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ABSTRACT

In this paper, the factors taken up in LCA studies comparing single-use to reuse are evaluated. Based on literature research, the
insight was obtained that there are many single-use vs. reuse comparisons that do not take into account the full picture of a reuse
system. These factors are defined and further explored using single-use/reuse system comparison case studies. A method to cal-
culate the impact of reuse systems and to compare it to single-use systems is presented in terms of equations based on the case
studies. The equations are used to show the relevance of taking up specific parameters using different input values. Significance

is shown for the following factors:

» Single-use components in a reuse system

« Constant factors in a reuse system

» Pool size compared to system size in a reuse system
e Loss percentage

With this method, several factors are taken up outside of LCA software in order to determine a break-even point or to understand
the trajectory of the system impact over rotations. Together with inventory reporting according to ISO 14040/14044 this can be
the basis for transparent reuse system impact calculations and its fair comparison to single-use system impact.

1 | Introduction

In the goal for a circular and climate-neutral world economy,
several plans and directions have been laid out in recent years.
In Europe these include, for example, the European Green Deal
[1] and the Circular Economy Action Plan (CEAP) [2]. To con-
tribute to reaching these objectives, the European Commission
proposed revising the Packaging and Packaging Waste Directive
(PPWD) into a regulation, as published on 22 January 2025 [3].
The packaging and packaging waste regulation (PPWR) has
the objective of ensuring that all packaging on the EU market
is reusable or recyclable in an economically viable way by 2030.
Individual countries are thereby also motivated to formulate

and execute their own implementations of such directives. As an
example, the Dutch circular economy (CE) policy targets a 50%
reduction of plastics made from fossil fuels by 2030. Another
goal in the PPWR is to significantly increase the use of reusable
packaging. In the Netherlands this is seen as one of the path-
ways to achieve this goal [4]. Companies and organizations are
considering the use of reusable packaging due to the upcoming
legislation and because packaging that is reused or refilled gives
the impression of being more sustainable than a single-use solu-
tion, whether true or not, due to there being less visible waste/
litter. To get insight into the environmental impact of single-use
packaging versus returnable packaging, Life Cycle Assessment
(LCA) studies are often used [5].
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Standards such as ISO 14040 and 14044 describe the guidelines
for how an LCA study must be conducted, in order to make com-
parative assertions (ISO 14025). Those comparative assertions
have been focused on single-use cases, which have led to guide-
lines for fair comparisons. The functional unit (FU), material
composition and country of origin have been identified as im-
portant LCA input stages and should be known to a similar level
for all products in the study [6]. This is the starting point for
LCA. However, in the case of reuse systems and comparison to
single-use systems, there are no additional guidelines. It is up to
the operative to determine the factors to consider in the system.

Thoden van Velzen and Brouwer [7] found that certain factors
are often not taken up in LCA (reuse) studies. These include,
for example, breakage/damage rates in reusable packaging sys-
tems, weight ratio of reusable vs. single-use packages, required
pool size to operate a reusable system and recycled content of
single-use packaging [7]. WRAP published concerns about fac-
tors often not taken up in LCAs of reusable packaging [8]. In
fact, these sources state that LCA comparisons of single-use
versus reusable systems compare systems with different fac-
tors without standards or guidelines within the ISO Standard.
This observation gives rise to the question of what is taken up in
reuse/single-use LCA comparisons, what commonly overlooked
factors are, what the differences are between comparisons, what
the impact of commonly overlooked factors is, and therefore
what factors and how they should be taken up in realistic and
transparent single-use to reuse system comparisons.

In this paper, several aspects of the single-use to reuse system
comparison are explored. Firstly, an overview is made of what is
often taken up in comparison studies of single-use versus reuse
and what is missing based on the mentioned sources. To under-
stand comparisons, reuse cases are presented, including formu-
las that use the potentially relevant factors for calculating the
environmental impact of the systems. Based on these studies,
the effect of several potentially relevant factors is explored. In
the end, an overview of the parameters that can influence an
outcome of a comparison study is presented. The possible use of
these insights and what this would mean for comparison studies
of single-use versus reusable items is discussed.

2 | Literature Study

In this chapter, the factors that are currently included in the
comparison between reuse and single-use LCA studies in pub-
lished papers are explored. Studies by Thoden van Velzen and
Brouwer [7], Bradley and Corsini [9] and Wrap [8] present var-
ious factors that are relevant to LCA studies and in comparing
single-use systems to reuse systems.

The relevant factors found in WRAP [8] are raw materials, en-
ergy in manufacturing, return rate, transport distances, pool
size, type of transport and recycled content as important im-
pact factors [8]. Other secondary factors with varying impact
according to the study are end of life in reuse packaging, recy-
cling location, type of energy mix, secondary and tertiary pack-
aging items, washing impact and repair of reusable packaging.
In addition to these factors, the factors that are often not taken
up in LCA studies found by Thoden van Velzen and Brouwer [7]

are breakage/damage rates in the reusable packaging system,
weight ratio of reusable vs. single-use packages, required pool
size to operate a reusable system and recycled content of single-
use packaging. Similarly, factors that influence the sustainabil-
ity of reusable packaging systems are reportedly, among others,
the recycled content, material type, weight, transport volume
ratio, distance, return, loss and breakage rates [9].

To test how and if these factors are present in LCA studies, a liter-
ature review was carried out on 18 papers dealing with packaging
LCA, for which the results are summarized in Table 1. This study
does not look at how the ISO standards are taken up in the studies.

2.1 | Literature LCA Study Findings

The parameters that are compared are taken from the pub-
lished papers: FU, use of single-use packaging items as ad-
ditional packaging to the returnable packaging, packaging
weight, country of origin with used energy grid, recycled con-
tent used, transport distance, vehicle load and end of life, fol-
lowed by the factors that are mentioned by Wrap and Thoden
van Velzen.

All studies present a FU, which is the foundation for how prod-
ucts are compared in a study. Additional single-use transport
packaging items are included in three studies. This can be a box
to transport reusable cups or bowls in or pallet straps and wraps.
The packaging weight is always included, sometimes based on
other literature studies, sometimes empirically obtained.

The country of production determines the energy sources for a
large part and is only addressed in half of the investigated stud-
ies. The energy grid mixture of a specific country or sometimes
specific factory greatly determines the global warming potential
and other impact categories because electricity can be gener-
ated from fossil energy (oil, coal, natural gas), renewable en-
ergy sources (wind, solar, geothermal, hydro) or nuclear energy.
Recycled content is not taken up in every study, partially because
it is, in specific cases, not available for the purpose. These values
are sometimes based on case studies, other literature studies or
assumptions. It becomes clear from Table 1 that the transport
distances are included in all studies but not always presented.
The analysis of the studies shows that the vehicle load is only
included in one of the 18 studies. End of life is always part of a
study and can be taken up in different ways, such as cutoff or
allocation (system expansion). The end-of-life scenario is, how-
ever, not always clear from a study. A large amount of products
is covered, but the data quality of the inventory used in LCA
studies is reportedly divergent [28], which is the same for the
studies in Table 1.

Reuse LCA studies are often of high complexity, which was also
reviewed in a study by Hann [29]. The study evaluates two LCA
studies on reuse systems compared to single-use systems. One
of the key points here was that the comparison is often made
between an optimal single-use system and a novel, suboptimal
reuse system [29].

As already mentioned by WRAP [8] and Thoden van Velzen and
Brouwer [7], a reuse system has factors that a single-use system
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does not have, such as washing, system transport, return rates
and losses, pool size and a product lifespan. Transport dis-
tances for transport in reuse systems are the same in every ro-
tation, which makes the impact a relevant factor for the impact
of a system [5]. These values are presented in only six studies.
Washing is an additional source of impact in reuse systems,
which is the same in every rotation, so not divided over the sys-
tem size. Many studies focus on the method of washing and
the impact of the methods, such as handwashing, dishwashing
and industrial washing. The focus may also lie on the transport
distance to a washing facility, which is in most cases either not
local to the reuse system or a fictive location. The pool size is
taken up in two studies, return rates are taken up in five stud-
ies, while lifespan is a factor included in 17 studies in different
ways. If single-use versus reuse system comparison is taken up,
it is included in different ways. Sometimes presented in a cu-
mulative impact over a certain number of rotations of the reuse
system, while other studies present the impact of one system
relative to the impact of another system. In most of the stud-
ies, the formulas used for calculating the outcome are not pre-
sented; often they are a black box.

In Table 1, an analysis of LCA studies in which return sys-
tems are compared with one-way systems is taken up. Points
that are mentioned are taken up, points that are clearly pre-
sented or discussed or that can be derived from the papers. If
a ‘—’ is taken up, this means no information about this topic
is presented.

It can be concluded on the basis of the researched studies that
there are differences concerning the factors that are taken up
in published comparison LCA studies. The analysis of the LCA
studies also shows that the way reuse systems are calculated is
not explicitly presented in many of the studies. To get insight
into the consequences on the outcome of comparison studies in
which certain factors are not included, several cases are anal-
ysed and the used mathematical equations are presented. This
is taken up in Chapter 3.

An enumeration of the parameters that are taken up in Table 1
in two parts as presented: (1) single-use transport packaging, (2)
weight of the item(s), (3) country of production, (4) recycled con-
tent, (5) transport distances, (6) vehicle capacity and (7) end of
life (EOL) in the first table, followed by (8) washing, (9) return
rate, (10) lifespan, (11) pool size, (12) losses method, (13) sensitiv-
ity study and (14) equation.

3 | Case Studies on Reuse Systems

Generally, reuse systems differ from single-use systems
in several aspects. A reuse system is circular, and after-use
steps, such as washing and transport, are required. A single-
use system, on the other hand, is linear, and the product is
disposed of after use. The products in the system also differ
because the design requirements are drawn up for different
functions—reuse packaging may need to be sturdier, and
other factors such as the materials used to fulfill the require-
ments can differ. A reuse system also needs different system
requirements, for example, washing, additional transport or
additional packaging.

Three case studies, in which single-use items are compared
with reusable items, are studied in more detail in the follow-
ing sections. This is done by presenting the case study and the
equations used in calculating the impact of a single use and a
reuse system. The focus is on the variables that influence envi-
ronmental impact, not issues like traceability or how the system
is organized. It is important to note that these equations are the
backbone of an Excel model. An equation is formulated to calcu-
late the impact of one rotation of one product.

3.1 | Case Study—Buckets

In the first case study, the FU is the packaging used to contain 10L
of water or one flower bouquet or plant. The intention of the assess-
ment was to understand if and where a break-even point occurs,
to use as a business case; therefore, the systems are assessed over
multiple rotations. The single-use and reusable products both are
a bucket, which is used to transport flower bouquets to a retailer,
with return transport divided over different routes (via flower
binder, growers or to storage). The impact of production (including
the production up to the distribution centre of the brand owner)
and transport in the system is calculated by LCA using cutoff for
EoL, based on the inventory information presented in Table 2
and Table 3. The outcomes of this are used in the system calcu-
lations presented below and the results in Section 4. The scope
of the single-use system is in Figure 1 and for the reuse system
in Figure 2. This case study does not include replenishment. The
losses that occur in the system are represented in the production of
new products in each rotation. The case studies in Sections 3.2 and
3.3 do include replenishment.

The single-use and reusable buckets are both made from PP. The
weight of the single-use bucket is 140g and of the reuse bucket
250g. In the single-use system, the buckets are sent from the dis-
tribution centre to the recycler. The reuse system is considered
a partial open-loop system, because it takes place in a retail set-
ting. However, these buckets are standardized and not meant for
consumer use, which is why the lifespan is high (and losses are
low). It is assumed that of the lost buckets (which is 2% of the
total), 50% is recycled and 50% is incinerated in both the single-
use and reuse cases. The section marked in the light-colored box
in Figure 2 indicates where the product rotation takes place.

The results of the LCA calculations are used as input in a calcu-
lation tool, to include the pool size, number of packaging items
in rotation and losses per rotation. Results of the system calcula-
tions are presented in Chapter 4. This case study does not include
replenishment. The losses that occur in the system are repre-
sented in the production of new products in each rotation. The
case studies in Sections 3.2 and 3.3 do include replenishment.

3.1.1 | Equation Used to Calculate the Impact of one
Single-Use Bucket

The equation for one rotation of one product in the single-use
system is presented in this section. The impact (pack) is com-
prised of: the production of virgin materials (vm), production of
the packaging (p), transport up to the retailer (£) and end of life
(eol). The percentage of recycled content (rc) is taken up to show
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the effect of this on the calculation. The impact of the production
of recycled materials is indicated by rm.

Packimpact=rcXxrm+ (1 —rc)Xxvm+p+t+eol (1)

3.1.2 | Equations Used to Calculate the Impact of one
Reusable Bucket

The equation below is based on the supply chain presented in
Figure 2 and is used to calculate the impact of one specific rota-
tion of one bucket in the reuse system with the parameters: pool
size (ps), packaging items in rotation (piir), loss percentage (1),
the impact of system transport (st), the impact of washing (w)
and the number of rotations ().

(vim+p+1t) X ps

Reuse system impact = + packimpact x I + (w + st
Sy: p plirxn p D ( )

@

This reuse system is an open loop system. The production, trans-
port and EoL of the new buckets to replace those lost from the
system is indicated by packimpact*l. The effect of losses on

return transport is not taken up in this equation. This is partly
due to the different scenarios that can occur, such as transport
directly to the retailer DC, to the brand owner or all the way
back to the flower auction.

3.2 | Case Study—Flower box

In the second case study, the FU is the packaging required to hold
fresh-cut flowers with a volume of approximately 130L. The in-
tention of the assessment is to understand if and where the ex-
isting reusable box system breaks even with the single-use box
system; therefore, the systems are assessed over multiple rota-
tions. The scope of the single-use system is in Figure 3 and that
of the reuse system is in Figure 4. The impact of the production
(including the transport to the distribution centre of the brand
owner) and end-of-life scenario of the box and transport in the
system is calculated by LCA using cutoff for EoL. This is based on
the inventory information presented in Table 4 and Table 5. The
outcomes of this are used in the system calculations presented
below and the results in Section 4. Compared to the previous case

TABLE 2 | Inventory information used in the LCA calculation for the packaging used in the single-use system: the single-use bucket.

Production Transport
Component Weight Material location Transport distance (km) EoL
Single-use 140 25% rPP Recycled EURO6 Material 50% recycling
bucket 75% PP content—RER transport: 351 50% incineration
Injection System

moulding—NL transport: 340

TABLE 3 | Inventory information used in the LCA calculation for the packaging used in the reuse system: the reusable bucket.

Production Transport
Component Weight Material location Transport distance (km) EoL
Reusable bucket 250 25% rPP Recycled EUROG6 Material 50% recycling
75% PP content—RER transport: 432 50% incineration
Injection System

moulding—NL transport: 621

Scope: single-use bucket system

X Energy
m Recycling recovery
A

Raw
materials

Flower
bindery

Bucket
production

Storage

Growers/
flower
suppliers

FIGURE1 | Supply chain of the single-use system for the bucket.
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Scope: reusable bucket system

Raw
materials

Energy
w okl
3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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FIGURE 2 | Supply chain of the reuse system for the bucket.

study, this study introduces tertiary packaging used in transport
for rotating the reusable products. Another difference compared
to the previous case study is the closed-loop system.

The single-use product is a corrugated board box and the reus-
able product is a corrugated polypropylene box. The corrugated
board box weighs 1.793kg, and the corrugated polypropylene
box weighs 1.875kg. The reuse system is a closed loop system,
in which all damaged boxes return to the box manufacturer in
France to be recycled and use the recycled material in the new
boxes produced to replenish the system. The reuse system takes
place between the brand owner location A and B and the final
retailer (trip 2 to trip 5). The section marked in the light coloured
box in Figure 4 indicates where the product rotation takes place.
For the single-use system, recycling is assumed to be the EoL sce-
nario. It is assumed that no washing of the boxes is necessary. In
both systems, tertiary packaging items (TPI) are required for the
transportation of the boxes, so extra material is used for the trans-
port and therefore must be taken into consideration in the com-
parison. Tertiary packaging is also required for return transport.

The results of the LCA calculations are used as input in a
calculation tool, to include the pool size, number of packag-
ing items in rotation, losses and replenishment in a specific
rotation.

3.2.1 | Equations Used to Calculate the Impact of a
Single-Use box

The equation for one rotation of one product in the single-use
system is presented in this section. The impact is comprised of
the production of virgin materials (vm), production of the pack-
aging (p), transport up to the retailer (£) and end of life (eol).
The percentage of recycled content (rc) is taken up to show the

Use of
Product

effect of this on the calculation. The impact of the production of
recycled materials is indicated by rm.

pack =rcxXrm+ (1 —rc)Xvm+p+t+eol ©)

3.2.2 | Equations Used to Calculate the Impact
of the Reusable box

The equations below are used to calculate the impact of a box
in a reuse system based on the case study in Section 3.2. The
included parameters are: pool size (ps), packaging items in rota-
tion (piir), loss percentage (1), the impact of transport in the sys-
tem ¢1 and ¢2345 and the number of rotations n. The impact of
production, transport and EoL of tertiary packaging is included
as well, for which there are three tertiary packaging items (¢p).
The number at which boxes need to be produced to replenish the
pool due to losses is the replenishment number (rn). The initial
pool size minus losses is the boxes remaining in the pool.

Where initial pool size > boxes remaining in the pool, the follow-
ing equation is used for impact calculations per box per rotation
after n rotations.

psx(rexrm+(1—rc)xvm+p+t)
piirxn @
+eolxl+(1+)xtl+tp+12345

impactl =

In the case where initial pool size=< boxes remaining in the
pool, the following equation is used to calculate the impact per
box per rotation after n rotations.

(rexrm+ (1 —rc)Xvm+p+t) X (ps+(ps—rn))
piirxn )
+eolxl+(1+1)xt1+tp+12345

impact2 =
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Scope - single-use box system
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FIGURE 3 | Supply chain of the single-use system for the corrugated cardboard box.

Scope - reusable box system
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FIGURE 4

This reuse system is a closed loop system. The transport of boxes
from the brand owner to the manufacturer is the transport re-
lated to the damaged boxes that need to be recycled, which is
indicated in the equations above by I*¢1. This is additional trans-
port to the transport included in the impact of the packaging
(pack) parameter.

3.3 | Case Study—Reusable Bottle

The reuse system in the third case study focuses on single-
use and reusable beverage bottles. The FU in this case study
is the packaging required to contain 1L of beverage. The in-
tention of the assessment was to understand if the reusable
system should be implemented based on a break-even point;
therefore, the systems are assessed over multiple rotations.
For this case, only pilots have been done. The impact of both
systems (including production, EoL and transport to the DC

E
TPl Recycling ReZir\;qeyry

| Supply chain of the reuse system for the foldable corrugated plastic box.

) Energy
TPI Recycling Recovery

of the brand owner) and transport in the system is calculated
by LCA using cutoff for EoL. This is based on the inventory
information presented in Tables 6 and 7. The outcomes of this
are used in the system calculations presented below and the
results in Section 4. The scope of the single-use system is in
Figure 5 and of the reuse system in Figure 6. The products
in this case study are slightly more complex, with additional
single-use components in a reuse system. Furthermore, the
difference with the previous case study is the high loss per-
centages and the very large weight difference between the
single-use and reusable products. Additionally, the single-use
system has an existing deposit return system (DRS).

The packaging used in the single-use system is a single-use
PET bottle and a single-use label and cap. The packaging
used in the reuse system is a reusable glass bottle (RGB) and
a single-use label and cap. The weight of the single-use PET
bottle is 32g, and the weight of the RGB is 933 g. Secondary
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packaging is included for both systems. Six single-use PET
bottles are grouped by shrink film that weighs 13 g. Six RGB
are grouped by an HDPE crate that weighs 1.3kg. The pack-
aging for one FU is comprised of the bottle, a cap, a label and
1/6th of the secondary packaging and a share of tertiary pack-
aging. Tertiary packaging is only included in the single-use
system, namely pallet wrap and a single-use big-bag for return
transport of the bottles.

The study assumes an open loop system, where damaged or lost
RGBs are assumed to be recycled and incineration is assumed
for the cap and label at end of life. Losses occur at the consumer;
additionally, damages occurring or detected at the filler are seen
as losses. Due to the losses, replenishment of the bottles rotating
in the system is required. The pallet load is relevant in this case
study as well. The weight of the bottle plays a role in the number
of bottles that can be transported per pallet. In this case, double
the single-use bottles can be transported on a pallet compared
to the RGB, resulting in double the transport for the RGB. The
section marked in the light-coloured box in Figure 6 indicates
where the product rotation takes place. The washing energy,

water and cleaning detergent consumption are presented in
Table 8.

The results of the LCA calculations are used as the input
in a calculation tool to include the pool size, the number of
packaging items in rotation, losses and replenishment per
rotation.

3.3.1 | Equation Used to Calculate the Impact of a
Single-Use Bottle

The equation for one rotation of one product in the single-use
system is presented in this section. The impact is comprised of
the production of virgin materials (vm), production of the pack-
aging (p), transport up to the retailer (£) and end of life (eol).
The percentage of recycled content (rc) is taken up to show the
effect of this on the calculation. The impact of the production of
recycled materials is indicated by rm.

pack=rcxrm+ (1 —rc)Xxvm+p +t+eol 6)

TABLE 6 | Inventoryinformation used in the LCA calculations for packaging components used in the single-use system: the bottle, cap, label and

shrink film and the tertiary packaging used in transport trips.

Production Transport
Component Weight Material location Transport distance (km) EoL
Bottle 32.5g 90% rPET, PET drying and EUROG6 Material 90% recycling
10% PET preform injection truck transport: 405 10% incineration
moulding—BE System
Blow transport: 275
moulding—NL
Cap 1.95g HDPE Injection EURO6 Material 100% incineration
moulding—DE truck transport: 1319
System
transport: 275
Label 0.377g Foamed PP Extrusion and EUROG6 Material 100% incineration
Printing - DE truck transport: 1390
System
transport: 275
Shrink film (per 6 13.52¢g LDPE Extrusion—BE EUROG6 Material 100% recycling
bottles) truck transport: 178
System
transport: 275
Trip 1 tertiary packaging
Tertiary packaging 100g LDPE Extrusion—RER EURO6 Material 100% recycling
- pallet wrap (per truck transport: 250
840 bottles) System
transport: 275
Trip 3 tertiary packaging
Tertiary 455.83¢g LDPE Extrusion—RER EURO6 Material 100% recycling
packaging—bag truck transport: 250
(per 380 bottles) System
transport: 275
12 Packaging Technology and Science, 2025
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TABLE 7 | Inventory information used in the LCA calculations for packaging components used in the reuse system: the bottle, label, cap and

crate.
Production Transport
Component  Weight Material location Transport distance (km) EoL
Bottle 933g White container Blow EUROG6 truck Material 100% recycling
glass (62.5% moulding—NL transport: 390
glass cullet) System
transport: 512
Cap 2.701g PP Injection EUROG6 truck Material 20% incineration
moulding—DE transport: 705 80% recycling
System
transport: 512
Label 0.890g Paper Paper EUROG truck Material 100% incineration
production— transport: 2027
DE, printing/ System
conversion—FR transport: 512
Crate (per 6 1321g HDPE Injection EUROG truck Material Assumed 60x
bottles) moulding—BE transport: 362 reusable, 100%
System recycling

transport: 512

Recycled
material

Tertiary
packaging
item

PET bottle
producer
Raw

materials
Component 1

Component 2

Secondary
packaging
Production

losses

Incineration

Energy
Recovery

FIGURE S5 | Supply chain of the single-use system for the PET bottle.

3.3.2 | Equations Used to Calculate the Impact
of the Reusable Glass Bottle

For the reusable bottle case study described in Section 3.3, the
equations described below are based on the supply chain as in-
troduced in Figure 6.

The equations below are used to calculate the impact of a bottle
in the reuse system with the parameters pool size (ps), pack-
aging items in rotation (piir), loss percentage at the consumer

owner DC

Tertiary
packaging
item

Retailer
DC

Brand

Retailer

:-: -:-T
Use of
Product

TPl Recycling TPl Recycling

level (cD), loss percentage due to damage detected at the bottler
facility (dl), the impact of washing (w) and the impact of the
system transport (¢123, t45, t6). The impact of the production
and transport up to the bottler facility and end of life of the two
single-use components c1 and c2 is added separately. If there
are additional single-use components to the packaging system,
they can be added similarly. The number of rotations (n) is a
variable parameter. The number at which new bottles need to
be produced to replenish the pool due to losses is the replenish-
ment number (rn).
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Scope: reuse (bottle) system
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FIGURE 6 | Supply chain of the reuse system for the reusable bottle.

TABLE 8 | Inventory information used in the LCA calculations for
the washing process of the RGB.

Process Amount per bottle
Electricity 0.00878 kWh
Water 0.3L
Detergent (caustic soda) 0.006g

Where pool size > bottles remaining in the pool, the following
equation is used for impact calculations per bottle per rotation
after n rotations:
1 (rexrm+ (1 —rc)Xvm+p+1t)Xps
Sl =
piirxn
+eol XLy o +cl+c2+w+1123+(1—cl) ™
X454+ (1 —(cl+dl))x t6

In the case where pool size =< bottles remaining in the pool, the
following equation is used to calculate the impact per bottle
per rotation after n rotations is calculated using the following
equation:

_ (rexrm+(1—re)Xvm+p+ )X (ps+(ps—rn))

B piirxn
+eolx 1y o +C1, 24w+ 1123+ (1—cl) ®
Xt45+ (1= (cl+dl)) xt6

rs2

The HDPE crate for the RGB is a reusable crate and is assumed
to last 60 rotations. It is only taken up in transport and for the
production of a pool size in the first rotation.

Brand
owner DC
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— Retailer
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This reuse system is an open loop system. The transport of
the bottles back to the filling plant is ¢4, t5 and t6, which is
decreased by the damaged or lost bottles with t45%(1-cl)
and (I-(cl+dD)*t6. These sections of the equation ensure
that the impact of the return transport does not include the
transport of lost or damaged bottles. It is assumed that the
lost or damaged bottles are recycled; this is excluded due to
the cutoff approach. If they were incinerated, the impact of
the incineration of the lost bottles should be included in the
equations.

3.4 | Trends in Equations—Is one Master Equation
Possible?

From the supply chains presented in Section 3 and the equa-
tions previously presented, it becomes clear that every reuse
system requires its own formulation of equations. There are
multiple similarities. Factors such as pool size and the produc-
tion of the product are divided over the number of packaging
items in rotation and the number of rotations. Factors such
as single-use components in a reuse system, transport in the
system, end of life due to loss, and washing are not divided
over the number of packaging items in rotation and the num-
ber of rotations. It is important to consider the meaning of the
parameters, such as what is included in the transport in the
system or in the impact number of a product. There are occa-
sionally other factors that need to be considered, such as addi-
tional (tertiary packaging) components or the location where
certain losses occur in the supply chain, and therefore their
related transport. This is, however, case-specific. Some of the
example cases do take those types of situations up to show
how it can be done.
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4 | Effect of Parameters

This section explores how the environmental impact of a reuse
system is affected by certain parameters, based on the case
studies and its equations introduced in Chapter 3 and findings
from literature research as in Table 1. The difference between
the types of parameters introduced in Section 4.1 is shown.
Previously mentioned factors that are evaluated are parameters
pool size, replenishment and losses included in this. An impact
difference or contribution of a component (of a packaging item
or system) to the total of >10% is seen as significant. If in this
paper an effect is called ‘significant’, this means with an effect
of more than 10%.

4.1 | Parameter Types

The type of parameters can be categorized as constant or
variable. The constant parameters are those that are based
on numbers calculated in life cycle assessment and are in-
dependent from the number of packaging items in rotation
and are constant in each rotation. These are parameters such
as washing, single-use components, transport in the sys-
tem, etc. The variable parameters are those that are divided
over the number of rotations. These are parameters such
as pool size, number of packaging items in rotation or loss
percentages.

In certain cases, it may be relevant to take up more parameters
in a tool or calculation, such as the weight of a product. The
impact parameters should be made available for this change
as well. Examples of parameters related to weight are system
transport, packaging impact and perhaps other factors such
as washing.

4.1.1 | Factors Distributed Over System

The impact of one product can be calculated by normal LCA,
taking up transport up to the first step in the system, raw ma-
terial production, conversion and end of life. System variables
such as pool size, number of packaging items in rotation, num-
ber of rotations and losses eventually determine the actual im-
pact of the production and EoL of the packaging.

The pool size is the number of packaging items in a system that
are initially produced to keep the system running for a certain
timespan, taking effects such as losses and peak moments into
account. In the conference report Environment and Packaging in
1992, a case of reusable packaging is shown from German Mineral
Springs. A standardized bottle from white glass of 0.7L with a
classic shape is used for packing water. Because of the high level
of standardization in the sector, 1.4 billion bottles are in circula-
tion. To sustain the returnable system, a total of 14 billion bottles
is necessary [30]. Bottles must be present at every station in the
system: at the filler, the supermarket and the consumer. To avoid
shortages or overcapacities, bottles are occasionally interchanged
in considerable quantities to other participating businesses. This
case description shows what quantities are sometimes needed for
a reuse system. The pool size is determined by factors such as de-
mand, loss rate and scale of the system, but also the size, weight
and storage time of the items. The pool size can sometimes be dif-
ficult to determine if a system is not yet in place. Calculations can
be based on the cycle time and peak volume [31]. However, this
paper does not focus on how pool size must be calculated. When
a system is already in place, such as for beer bottles [32], the reuse
number can be calculated more accurately.

The replenishment number is the point at which the remainder
of the pool is replenished. It is the number of products that is

otal pool (300 packaging items at the start)

Packaging items not

Packaging items in rotation
(200 packaging items)

in rotation (remainder
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(100 packaging items at

: the start)
Packaging
items produced
at once
(replenishment
of the pool)

After 1st
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After
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After
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FIGURE7 |

70 items

60 items

100 items

Schematic overview of replenishment.

Packaging
items
replaced

200 items 10 items

200 items

Packaging itemsin
rotation

Packaging
items lost

10 items 10 items

200 items

10 items 200 items 10 items

10 items 200 items 10 items

10 items 200 items 10 items

Packaging Technology and Science, 2025

15

85UB017 SUOWIWOD BAEa1D 3|edl|dde au Aq pauseAcb afe Ssjole VO ‘8sn J0 sa|nu Joj Areid 18Ul U AB|1MW UO (SUONIPUOI-PUR-SWIS)W0Y" A8 |1 Ale.q 1jpuljuoy/:Sdny) SUoNIpUOD pue swie | 8y 8es *[S20z/2T/S0] uo AridiTauliuo A8[IM ‘22002 S1d/Z00T 0T/I0p/wod Ao |1 Aeid 1 jpul|uoy/:sdny wouy pepeo|umod ‘0 ‘Z2ST660T



required to increase the pool size, for example, back to its start- influenced by the minimum order quantity or a certain number
ing level; see Figure 7. The pool decreases over time as the losses of products required to increase system size for peak moments.
in the system are replenished. The replenishment number can be In calculating the impact, this means that a number of products

TABLE 9 | Values used to illustrate the effect of RGB weight in four scenarios of the reusable bottle system.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Initial pool size 200 200 200 200
System size 100 100 100 100
Replenishment 150 150 150 150
Losses 4% 4% 4% 4%
Bottle weight (g) 9332 750 600 450

20riginal weight as presented in the inventory table.
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FIGURE 8 | The effect of bottle weight on the impact of the reusable bottle system.
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are produced again after a number of rotations. The impact of
replenishment is taken up in the impact of the specific rotation
and divided over all previous rotations.

The return rate is another parameter that is distributed over the
system, and it directly influences the rotation at which replenish-
ment occurs (and therefore the number of times it occurs within
the lifespan of a product). If the losses from a system are large,
then replenishment takes place more often and/or is larger in size.
Losses are also directly correlated to the impact of the end of life.

4.1.2 | Constant Factors per Rotation

There are certain parameters in a reuse system of which the
impact is constant over each rotation, and so do not depend on
the number of packaging items in rotation, pool size, number of
rotations or losses. These are impacts such as washing, system
transport and single-use components for a reusable packaging
item. Single-use components can be caps or labels used on bot-
tles and single-use secondary or tertiary packaging items used
in system transport.

An LCA study is one of the first steps in calculating the impact
of a reuse system. The factors mentioned above can already be
an indication in a system comparison between reuse and single-
use. For example, there will never be a breakeven point if the
impact of the single-use product is equal to or lower than the
impact of the constant factors in the reuse system. This can be
seen as a screening step.

4.2 | Effect of Weight of the Reusable Product

For the case study of the reusable bottle system (see Section 3.3),
the impact of the weight of the RGB on the possible breakeven

point is evaluated. Therefore, the four reuse system scenarios
are compared to the constant impact of the single-use system,
which is calculated as presented in Equation 6, with the input
presented in the inventory tables. Four scenarios are laid out,
for which the RGB weight is varied, but all other parameters re-
main constant. The scenarios are depicted in Table 9 below, and
the corresponding effect is shown in Figure 8. The impact of

TABLE 10 | Values used to illustrate the effect of pool size in two

scenarios.
Scenario Scenario Scenario
1 2 3

Initial pool size 200 400 100
Packaging items in 100 100 100
rotation
Replenishment N/A N/A N/A
Losses 13% 13% 13%

TABLE 11 | Values used to illustrate the effect of pool size in three
scenarios for the reusable box system.

Scenario Scenario Scenario
1 2 3
Initial pool size 200 400 100
Packaging items in 100 100 100
rotation
Replenishment N/A N/A N/A
Losses 5% 5% 5%
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scenario 2 compared to scenario 1 is a decrease of about 12%,
while the RGB weight decreases by 20%. The impact of scenario
3 compared to scenario 1 is a decrease of about 22%, while the
RGB weight decreases by 36%. The impact of scenario 4 com-
pared to scenario 1 is a decrease of about 30% while the RGB
weight decreases by 52%.

The RGB weight determines the impact in all transport stages,
the production of the packaging items in the pool and, to some
extent (but not taken up in the variables in Table 9) the lifes-
pan. The effects of lower RGB weight will, for example, posi-
tively affect the impacts of production and transport. However,
decreasing the RGB weight might also affect the quality of the

bottles in a negative way (e.g., by breaking more easily), leading
to a higher loss percentage in the supply chain and reuse system.
The possible change in pallet load due to changes in RGB weight
is not taken up in the results in Table 9 and Figure 8 below.

The RGB weight has a significantimpact on the impact of a sys-
tem, but in this case study it does not influence the breakeven
point because no breakeven point is found. However, in other
cases it may have a big impact on the breakeven and in which
rotation it occurs.

Product design and its related use are not taken up in this study,
apart from the evaluation of weight. Product and system design

GWP impact per bottle per rotation - pool size impact
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FIGURE 11 | The effect of pool size on the impact of the reusable bottle system.
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FIGURE 12 | The effect of pool size on the impact of the reusable box system.
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may, however, be important factors in the determination of the loss
and breakage rates or general lifetime of a (reusable) product [33].

4.3 | Effect of Constant Parameters Versus
Variable Parameters

The constant parameters are not rotation dependent. The rela-
tive contribution of the constants to the total impact of a rotation
is different per rotation, but the relative contribution does not
change much after a certain rotation because the reuse system
impact has asymptotic behaviour. This is illustrated in Figures 9
and 10 below. This effect is explained by the first part of the

Equation 2 in Section 3.1.2; ¥+2+0Dxps
piirxXn.

The top of the equation is the effect of raw materials, production
and transport for the pool size of the reuse system. The bottom
is the packaging items in rotation and the number of rotations.
It illustrates not only the pool size but also the distribution over
the number of rotations and the number of products in rotation.
Consequently, as the number of rotations increases, the impact
of the production, etc. decreases.

The impact of the single-use and reuse systems in the 1st and
7th rotation of the case study regarding flower boxes (see

TABLE 12 | Values used to illustrate the effect of replenishment in
three scenarios for the reuse system.

Scenario Scenario Scenario
1 2 3
Initial pool size 200 200 200
Packaging items 100 100 100
in rotation
Replenishment 150 Direct N/A
Losses 13% 13% 13%

Section 3.2) is presented in Figure 9. The impact of the tertiary
packaging in the reusable box system (includes raw materials,
production, EoL) is 16% in the first rotation, but 35% in the 7th
rotation. The differences in reuse system ‘constant’ impact re-
late to the losses, because transport or tertiary packaging for
lost products is not taken up. Overall, the impact of the reus-
able box in the 1st rotation is 57% higher than the impact of the
reusable box in the 7th rotation, and the impact of the tertiary
packaging is constant. However, the relative impact of tertiary
packaging is higher in the 7th rotation, because the impact of
the production of the reusable box is divided over the number of
rotations and the system. In this specific case, the GWP impact
of tertiary packaging on the total reuse system impact has a sig-
nificant impact.

The GWP impact of a virgin PP bucket per rotation in a reuse
system (see the case study in Section 3.1) is shown in Figure 10
below. It shows that the EoL, washing and transport are equal
for each rotation. Furthermore, the impact of the production,
conversion and related transport is divided over the system
and number of rotations. The differences between impact per
rotation become smaller as the number of rotations increases,
so if the washing and system transport impacts combined are
already higher than a single-use impact, the systems will never
break even. In this specific case, the rotation determines if the
impact of the constant factors is significant.

4.4 | Effect of Pool Size

The case studies for boxes (see Section 3.2) and bottles (see
Section 3.3) were evaluated to clarify the impact of the pool size.
For both systems, three scenarios are analyzed with pool sizes
of 100, 200 and 400 reusable items and 100 packaging items in
rotation. For the RGBs, the loss rate is set at 13%, whereas for the
boxes, the loss rate is 5%. An overview of the relevant parame-
ters is given in Tables 10 and 11. The reuse system scenarios are
compared to the constant impact of the single-use system, which
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is calculated as presented in Equation 3 (boxes) and Equation 6
(bottles), with the input presented in the inventory tables. The
corresponding results from the modeling are presented in
Figures 11 and 12, which show a sizeable influence of the pool
size in the initial stages.

The difference in losses between scenario 2 and scenario 1 (so a
pool size four times larger) decreases from approximately 95%-
42% over 16 rotations. The difference in losses between scenario
3 and scenario 1 (pool size two times larger) decreases from ap-
proximately 48%-21%. The breakeven point shifts from rotation
2 to rotation 4 depending on the pool size. In short, the size of
the pool has a significant difference on the impact of a reuse sys-
tem, and from Figure 12, it becomes clear that it can mean the
difference in the rotation at which breakeven with the single-use
system occurs. The total pool size has to be balanced to promote
the chances of breakeven.

4.5 | Effect of Replenishment

The approach for the calculations in case studies 3.1 (buck-
ets) and 3.3 (bottles) differs. They are both open-loop systems,
have a pool size, packaging items in rotation, losses, washing,

TABLE 13 | Values used to illustrate the effect of losses in three
scenarios of the reusable box system.

production and transport in the system. However, the replen-
ishment is taken up differently. Replenishment is taken up in
each rotation in the reusable bucket case study, where losses
from the system are produced in each rotation. In the RGB
case study, losses do occur every rotation, but the replenish-
ment of the pool is only taken up at the rotation where the
bottles remaining in the pool are below a certain number.
This essentially means that a larger number of products will
be produced at the same time than if the pool were to be re-
plenished each rotation. This difference was also explained in
Section 4.1.1.

The effect of the in- or exclusion of RGB replenishment scenar-
ios in Table 12 on the GWP impact in the reusable bottle case
is shown in Figure 13. Including it ensures that the system is
replenished at a certain rotation, depending on the loss per-
centage. The zig-zag behavior of the impact with replenishment
comes from the production of the lost bottles at the specific rota-
tion at which they are replenished. Excluding it ensures that the
pool is replenished at every rotation, which depends on the loss
percentage. The RGB scenarios are compared to the constant
impact of the single-use system, which is calculated as presented
in Equation 6, with the input presented in the inventory tables.

The equations used for scenario 2 that do not include replenish-
ment in an iterative manner are presented in equations 7 and
8 in Section 3.3.2. Compensation for losses is not included in
the first rotation, because the system does not require replenish-
ment before losses occur.

Scenario  Scenario  Scenario
1 2 3 Scenario 3 has no replenishment, in the sense that the losses are
Initial pool size 300 300 300 not compensated by the production, transport and end of life of
Packaging items in 100 100 100 new pac'kaglng tc.> replace tl?ose lost. As such, the equat.lon used
. for the first rotation (Equation 7) is used for the following rota-
rotation .
tions as well.
Replenishment 200 200 200
Losses 5% 2% 10% .It can be seen in Figure 13 t.hat the 1n.1pact of how repleglshrl?ent
is taken up does not result in large differences for the first eight
GWP impact per box - effect of losses
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FIGURE 14 | The effect of loss percentage on the impact of the reusable box system.
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rotations (< 10%). However, it does become significant from the
9th rotation onward, as it goes from 14% to 21% difference until
the 21st rotation. There is no significant difference between the
direct uptake of losses or replenishment.

4.6 | Effect of Losses

The effect of loss percentage is evaluated for the reusable boxes
case study. The impact of losses on the total impact of one box
based on the scenarios in Table 13 is shown in Figure 14. The
zig-zag behaviour of the impact is due to the rotation at which
replenishment occurs, which is related to the losses. The
reuse system scenarios are compared to the constant impact
of the single-use system, which is calculated as presented in
Equation 3, with the input presented in the inventory tables.

The difference in losses in scenario 3 from scenario 1 is below 1%
for the first four rotations; it increases from approximately 8%-12%
from the 5th to the 12th rotation and becomes significant after
the 12! rotation, where scenario 3 is 15-25% higher than scenario
1. It could mean that suddenly the single-use system has a lower
impact for a certain rotation after breakeven. Still, the downward
trend of the reuse system impact over rotations remains. It is clear
from Figure 14 that the higher the losses, the bigger the impact
of replenishment and of the total reuse system. Furthermore, the
rotation at which replenishment occurs can change the breakeven
point. The losses have a significant impact on the impact of a reuse
system and its breakeven to the single-use system.

5 | Conclusions

It can be concluded that the factors pool size and losses are
very relevant for the outcome of reuse/single-use system com-
parisons. Furthermore, various established parameters and in-
fluences on these systems are shown to be significant, such as
the single-use components in a reuse system or the weight of a
reusable product compared to that of the single-use product. In
many studies, these parameters are overlooked.

There is a section of the system (equation) that has an impact
divided over the number of packaging items in rotation and the
number of rotations, and a section of reoccurring impact in each
rotation. These need to be drawn up according to the specific
supply chain with details on open vs. closed loop and where the
losses occur. It is not possible to establish an equation that is
suitable in every case; it always depends on the factors taken up
and the supply chain.

The effect of fixed parameters such as weight can make the dif-
ference in breakeven point depending on the single-use system.
The differences shown in the example provided in Section 4.2
underline the importance of the weight of a reuse product. The
impact split presented in Section 4.3 shows that the impact of
system transport, washing and, if relevant, single-use packag-
ing items return every rotation to the same extent depending
on the system. The starting point of the impact of the reuse
system depends on the size of the pool. Section 4.4 shows that
pool size can make the difference in breakeven point. The
larger the pool, the higher the rotation where the breakeven

point will be reached. The impact can vary greatly, but this
depends on how the system is arranged and the number of
packaging items in the system. Replenishment is not found in
other studies. A difference of around 5% in the environmental
impact of a specific rotation in a reuse system can be caused
depending on how losses are taken up, by replenishment or
by every rotation. Losses can influence the rotation at which
breakeven occurs, as well as the environmental impact of one
specific rotation.

In summary, significance is shown for the following factors:

Single-use components in a reuse system
Constant factors in a reuse system

For a reuse system to breakeven these two factors
must be lower than the impact of the single-use system
(screening step)

Pool size compared to packaging items in rotation in a
reuse system —-must be in balance with demand.

Losses

A proposal is made for how the relevant factors should be taken
into account in reuse/single-use comparisons. Several factors
need to be taken up outside of LCA Software in order to deter-
mine a break-even point or to understand the trajectory of the
system impact over rotations. The equations presented in the
case study chapters are the basis of adjustments that need to be
made for system parameters. Together with inventory reporting
according to ISO 14040/14044 this can be the basis for transpar-
ent reuse system impact calculations and its fair comparison to
single-use system impact.

6 | Discussion

The literature review shows that reuse systems are often as-
sessed virtually, not based on research of a running system
from real life; the factors that play a role are not always over-
seen or predicted beforehand, as Palson shows. Moreover, sev-
eral factors are dynamic. Success in the market can determine
the throughput in the system, the efficiency and the efficient
use of transport means. When a system is set up, it is hard to
predict the throughput that is of importance for the calculations
beforehand. The number of trips of reusable packaging cannot
be forecast due to both the aforementioned aspects and the fact
that the durability is engineered and will have uncertainties.
If the choice is made to replenish broken packaging, the re-
plenishment rate cannot be predicted beforehand. The single-
use system can be used as a baseline to understand how the
reuse system needs to perform (regarding losses and pool size
compared to the number of packaging items in rotation); even
though the equations can be used for this, it is not part of the
study. Nevertheless, if comparisons between a single-use and
reuse system are made more often with a certain format, the
insight in practice will grow and assumptions can be based on
the specific figures, resulting in a better correlation to practice.

A tool in which the uncertain parameters can be adjusted with
LCA background data can help to provide insight and can be
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used as sensitivity analysis in LCA studies. It is important that
this tool is still transparent. It can be taken up in the LCA report
by describing the underlying equations.

For now, the system parameters are static. The calculations
would work best for systems that are already established,
whereas novel systems where, for example, a decrease of losses
throughout the life of the system (i.e., a loss percentage of 10% at
rotation 1 but only 5% at rotation 7 due to consumer acceptance
and other improvements) would require dynamic parameters
in the calculation tool. Future research could be on calculation
methods for reuse systems with dynamic parameters.

Not included in the equations is the environmental impact of the
age of the replaced products. This would show the environmental
impact from replacing new products, i.e., first-in first-out, com-
pared to products that have endured several rotations already.
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