a shipping package is primarily a means to an end and ideally should be
made as light as possible, which pays off in allocation by mass.

At this point, a specific recommendation for a particular allocation approach is in-
tentionally omitted. Instead, the differences should be highlighted, and it should be
emphasized that clear guidelines are needed for communicating footprint information. Ide-
ally, a process for developing product category rules should be initiated. These rules would
need to provide clear guidelines on the methodological framework, including the allocation
rules to be applied, and take into account the relevant standards [18-20] to achieve a better
comparability of calculations from different stakeholders. An unrestricted comparability
of carbon footprint results cannot be guaranteed even with detailed standards, as the
influence of specific parameters, data uncertainties, database choice, etc., is too significant.
However, methodologically induced deviations under otherwise identical assumptions
and settings, as investigated here using various possible allocation methods, can be elim-
inated through appropriate rules. At a minimum, increased transparency regarding the
methodological background of carbon footprint results for shipping packaging should be
established promptly. Such an increase in transparency could help to avoid misleading
communication of the relevant information in the short term.

When comparing single-use and reusable packaging, the influence of the chosen al-
location approach on the results is significantly smaller. The differences in terms of the
break-even point required for environmental advantage are relatively small, with a maxi-
mum of 1-2 use cycles. Overall, all considered approaches tend to yield the same results,
indicating a consensus on the range of the required number of use cycles. This suggests
that both for an internal company analysis aiming at environmental process optimization
and for external communication, the choice between the examined allocation methods—
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each applied to reusable and single-use packaging—is not crucial. The extent to which
and when reusable packaging becomes environmentally advantageous can be quantified
with only slight deviations when using all the examined approaches. For determining the
environmental break-even point, it is more important to choose the comparison scenario
(selection of the single-use packaging considered in comparison) well, and to gather the
other parameters such as transport distance as accurately as possible, as these can indeed
have an influence [9,22]. Transparency regarding these key assumptions (distances; re-
placed single-use packaging) would also contribute to improving the comprehensibility of
communicated carbon footprint information in this context.

Considering the scientific discourse on the environmental advantages of reusable
shipping packaging, as well as reusable packaging in other fields of application, it can be
observed that the influence of methodological settings, such as allocation procedures, is
sometimes insufficiently considered. While assessments of the fundamental environmental
advantages, relevant parameters, and ecological break-even points, e.g., [20,24,25,41-43],
are less affected by the methodological choices examined in this study, statements about
absolute emissions or potential absolute emission savings, e.g., [24,25,41,43-45], need to
be critically reflected upon regarding the methodological settings. In future studies, it
seems necessary to pay more attention to the choice of the allocation method, be aware
of its influence on the absolute carbon footprint results, and ensure transparency in the
methodological descriptions.
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