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Globalization and urbanization are causing food supply chains to become longer and more com-
plex, while current systems are contributing to global warming and the overuse of natural resources.
As a result, reducing the environmental impacts of packaging and critically examining them is an
important goal in the transition toward a circular economy and more resource-efficient supply chains.

This study examines the environmental impacts generated during the life cycle of two types of
secondary packaging and compares them using life cycle assessment (LCA). The study compares a
reusable plastic crate (RPC) and a single-use corrugated cardboard box (CCB) for transporting ba-
nanas from South America to Central Europe. The supply chain includes automated distribution cen-
ter handling of the products, which places demands on the secondary packaging. The aim of this
study was to identify the factors influencing the environmental impacts of secondary packaging in the
supply chain and to compare the selected secondary packaging options. Another purpose of the study
was to determine how the number of reuse cycles of a reusable plastic crate affects its environmental
impact and how many times the plastic crate must be used for it to be more environmentally friendly
than a corrugated cardboard box.

The results of the life cycle assessment showed that, across all selected environmental categories,
the reusable plastic crate has slightly lower environmental impacts compared to the corrugated card-
board box. The carbon dioxide emissions from the plastic crate are 5% lower than those from the
corrugated cardboard box. However, the differences are small, indicating that both packaging solu-
tions can be environmentally competitive depending on the circumstances and the system. According
to the results, the plastic crate must be used 10 times for it to be a more environmentally friendly
secondary packaging option than the cardboard box. For both secondary packaging options, most
carbon dioxide emissions occurred during the use phase due to long intercontinental transport at
controlled temperatures. Reducing the environmental impact of the transportation phase affects the
environmental impact of the entire supply chain.

Based on the results, it can be concluded that despite the higher weight of plastic crate, it is a
competitive option for secondary packaging even for long transport distances. The strengths of the
plastic crate include efficient return logistics enabled by its foldability and the material’s durability
under various conditions. The properties of plastic remain unchanged, for example, when exposed to
moisture, and it retains its performance throughout the supply chain, making it well-suited for auto-
mated handling processes.

The study shows that reusable packaging systems are competitive option when reuse rates are
high and logistics are efficient. At the same time, the results emphasize that environmental impact
assessments must consider the entire supply chain and all its stakeholders to identify the system that
is most beneficial for the environment.
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Globalisaatio ja kaupungistuminen aiheuttavat ruuan toimitusketjujen pidentymisen ja monimut-
kaistumisen saman aikaisesti, kun nykyiset kdytdssa olevat jarjestelmat johtavat globaalisti iimaston
[dmpenemiseen ja luonnonvarojen ylikayttéon. Taman seurauksena pakkausten ymparistdvaikutus-
ten vahentaminen ja kriittinen tarkastelu on tarkea tavoite siirryttdessa kohti kiertotaloutta ja resurs-
sitehokkaampia toimitusketjuja.

Tassa tyossa tarkastellaan kahden sekundaarisen pakkauksen elinkaaren aikana muodostuvia
ymparistdvaikutuksia ja vertaillaan niitd kayttden elinkaariarviointia (LCA). Tydssa vertaillaan uudel-
leenkaytettavaa muovilaatikkoa ja kertakayttoistd pahvilaatikkoa kuljettamaan banaaneita Etela-
Amerikasta Keski-Eurooppaan. Toimitusketju sisaltda automatisoidun jakelukeskuksen kasittelyn
tuotteille, ja se asettaa vaatimuksia sekundaariselle pakkaukselle. Tyon tavoitteena oli 16ytaa, mitka
tekijat vaikuttavat sekundaaristen pakkausten ymparistdvaikutuksiin toimitusketjussa seka vertailla
valittuja sekundaarisia pakkauksia. Tydn tavoitteena oli myds selvittda, miten uudelleenkaytettavan
muovilaatikon kiertonopeus vaikuttaa ymparistdvaikutuksiin ja kuinka monesti muovilaatikkoa pitaa
kayttaa, jotta se on ympariston nakdkulmasta parempi kuin pahvilaatikko.

Elinkaarianalyysin tulokset osoittivat, ettd uudelleen kaytettavalla muovilaatikolla on kaikilla vali-
tuilla ymparistokategorioilla hieman pienemmat ymparistévaikutukset verrattuna pahvilaatikkoon.
Muovilaatikon hiilidioksidipaastot ovat 5 % pienemmat kuin pahvilaatikolla. Erot ovat kuitenkin pienia,
mika osoittaa, ettd molemmat pakkausratkaisut voivat olla ymparistdén kannalta kilpailukykyisia riip-
puen olosuhteista ja jarjestelmasta. Tutkimuksen mukaan muovilaatikkoa taytyy kayttda 10 kertaa,
jotta se on ymparistdn kannalta pahvilaatikkoa parempi sekundaarinen pakkausvaihtoehto. Molem-
mille sekundaarisille pakkauksille eniten hiilidioksidipaastdja syntyi kayttdvaiheessa johtuen pitkista
mannertenvalisista kuljetuksista kontrolloiduissa lampétiloissa. Vahentamalla kuljetusvaiheen ympa-
ristdvaikutuksia saadaan vaikutettua koko toimitusketjun ymparistovaikutuksiin.

Saatujen tulosten perusteella voidaan todeta, ettd huolimatta muovilaatikon suuremmasta pai-
nosta, se on kilpailukykyinen vaihtoehto sekundaariseksi pakkaukseksi myos pitkille kuljetusmat-
koille. Muovilaatikon vahvuuksia ovat sen taitettavuuden mahdollistama tehokas paluulogistiikka seka
materiaalin kestavyys erilaisissa olosuhteissa. Muovin ominaisuudet eivat muutu esimerkiksi kosteu-
den vaikutuksesta ja se sailyttaa toimintakykynsa koko toimitusketjun ajan sopien hyvin automatisoi-
tuihin kasittelyprosesseihin.

Tutkimus osoittaa, ettd uudelleen kaytettdvat pakkaukset ovat kilpailukykyisia jarjestelmia, kun
kayttdaste saadaan korkeaksi ja logistiikka tehokkaaksi. Samalla tulokset korostavat, ettd ymparisto-
vaikutusten arvioinnissa on otettava huomioon koko toimitusketju kaikkine osapuolineen, jotta ympa-
ristdn kannalta suotuisin jarjestelma 16ydetaan.

Avainsanat: elinkaariarviointi, LCA, sekundaaripakkaukset, toimitusketju
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1. INTRODUCTION

1.1 Background of the study

Global challenges such as climate change, the overconsumption of natural resources, and
population growth present challenges that require a comprehensive review of existing sys-
tems. Food production and logistics chains play a particularly central role, as they consume
significant amounts of raw materials, energy, and other resources. Nevertheless, food sup-

ply chains are essential for fulfilling human energy needs. (Poore & Nemecek 2018)

Food production uses significant amounts of pesticides and fertilizers, which have impacts
on the air, soil, and water, as well as risks to entire ecosystems and human health. From an
environmental perspective, it is particularly harmful when, food fails to reach consumers
despite the significant resources invested in its production, processing, and transportation,
and is instead spoiled or discarded at some stage of the supply chain. The Food and Agri-
culture Organization of the United Nations (FAQO) has estimated that up to one-third of food

produced for human consumption is wasted. (Wohner et al. 2019)

Reducing food waste is one of the United Nations (UN) Sustainable Development Goals
(SDG). SDG 12 includes target 12.3, which aims to reduce food loss along production and
supply chains, including post-harvest losses. (United Nations, n.d.) To achieve this goal,
packaging plays a crucial role in ensuring that products do not spoil or become damaged
even during long transport distances (Sasaki et al. 2022). The production of food and fresh
produce is often significantly more energy- and resource-intensive than the production of
the packaging itself. In supply chains, it is important to pay comprehensive attention to the
usability of packaging and how it meets the requirements of the entire logistics chain (Ko-
skela et al. 2014).

In the packaging sector, a product’s lifecycle is often short — typically just a few days or
weeks — and as a result, the volume of packaging waste is high. Production volumes are
also rising due to new applications and population growth. (Niessner 2022) Up to 40% of
plastic production is used for packaging, and the trend has not been reversed and conse-

quently, the packaging sector faces environmental pressure to turn the trend down. The



European Union (EU) has responded to this with stricter regulations. The aim of the regula-
tion is to promote the circular economy, reduce packaging waste, and increase reuse. In
August 2026, the Packaging and Packaging Waste Regulation (PPWR) will come into force,
emphasizing the reusability and recyclability of packaging, as well as the consideration of
the life cycle perspective in packaging design. The regulation puts pressure on companies
to evaluate their packaging solutions from an environmental impact perspective and com-

pare alternative options. (European Commission, n.d.-b)

To achieve these goals, it is crucial to combine the minimization of food waste in the supply
chain with the optimization of the environmental impact of packaging. Striking a balance
between these two yields the best overall environmental outcome (Sasaki et al. 2022). Pack-
aging solutions must be evaluated with consideration for material choices, logistics, usability

at different stages, opportunities for reuse, and end-of-life options.

Life cycle assessment (LCA) is a technique established by the ISO 14040 and I1ISO 14044
standards to better understand and address the environmental impacts of products. Life
cycle assessment examines the environmental aspects of a product and its potential envi-
ronmental impacts throughout its life cycle. It can help identify opportunities to improve the
environmental performance of products at various stages of the life cycle, support decision-
making and marketing, and assist in selecting relevant environmental performance indica-

tors or measurement methods. (ISO 14044)

1.2 Research questions and structure of the study

This thesis examines two types of secondary packaging on environmental point of view: a
single-use corrugated cardboard box (CCB) and a reusable plastic crate (RPC). The solu-
tions are compared throughout their entire life cycle by using life cycle assessment. The aim

of this thesis is to answer the following research questions:

- What requirements does the supply chain place on secondary packaging, and how

do the selected packaging solutions meet these requirements?

- What factors drive the environmental impacts of cardboard boxes and reusable plas-

tic crates across the life cycle?

- How does the number of reuse cycles of reusable plastic crates influence their envi-

ronmental sustainability compared to corrugated cardboard boxes?



The study is divided into six chapters. Chapters 2 and 3 are theoretical chapters that includes
literature review. Literature review provides the scientific and methodological basis for the
life cycle comparison of corrugated cardboard boxes and reusable plastic crates. It supports
the definition of system boundaries, functional unit, and environmental impact categories.
Chapter 2 includes supply chain and the role and requirements of secondary packaging
during the different stages of supply chain including long transportation distances and auto-
mated distribution centers. Chapter 3 focuses on the environmental impacts arising during
the product’s life cycle. Chapter includes previous studies on the field of LCAs of secondary
packaging. Chapter 4 includes the life cycle inventory (LCI) of the selected products. This
chapter presents the collected, calculated, and estimated data, as well as the sensitivity and
environmental break-even analyses conducted in this study. Chapter 5 presents the results
and analyses them based on previous research and reliability. Lastly, chapter 6, conclusions
consist of the main results and the future research recommendations that have arisen during

the study.



2. SUPPLY CHAIN AND SECONDARY PACKAGING

This section introduces the role of packaging in the supply chain. It first outlines the basic
structure of supply chains and automated distribution centers and then focuses on the spe-
cific role and requirements of most used secondary packaging — corrugated cardboard box
and reusable plastic crate. The focus of the chapter is on logistical and functional aspects.

Section 3 includes the environmental impacts during the package’s whole life cycle.

2.1 Food supply chains

Supply chain is a complex and flexible network comprising numerous business functions
and processes and the interactions between them. The supply chain includes activities re-
quired from procurement to logistics. The primary task of supply chain management is to
integrate business functions and processes into a coherent and efficient business operation
(Grant et al. 2023, pp. 7-8)

The food supply chain is a complex network that is vulnerable to various internal and exter-
nal disruptions. Various disruptions in supply chains, such as shipping delays or geopolitical
tensions, affect food availability, food security, public health, and prices. Food supply chains
play a key role in achieving several of the UN Sustainable Development Goals. For instance,
promoting responsible sourcing and reducing food waste are ways to achieve the goals of
SDG 12. (Sutar et al. 2025)

Food supply chains are affected by natural phenomena and environmental factors that can
be difficult to prepare for (figure 1). Natural disasters such as floods, wildfires, and earth-
quakes can destroy crops and cause significant damage to transportation infrastructure. As
a result of climate change, weather conditions are becoming more unpredictable, for exam-
ple prolonged droughts can weaken or destroy crops. Food supply chains also involve bio-
logical risks. Plant diseases or pests can affect the quality and quantity of crops. (Sutar et
al. 2025) In food supply chains the interconnections between different stages are strongly
linked to packaging performance. Packaging affect product protection, storage conditions,
transportation efficiency and waste generation. The choice of packaging can have an impact
on product quality and consequently on customer satisfaction. (Gao et al. 2026) This means
that decisions made at one stage of the supply chain may influence environmental and op-

erational outcomes at later stages.
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Figure 1. Food system activities and outcomes (Adapted from University of Melbourne,
n.d.)

Food supply chains have become more complex and longer in recent decades due to glob-
alization, high customer expectations and urbanization. Customers expect a wide selection
of high-quality and fresh products at the point of sale. As a result of urbanization, people are
moving to cities further away from areas where fresh produce is grown. This has an impact
on transport distances, the length of cold chains, the increase in suppliers and third-party
providers, and greater risks of making losses both of environmental and financial point of
view. (Priefer et al. 2016)

2.2 The role and requirements of secondary packaging in the sup-
ply chain
Packaging has been developed for different purposes, and the requirements vary depending
on the purpose. Primary packaging is the packaging that the consumer takes home. Sec-
ondary packaging usually combines small primary packages into larger ones, and its pur-
pose is to facilitate handling in the supply chain. Secondary packaging is not usually visible
to customers, but modern supermarkets today require fast restocking with minimal effort. As
a result, secondary packaging can be placed on display to customers as shelf-ready display
packaging. (Emblem & Emblem 2012, ch. 1.4) Secondary packaging influences not only
operational performance but also perceived quality and retailer image when it functions as
display packaging in fresh produce sections (Hult et al. 2019). Tertiary packaging is used to
move secondary packaging efficiently. Most common and widely used tertiary packaging is
a pallet. (Emblem & Emblem 2012, ch. 1.4) Hygiene requirements are higher for primary



packaging that is in contact with food products, but secondary and tertiary packaging are
not subject to such strict requirements (Bartolotti et al. 2026). Less strict requirements for
packaging also enable the use of recycled materials in the secondary packaging (Desole et
al. 2024).

The purpose of secondary packaging is to protect the product. Its primary purpose is to
ensure that the product is still usable at the end of transport and storage. Packaging protects
against vibration and various impacts during transport. Nowadays packaging has also other
benefits. It can share valuable information based on the information attached to the packag-
ing and it can also spread the image of the retailer or producer depending on its printing. In
the fresh food industry, packaging also protects against chemical and biological changes
and prevents contamination. The right type of packaging can prevent spoilage and increase
shelf life after harvesting. (Sasaki et al. 2022)

Secondary packaging has potential to improve transport efficiency. It is important that the
packaging can be stacked well to ensure that loads are as full as possible to reduce the
number of trucks required. Stacking also has an impact on shelf life and the amount of waste.
Boxes that do not stack well may break, and the products may be damaged and lead to
losses. In addition, poorly stacked piles may collapse during handling or transport, leading
again to product loss. (Wohner et al. 2019) Stable stacking can reduce not only the impacts

of transportation but also reduce losses.

Standardized packaging selection improves supply chain performance. It creates a basis for
efficient handling and transport systems, as it sets uniform requirements for supply chain
equipment. The dimensions of reusable plastic crates are based on the ISO 3394 (2012),
which specifies a dimensional module of 600 x 400 mm. The standard was developed to
optimize the economic efficiency of product distribution. Understanding the impact of pack-
aging throughout the supply chain requires cooperation and partnership across the entire
supply chain meaning manufacturers, transport, distribution centers, and retailers. (SFS
5352 2000) This provides a comprehensive understanding of the requirements for packag-

ing at all stages.

Secondary packaging is required to meet economic, environmental, and ergonomic require-
ments. Meeting these often requires compromises, and the requirements vary at different
stages of the supply chain. It has been found that there are paradoxes associated with pack-

aging, as a larger amount of packaging material can reduce waste and facilitate logistics



operations but at the same time, the amount of packaging waste increases, which is nega-
tive from an environmental perspective. (Palsson & Sandberg 2020) Consequently, packag-
ing design should not focus solely on minimizing packaging material use. Sasaki et al. (2022)
emphasized that reducing food waste and assessing environmental impacts are important

considerations when designing and manufacturing optimized packaging.

Reusable packaging is seen as a solution to issues such as constantly growing packaging
waste, plastic pollution, and greenhouse gas emissions. Packaging and Packaging Waste
Regulation (PPWR) defines reuse as follows:” any operation by which reusable packaging
is used again for the same purpose for which it was conceived” (Packaging and Packaging
Waste Regulation 2025/40, §3). Pooling companies are third-party service providers that
own and manage reusable packaging within a pooling system. Their role is to ensure that
packaging circulates efficiently between different users by coordinating transportation, in-
spection, washing, maintenance and redistribution. The system’s goals are high utilization
rates, optimized logistics and reduced environmental impact. (Accorsi et al. 2019) As the
EU’s PPWR increasingly emphasizes reuse and circular packaging solutions, pooling com-

panies are central actors in enabling compliance with reuse targets.

Reusable packaging must meet stricter performance requirements, as it must be suitable
for automation handling, storage, washing and able to withstand multiple uses. This means
that design plays a more important role than with single-use materials. According to
Tenhunen-Lunkka et al. (2024) the most important thing to consider when designing reusa-
ble packaging is quality and safety. Packaging must also be durable and resistant to degra-
dation, as the number of cycles in the system is an important factor in terms of both the

overall profitability of the company and environmental sustainability.

2.3 Intralogistics and automated distribution centers

Distribution centers and intralogistics are in a key role in modern food supply chains. These
systems are not only designed to improve efficiency and reduce costs, but they also set
technical and functional requirements for secondary packaging. Intralogistics refers to inter-
nal logistics, for example, in a single distribution center. The main objective of intralogistics
is to design, optimize and simplify complex processes, automate operations, and facilitate
the flow of materials and information. The purpose of intralogistics investments such as au-

tomation is to increase resource efficiency and reduce operating costs by managing and



processing information flow efficiently and transferring warehouse products using sophisti-
cated material handling equipment. (Fernandes et al. 2019) The automation of distribution
centers also improves response times to consumer needs when the time in distribution cen-

ter is shorter (Dubey & Veeramani 2024).

The role of logistics management is to serve customers as efficiently as possible. Distribu-
tion centers are one part of the long supply chain, and they are often the last point in order
picking, value-added services, and product delivery to the customer. (Baker & Halim 2007)
Distribution centers are conceptually a subset of warehouses. Thus, theoretical literature on
warehouse logistics and material handling also provides a valid framework for examining

the automation of distribution centers and the handling of secondary packaging.

Automation sets its own requirements for secondary packaging, which may differ from other
supply chain requirements. The most important effects of automation relate to the regularity
of shape and size, the identifiability of packaging, and compatibility with automatic handling
equipment. Automated sorting and handling systems rely on barcodes or other identification
technologies to direct products to the correct locations which requires packaging to be de-
signed in a way that ensures reliable readability and consistent placement of identification
labels. The gripping robot must be able to grip the package with sufficient force without
damaging the package or the product inside it. For an automated system, it is important that
the package is standardized in both dimensions and design so that the robot can consist-
ently grip the package correctly without damaging the package or the product inside. (Verriet
& Hamberg 2012, pp. 105-115)

Fresh products vary in their shelf life and the rate they lose value over time in the supply
chain. Cross-docking is a commonly used logistics strategy that further emphasizes the im-
portance of efficient distribution center operations and packaging performance. Cross-dock-
ing refers to a logistics approach in which incoming shipments are unloaded and transferred
directly to outgoing transportation with minimal storage and handling time between ship-
ments (Van Belle et al. 2012). The objective of cross-docking is to reduce storage time,
shorten delivery times, and improve product freshness, which is particularly important for
perishable food products. This strategy works best in supply chains with stable demand,
large and steady material flows, and centralized distribution centers, which are typical char-

acteristics of food distribution networks (Accorsi et al. 2014).



Packages are frequently transported on conveyors, unloaded, stacked and reloaded using
automated equipment. It requires packaging to withstand multiple handling operations with-
out losing structure. As a result, automated distribution centers and cross-docking strategy
highlight the importance of durable, standardized and device-compatible secondary pack-

aging solutions in modern food supply chains.

2.4 Secondary packaging raw materials and manufacturing

Several secondary packaging solutions are used for fruit and vegetables including corru-
gated cardboard boxes, disposable and reusable plastic crates, and wooden boxes. The two
most used packaging materials in the EU, based on packaging waste, are paper and card-
board, followed by plastic (Eurostat 2025). These materials dominate secondary packaging

solutions in Europe making them a relevant pair of comparisons for this thesis.

Corrugated cardboard is made from two liners and a fluting layer placed between them. All
layers are made from wood-based fibers and recycled fibers. Manufacturing starts with the
pulp production and continues with corrugation of the fluting. The final step includes gluing
the liners and fluting together, cutting and printing. Corrugated cardboard can have one, two

or three corrugated walls and it has an impact on properties. (Kirwan 2013)

The fibers are separated from each other in the pulp production, and their properties are
modified to suit for manufacturing. There are two main methods of separating fibers: chem-
ical and mechanical pulping and different mix of them. In chemical pulping, the fibers are
separated by heating the wood chips at a high temperature (160-180 °C). The chemicals
used in the chemical sulphate process are sodium hydroxide (NaOH) and sodium sulfide
(Na,S). In mechanical pulping, the fibers are separated mechanically by grinding or crushing
with the aid of heat and water. (Holik 2013, ch. 2.2-2.3)

Virgin fiber is primarily used as the raw material for fluting in the manufacture of kraft liner
though recycled fiber is also included. Recycled fiber is obtained by the reuse of used ma-
terial and production process waste. Liner made primarily from recycled fiber is known as
testliner. (Sazdovski et al. 2024)

Recycled fiber is often a mixture of both hardwood and softwood fibers, and the length of
the fibers varies. The length of the fiber shortens with each production cycle as the material
is processed. Nevertheless, the same fibre can go through the process an average of seven

times before it becomes too short to be reused. Recycled fibers are often contaminated with
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printing ink or other impurities such as plastic, wax, or glue. The deinking process removes
most of the impurities, but some remain in the material, potentially causing contamination in
further processing or aesthetic problems in the recycled product. (Emblem & Emblem 2012)
Liners and fluting require up to 80% virgin fiber to meet high-quality requirements (Albrecht
et al. 2013).

After liners and fluting have been produced, they are combined to manufacture the corru-
gated cardboard is manufactured. The fluting layer is bent to the required profile, and after
bending, glue is added to the tips of the flutes, and the fluting layer is joined to the first liner
(figure 2). The liner and fluting must be treated in the same way to produce high-quality
corrugated cardboard. (Kirwan 2013) At the end, the cardboard goes through edge trimming
and cooling. The cardboard is also cut to the desired size, and any creases are made at this

stage of the process. (Emblem & Emblem 2012)

Bridge store
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Figure 2. Corrugated board manufacturing process (Kirwan 2013)

Plastics are a broad and versatile group of materials that are synthetically manufactured
from monomers into long polymer chains, in which the monomer is a repeating component.
Additives are used in plastics to enhance their properties and ease their manufacture. Plas-
tics are lightweight, low-cost, and easily mouldable materials. One definite advantage of
plastics is that additives and manufacturing methods can be used to modify and improve
their properties to suit a wide range of applications. For example, the world's most manufac-
tured plastic, polyethylene (PE), consists of carbon atoms and hydrogen atoms, but different

manufacturing methods can be used to produce four different types of plastic (HDPE, LDPE,
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LLDPE, and UHMWPE) with different uses. (Harper 2002) PE and polypropylene (PP) are

most used plastics to produce reusable plastic crates.

The main raw material for monomers is crude oil but petrochemical products can be manu-
factured from various feedstocks. In 2017, 47 percent of global ethylene production was
made from naphtha and 35 percent from ethane cracking (figure 3). Naphtha cracking is a
more energy-intensive production method than ethane cracking. (Hamilton & Feit 2019) To
produce monomers, hydrocarbons are broken down into mixtures of olefins, which are sep-
arated by distillation. The compounds obtained are used as they are or further processed

into the desired monomers. (Elias & Mulhaupt 2015a)

Naphtha

Crude Oil Refinery Steam
Cracker

Figure 3. Plastic production from crude oil to plastic. Boxes are products and ellipses
are processes (Adapted from Hamilton & Feit 2019)

Plastic manufacturing is one of the most energy-intensive processes in the chemical indus-
try. The primary production process for resin is multi-stage and requires both high tempera-
tures (750-1100°C) and high pressures (3500 kPa). These are necessary to change the
chemical composition and remove excess substances such as water and carbon dioxide at
high pressure. The cracked gas is cooled, and molecules of different weights are separated
from each other into saleable products such as ethylene and propylene. (Hamilton & Feit
2019)

Plastic granules are manufactured by polymerization, which generally proceeds in two dif-
ferent ways. In addition, polymerization, the double bond between monomers is opened by
a reaction initiator, and the monomers react in a chain reaction to form a polymer chain. In
condensation polymerization, the reaction occurs between two monomers and often re-
leases a small-molecule reaction product such as a water molecule. The monomer must
have two reactive functional groups. (Shrivastava 2018) Plastics do not have a single molar
mass but instead, polymer chains of different lengths form a molecular mass distribution.
(Harper 2002)
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After the granules are produced, they must be further processed. Injection moulding is used
in the manufacture of crates and one of the most used processes in the thermoplastic in-
dustry. In injection moulding, plastic granules are melted through a combination of external
heating and heat by a rotating screw. The screw then forces the molten plastic into a mold,
where it cools and solidifies into the desired shape. Once solidified, the mold is opened, the
parts are removed from the mold, and the cycle begins again. Injection moulding offers sev-
eral advantages including precise dimensional control, repeatable high tolerances and de-
sign flexibility. The process requires significant investments in tooling and machinery, which

is why it is economically viable mainly for large production volumes. (Shrivastava 2018)

Plastics can be divided into groups in various ways. One typical way is to divide them into
thermoplastics and thermosets. Thermoplastics melt when heated and harden again when
cooled. For this reason, thermoplastics are recyclable and can be remoulded. Thermosets
harden irreversibly when heated or treated with certain chemicals. (Shrivastava 2018) In
thermosetting plastics, cross-links are formed between polymer chains or branches. These
bonds cannot be broken and therefore there are no possibility for remoulding (Harper 2002).
The plastics used in RPCs are thermoplastics, which can be recycled at the end of their life

cycle and used as raw material for new products.

While corrugated cardboard production relies primarily on renewable wood-based fibers,
plastic production is based on fossil feedstocks and polymerization process. Another key
difference between these materials is the intended use. Corrugated cardboard boxes are
generally single-use solutions whereas plastic crates are designed for reuse. Their long ser-
vice life allows the production impacts of plastic crates to be distributed across multiple use

cycles.

2.5 Recycling and end-of-life considerations for packages

Corrugated cardboard is well recycled in Europe. The recycling rate was 87 % in European
Union in 2023 (Eurostat, n.d.). Recycled cardboard undergoes a multi-step process so that
the fibers can be reused. The challenges of processing recycled fiber include significant
variations in quality and maintaining consistent chemical conditions. To ensure an optimal

process, chemical conditions should remain consistent. (Knowpap, n.d.-a)

If cardboard is not recycled it will go to incineration or landfill. Waste incineration is a con-
trolled combustion resulting energy and electricity recovery. Controlled combustion has also

several environmental benefits. Incineration reduces the volume of waste required in landfill
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and decreases the uncontrolled release of greenhouse gases in the atmosphere as well as
prevents soil and water contamination. This waste-to-energy process also enhances the
overall waste management as it recovers materials and produces energy from otherwise
nonrecyclable materials or waste streams. Landfill means dumping the waste on the land.
Landfills are the third largest source of human-caused methane emissions and therefore not
modern way to handle the waste. (Kumar & Kanwar 2025, pp. 4, 388-394) Landfill is not
widely used in Europe but globally it is used for waste management (Silva & Molina-Besch
2023).

The recycling rate for plastic is significantly lower in Germany than that for cardboard. It has
been 52 % in 2023. The EU’s goal is to achieve a 55% recycling rate for plastic by 2030,
and improving plastic recycling is considered important to reduce the need to manufacture
plastic products from virgin raw materials. (Eurostat 2025) The challenge with plastic recy-
cling is that plastics are typically a mixture of different types, and they are typically contam-
inated. Among the various types of plastic, HDPE and polyethylene terephthalate (PET) has
higher recycling rates than films, PP, and polystyrene (PS). (Antonopoulos et al. 2021)

Plastics can be recycled mechanically and chemically. In mechanical recycling, the base
structure of the molecule remains unchanged. Plastic types are sorted, shredded, washed,
sorted again and controlled, and melted down into pellets. Mechanical recycling is used for
consumer products that have reached the end of their life cycle. Due to different types of
plastic and other interfering substances, such as organic impurities and fillers, mechanical
recycling often leads to a deterioration in the material and optical properties. (Niessner 2022)
In 2024, mechanical recycling accounted for 9.5% of total plastic production globally (Plas-

tics Europe n.d.).

All types of plastic cannot be mechanically recycled, and some of the materials entering the
waste stream are so damaged or contaminated that mechanical recycling is not possible. In
such cases, attempts are made to utilize the raw material with chemical recycling. The pol-
ymer structure is broken down into smaller segments or chemical components. (Niessner
2022) Chemical recycling accounts for 0.1 % of global plastic production (Plastics Europe
n.d.).

If the plastics cannot be recycled mechanically or chemically, they will end up in incineration
or landfill similarly to corrugated cardboard. Since the most widely used plastics in the world
are made from fossil hydrocarbons and are not biodegradable, they accumulate in landfills

and is difficult to dispose of permanently. Significant amounts of plastic also accumulate in
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nature. Plastic waste has been found in all oceans, and there are increasing reports of con-
tamination of fresh water and land areas. Over time, plastic breaks down into smaller parts
called microplastics. The impact of microplastics on ecosystems is a growing concern, and
the effects are not yet fully understood. (Geyer et al. 2017) Biobased and bio-attributed plas-

tics account for less than 1% of globally produced plastics (Plastics Europe n.d.).

2.6 Material properties and performance of selected secondary
packages

One of the factors that most affects the properties of corrugated cardboard is the humidity
of the environment. This is influenced by humidity and temperature. Cardboard exhibits hys-
teresis, meaning that it does not return to its original state even if the environmental condi-
tions return to what they were. The fibers in cardboard absorb moisture, causing them to
swell, and then shrink as they dry. Moisture absorption into the fibers causes changes in the
machine direction and cross direction. Poor control of moisture content can cause distortion,

which can affect further processing. (Emblem & Emblem 2012)

Moisture sensitivity is particularly critical in temperature-controlled distribution centers and
refrigerated trucks where condensation and high humidity may reduce box strength. Hell-
strom and Nilsson (2011) state in their study that cardboard pallets collapse during sea
transport due to high moisture content, which prolongs handling time compared to other
pallets. It can be assumed that the same problem occurs with corrugated cardboard boxes
that are transported in stacks over long sea voyages. An increase in moisture content leads
to a decrease in compressive strength and can cause the box to collapse. It has been shown

that rigidity decreases almost linearly as moisture content increases. (Fehér et al. 2023)

Packaging must be stackable to maximize transport and storage efficiency. The stacking
performance of CCB is assessed by box compression strength. The box compression test
(BCT) is a test designed for packaging, and it defines the maximum load package can with-
stand before failure. Both material properties and structural design influence stacking per-
formance. (Marin et al. 2021) Different cutouts in the side walls also affect compressive
strength. A nearly linear relationship has been observed between the size of the openings
and compressive strength. As the cutouts increase, the compressive strength decreases.
However, cutouts are necessary, as carrying handles are required in many situations, and

air exchange is also important in fresh food products. (Fehér et al. 2023)
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Additives are added to plastics because without them, they would not meet technical re-
quirements and would therefore have no commercial value. Additives are either processing
additives or functional additives. Processing additives can stabilize the chemical composi-
tion or ease the processing. Functional additives stabilize the chemical composition against
environmental factors or improve the desired properties of the end product. (Elias & Mul-
haupt 2015b) There are a lot of different types of additives, and the properties of the plastics
can be modified significantly with different additives but relevant to this thesis work are ul-

traviolet radiation (UV) stabilizers and colorants.

Plastics deteriorate because of exposure to ultraviolet radiation contained in sunlight. UV
radiation reacts with plastics and breaks covalent bonds in the molecular chain or releases
free radicals. The breaking of bonds can lead to cross-linking, and free radicals can react
with oxygen, resulting in photodegradation. This can lead to the formation of chemical
groups that absorb radiation, further increasing photodegradation. (Callister & Rethwisch
2020, p. 586)

Degradation caused by UV radiation can be prevented by adding UV stabilizers. One way
is to add a radiation-absorbing substance to the surface of the plastic. It acts as a sunscreen
for the plastic and prevents UV radiation from penetrating and damaging the polymer. (Cal-
lister & Rethwisch 2020, p. 586) One method is to add substances to the plastic such as
benzophenones or zinc oxide which absorb energy and release it in a harmless form as heat
energy. Only 0.01-1% of the plastic mass is needed as a UV stabilizer, but the additive has
a significant effect on the life cycle of the plastic. (Shrivastava 2018) It is important to use
additives that extend the service life of plastic. It increases the number of reuse cycles a
plastic crate can be used, thus reducing the number of new crates needed and, as a result,

reducing the environmental impact.

Colorants are additives that affect the color of plastic. Colorants can be added as pigments
or dyes. Pigments are more commonly used as additives for coloring plastics, as they are
more light-resistant and stable. Pigments are filler materials that do not dissolve but remain
in their own phase. (Elias & Mulhaupt 2015b)

The differences between corrugated cardboard and plastics are particularly visible in hy-
giene and durability characteristics. Reusable plastic crates are non-porous and easy to
clean and disinfect, and presence of moisture does not affect the handling or durability.

Cardboard boxes, on the other hand, are made of porous material that absorbs moisture
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and is difficult to clean. Humidity also negatively influences the mechanical durability. (Hell-
strom & Nilsson 2011) For reasons of hygiene, moisture sensitivity and limited mechanical
durability, cardboard boxes are typically considered single use packages in the food distri-

bution chain.
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3. ENVIRONMENTAL IMPACTS OF SECONDARY
PACKAGING

This chapter includes environmental impacts of secondary packaging during their life cycle.
The life cycle stages are divided into production, use, and end-of-life. The selected step-by-
step review supports the life cycle assessment (LCA) study, which evaluates the environ-
mental impacts generated throughout the entire life cycle. LCA is a standardized and widely
used method and is therefore considered the established approach for investigating the en-
vironmental impact of products (Samani 2023). This LCA study investigates all of three men-

tioned stages.

3.1 Production phase

This section focuses on environmental impacts of production of corrugated cardboard fol-
lowing the same analysis for plastic crate. Production includes extraction of material, man-
ufacturing of the raw material and manufacturing the product and after these it enters the

supply chain and use phase.

The industrial production of cardboard consumes significant amounts of energy, natural raw
materials, and chemicals. Energy use, air emissions, and water discharges have been iden-
tified as the most significant environmental impacts of the pulp and paper industry (table 1).
(Koskela 2011) Nevertheless, the environmental impacts of the pulp and paper industry
have been reduced by improving processes and utilizing raw materials comprehensively.
Greenhouse gas emissions throughout the lifecycle of cardboard packaging were reduced
by 8 % in 2024 compared to 2021 (Pro Carton 2025).



Table 1. Environmental impacts of the pulp and cardboard production
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BOD = Biochemical oxygen demand; COD = Chemical oxygen demand; CH4 = Methane; GWP = Global warming
potential; N = Nitrogen; NOx = Nitrogen oxides; P = Phosphorus; SOz = Sulphur dioxide; TRS = Total reduced
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During pulp production, substances dissolved from wood, such as lignin and carbohydrates,
consume oxygen as they break down in water. When oxygen consumption is high, oxygen
depletion can occur in water bodies. When there is not enough oxygen for organisms, it
leads to the death of organisms or their migration to new areas. Production of corrugated
cardboard causes wastewater pollution and eutrophication. (Kirwan 2013) In Europe, paper
mills comply with the EU Integrated Pollution Prevention and Control (IPPC) Directive and
local legislation on water treatment processes before returning water to the ecosystem

(Knowpap n.d. -b).

Pulp production accounts for sulphur emissions. Sulphur dioxide (SO>) is produced at vari-
ous stages of production and energy generation. Total Reduced Sulphur (TRS) cause the

characteristic odor of pulp mills. Even a small amount of TRS compounds in the air causes
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odor nuisance. TRS compounds are produced in process equipment where sodium hydrox-
ide is handled. Nitrogen oxides (NOXx) are produced in connection with energy production
and when amino acids in wood dissolve into black liquor and are burned along with it. Some
of the nitrogen compounds end up to flue gases and some are converted into elemental

nitrogen. (Knowpap n.d. -b)

The production of both cardboard and polymer resin consumes significant amounts of water.
A paper machine uses 8-12 m?® of raw water per ton of finished paper. The deinking of
recycled fiber removes ink from recycled paper, but this process requires significant
amounts of chemicals and water (Knowpap, n.d.-a). For plastic resin manufacturing, water
is used in the process to extract crude oil from the ground. Drilling generates large amounts
of flowback water and brine containing chemicals and heavy metals, as well as waste sludge
containing various chemicals and heavy metals. In the drilling of raw materials, open
wastewater ponds evaporate volatile organic compounds (VOCs) into the air. (Hamilton &
Feit 2019)

Like manufacturing the cardboard, plastic manufacturing is also an energy-intensive pro-
cess. Plastics production caused 3,5 % of global greenhouse gas emissions in 2015 (Zheng
& Suh 2019). Significant amounts of energy are consumed in the manufacture of plastic
resin and in further processing (Cabernard et al. 2022). According to estimates, ethane
cracking produces 1-1.2 Mt of CO- per Mt of ethylene and naphtha cracking produces 1.8-
2 Mt of CO, per Mt of ethylene which are two most used processes to produce ethylene.
(Hamilton & Feit, 2019)

Zheng and Suh (2019) divided plastic production into resin manufacturing, product pro-
cessing and end-of-life management, and compared the greenhouse gas (GHG) emissions
generated by each stage. Resin production accounts for 61% of the total emissions from
these three stages. According to Arena et al. (2003) producing one kilogram of virgin poly-
ethylene requires 80 MJ of energy and producing recycled polyethylene requires 40—49 MJ
of energy. Thus, plastic recycling is significant in terms of energy and the environment for
chemically simple plastics. Direct greenhouse gas emissions are dependent on efficiency,
configuration and the age of the plant. It also varies between desired product, mix of prod-
ucts and used feedstock. (Hamilton & Feit 2019)

Plastic production always releases significant amounts of carbon dioxide, methane (CH.),

and nitrous oxide (N,O). Methane is released in uncontrolled leaks in pipelines in oil refin-
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eries and in other stages of production in connection with natural gas drilling and transpor-
tation. Plastic production also releases fine particles (PM2.5), nitrogen oxides (NOy), sulfur
oxides (SOx), and ammonia (NHs). Plastic production has increased significantly in recent

decades, resulting rise in emissions as well. (Hamilton & Feit 2019)

Plastic and resin production has been transferred to low-income countries such as China,
where environmental regulations are also less stringent. Due to high energy requirements,
the use of coal is also more common in these countries, and carbon dioxide emissions from
plastic production are increasing. Coal combustion is used to meet the energy needs of
plastic production, especially in growing economies. Coal combustion quadruples the car-
bon and particulate emissions of the process compared to cleaner energy sources. (Hamil-
ton & Feit 2019)

Cardboard is produced globally in all continents. It is easy to find local supplier for the pro-
ducers and the transportation distances can be very short. (Silva & Molina-Besch 2023) In
comparison, production of reusable plastic crates is more centralized to large pooling com-
panies and their partners. The plastic value chain is global, so plastics are often produced

in countries other than those where they are consumed. (Cabernard et al. 2015)

3.2 Use phase

Use phase covers the impacts arising during the distribution and operation. The use phase
of the boxes includes transportation, storage, cooling and preparing RPC for reuse cycle.
Several studies agreed that for corrugated cardboard boxes the highest environmental load
comes from manufacturing and for reusable plastic crates the use phase has the highest
environmental load. (Abejon et al. 2020; Accorsi et al. 2022; Albrecht et al. 2013; Levi et al.
2011)

Product loss occurs during use phase and transport when the products are moved. In case
of perishable goods, the time spent in transit is also a factor that affects the amount of loss.
Due to the high environmental impact of food production, it is crucial to prevent food waste
with packaging. Food waste means that not only food is lost, but also the resources used to
produce it, such as land, water, and energy. It is estimated that, on a global scale, 0.9 hec-
tares of land and 306 km?® of water are needed to produce the amount of food that is thrown
away each year. Animal-based products consume even more resources than plant-based

products and fruits. (Priefer et al. 2016)
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Packaging often accounts for only a small fraction of the emissions generated over a prod-
uct’s entire lifecycle. It is important find the optimal packaging design where the environ-
mental impacts of packaging materials are balanced against the prevention of product
losses and food waste (figure 4). It has been estimated that single-use plastic packaging
accounts for less than 10% of the emissions generated over a product’s entire lifecycle, but

packaging has a significant impact on product shelf life (Kan & Miller 2022).
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Figure 4. Optimal packaging design (Kirwan 2013)
Verghese et al. (2013) found that packaging consumes only 10% of total energy, but it plays
a crucial role in ensuring that the remaining 90% of energy is not wasted. Studies have also
shown that primary plastic packaging can extend the shelf life of cucumbers by 11 days. The
advantage of plastic for fruits is that it prevents moisture from evaporating from the product
(White & Lockyer 2020).

Longer and more complex food supply chains have led to increased carbon dioxide emis-
sions, air pollution, traffic congestion, accidents, and noise. Several studies have found that
product transportation accounts for the dominant share in the use phase (Gruyters et al.
2019; Koskela et al. 2014; Levi et al. 2011). Reusable plastic crates are heavier than card-
board boxes, which means they consume more fuel and increase transport emissions (Levi
et al. 2011). Transport emissions are affected by how full the trucks are, the type of driving

mode selected, and the type of fuel used.

Since transport is a significant factor during the use phase, the transport distances are a
crucial parameter in determining whether reusable systems are still environmentally advan-
tageous. The return transport required for reusable systems can offset the benefits of multi-

ple use. An Italian study by Levi et al. (2011) compared the life cycle of corrugated cardboard
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boxes and reusable plastic boxes and concluded that corrugated cardboard boxes are a
better option from an environmental perspective when transport distances are long. Accord-
ing to the study, 1200 km is the limit beyond which the environmental impact of corrugated
cardboard boxes is lower than reusable plastic crates. A Finnish study by Koskela et al.
(2014) came to the same conclusion when comparing plastic and cardboard boxes for Finn-
ish bakery products. According to the study, the transport costs of returning, washing, disin-
fecting and reusing plastic boxes are so high that transporting them back and forth over long
distances is not environmentally viable. Instead, the efficient recycling of cardboard boxes
with short transport distances is better for the environment. Therefore, transportation dis-

tances are important parameter for LCA study.

Most fresh products are kept at constantly reduced temperatures to prevent them from rip-
ening too quickly after harvesting, and cooling consumes a significant amount of energy in
the supply chain. According to Gruyters et al. (2019), reusable plastic crates significantly
reduce the energy required to cool products up to 49 % during the transportation compared
to cardboard boxes. This result is achieved because the design of the plastic boxes allows
for better heat management and, due to the design of the crate, air circulates more effi-
ciently. Plastic crates contain many ventilation holes, which not only increase air circulation
during cooling, but also prevent products from deteriorating. In the study by Verghese et al.
(2013), growers were interviewed, and according to their experiences, ventilation is better,
and the products last longer. Other benefits of RPCs mentioned include transport efficiency
and the ability to water the product even after harvesting, which is not possible with card-

board boxes due to moisture sensitivity.

On the other hand, Sasaki et al. (2022) stated in their study that for certain fresh products,
such as peaches, corrugated cardboard boxes are a better option in terms of environmental
impact because corrugated cardboard absorbs shocks better during transport and protects
the fruit better than plastic crates, which require more padding. According to them, corru-
gated cardboard boxes result in less waste, and the environmental impact was found to

increase linearly as waste increases.

In addition to transportation and cooling, distribution operations also contribute to the envi-
ronmental impacts of the use phase. The environmental impact of distribution centers con-
sists of the energy used and the temperature of the facility. It has been estimated that tem-

perature control accounts for up to 20% of the operating costs of frozen food warehouses.
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Refrigeration equipment consumes energy, so the method of electricity production is a sig-
nificant factor in the overall environmental emissions of a warehouse. On the other hand,
temperature-controlled warehouses are essential for preventing food waste. Often, compro-
mises must be made between temperature and food quality preservation. (Grant et al. 2023,
pp. 94-95)

The choice of packaging material from an environmental perspective is influenced by the
mode of transport, transport distances, and waste treatment as well as recyclability at the
customer's location. Particularly in supply chains that use air freight, replacing packaging
material with heavier material must be carefully considered. (Silva & Molina-Besch 2023)
Transporting one ton of food by air freight generates about 70 times more carbon-intensive
than transporting the same weight by large cargo ship (Grant et al. 2023, p. 10). The envi-
ronmental performance of secondary packaging must be assessed from a life cycle per-

spective as it has significant impact on the environment.

It is estimated that more than 80% of a product’s environmental impact is determined during
the design phase (European Commission, 2012). Through high-quality cooperation, it is
possible to design packaging that not only reduces environmental impacts but also lowers
commercial costs and increases efficiency in the chain (Molina-Besch & Palsson 2014).
Thus, from an environmental perspective, it is important to focus on the design process and
the choices made during that phase. Gao et al (2026) stated that RPCs reduce food loss

because they have well-designed functionality and lower cooling demand.

The use phase of reusable plastic crates includes collection, inspection, washing, and re-
distribution for refilling. These steps increase the number of transports. Pooling companies
use foldable RPCs which are easy to pack and take up little space. Empty crates take up
significantly less space, and the trucks can be filled to a high capacity when transporting
them to washing facilities and warehouses. According to Abejon et al. (2020) 48 open crates
can be in one pallet but up to 264 folded crates can be fitted in one pallet. Washing the
crates consumes energy and water, causing water emissions, but the overall impact of
washing is not significant (Levi et al. 2011; Koskela et al. 2014). In the case of reusable
plastic crates, it is important to extend their service life as long as possible to reduce the
high climate emissions from production after each use. Several studies have defined the
service life of a plastic box as 10 years, but the number of uses varies between 30 and 200
times (Abején et al. 2020; Accorsi et al. 2022; Albrecht et al. 2013; Levi et al. 2011).
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3.3 End-of-life phase

End-of-life stage addresses the environmental consequences after the packaging is dis-
carded. End-of-life scenarios include recycling and energy recovering. In this study, landfill

is not considered as an option as it is not used in scope area.

Cardboard has high recycling rate in European Union and the recycling target for paper and
cardboard is 85 % by 2030. European countries e.g. Germany has already higher recycling
rates, reaching up to 87 % in 2025. However, studies show varying values for the recycla-
bility of cardboard (Abejon et al. 2020; Albrecht et al. 2013; Lo-lacono-Ferreira et al. 2020).

Albrecht et al. (2013) presented in their study that only 20 % of cardboard is recycled and
80% is incinerated. The presented recycling rate for the cardboard recycling rate is low when
compared to the European average recycling rate. The study concluded that reusable plastic
boxes have a lower environmental impact than corrugated cardboard boxes. Other studies
have higher recycling rates such as Abejon et al. (2020) used in their study recycling rate of
80 % and 20 % of incineration with energy recovery. The global warming potential of corru-
gated cardboard box is higher than reusable plastic crate when the recycling rate is opposite
to study of Albrecht et al (2013). Recycling rates vary and are influenced by several different
factors. The reasons for these differences may include the period covered by the study, the

research country, system boundaries and research assumptions.

Incineration is a commonly used method of producing energy from waste and is the likely
end-of-life method for contaminated and non-recyclable materials. The carbon dioxide re-
leased from cardboard is classified as biogenic carbon, a short-term carbon cycle, whereas
burning plastic releases fossil carbon that has been sequestered in geological formations
for millions of years and directly increases the carbon load in the atmosphere. The climate
impact of biogenic carbon is time-dependent, but its cycle between the atmosphere and
biomass is significantly shorter than that of fossil carbon. It is particularly important that
cardboard does not end up to landfills, because under anaerobic conditions in landfills, the
decomposition of cardboard produces methane, which has a warming effect 28 times
greater than that of carbon dioxide. (Silva & Molina-Besch 2023)

Waste management infrastructure has a major impact on the environmental effects gener-
ated at the end of a product's life cycle. There are differences in waste management prac-

tices among European countries. For example, in the Netherlands, almost a quarter of waste
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is incinerated with energy recovery, while in France and Spain, up to 95% is recycled and

the rest is incinerated with energy recovery. (Lo-lacono-Ferreira et al. 2020)

Lo-lacono-Ferreira et al. (2020) studied the impact of transport distances on the life cycle
and, according to the study, end-of-life treatment rather than transport distances may be the
more significant environmental factor within Europe. In the study, cardboard boxes trans-
ported to the Netherlands have a higher environmental impact than cardboard boxes trans-
ported further, as the recycling process in Germany is more efficient and less material is
incinerated than in the Netherlands. This is in line with the EU waste hierarchy, where incin-

eration is at the bottom and material reuse is higher up in the hierarchy.

The end-of-life phase is highly dependent on regional waste management systems and ma-
terial-specific recyclability. Cardboard has high recycling rates, and the recycling is norm in
Europe. On the other hand, plastic crates rely on reuse cycles that reduce environmental
impacts produced during production phase, but the recycling rates of plastics are low and

needs to be improved to meet the targets set by the EU.
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4. MATERIALS AND METHODS

This chapter includes the materials, data, assumptions and chosen environmental impact
categories applied in the comparative life cycle assessment. First, the goal and scope are
presented followed by the selected packaging and life cycle inventory (LCI). The chapter
describes the environmental break-even analysis applied to compare the packaging solu-
tions and the sensitivity analysis used to evaluate the influence of recycling rates. LCA is
performed in accordance with SFS-EN ISO 14040 (2006) and SFS-EN ISO 14044 (2006)

which determine the framework for LCA studies.

4.1 Goal and scope definition

The goal of this life cycle assessment is to compare the environmental impacts of corrugated
cardboard boxes and reusable plastic crates used for banana transportation within the sup-
ply chain. In addition, the study evaluates the number of reuse cycles required for reusable
plastic crates to achieve environmentally sustainable level compared to corrugated card-

board boxes.

The LCA study is commissioned by product development unit of Cimcorp Oy. The intended
purpose of the study is to integrate findings into the ongoing development projects and to
provide knowledge-based support for sales processes. The results of this study can be used
to demonstrate the usability of the crates from an environmental perspective in addition to

other important considerations.

This study evaluates secondary packaging designed to protect products. The functional unit
of the study is a 2000 kg of bananas on the retailer’s point of sale. This corresponds to 100
boxes each containing 20 kg of bananas. The boxes are assumed to be fully loaded during
transport. Since both packaging alternatives have the same capacity, the same number of
boxes is required to deliver the functional unit. However, because the breakage rates of
RPCs and CCBs are differ the initial number of bananas and packaging units required at the

beginning of the supply chain.

Some factors are excluded from the study due to limited information and their expected low
contribution to the overall results. According to ISO 14044 it is reasonable to exclude pro-

cesses that that are expected to have only a minor influence on the overall life cycle impacts.
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This study does not consider waste generated during consumer use or the number of bana-
nas that spoil on retailers. Furthermore, this thesis does not cover the use of forklifts for
moving pallets in any stage of the supply chain nor does it cover the assembly and gluing of

corrugated cardboard boxes.

The impact categories to be analysed are selected based on data availability and the rele-
vance of the impacts in the system (table 2). The selected impact categories represent the
expected environmental impacts and provide broad understanding of environmental im-
pacts. Greenhouse gas (GHG) emissions are measured in kilograms of carbon dioxide
equivalent (kg CO2 eq.). This means that all greenhouse gases are compared to the global

warming potential of 1 kg of carbon dioxide.
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Table 2. Chosen impact categories evaluated in the study (Adapted from European

Commission, n.d.-a)

formation (PMF)

Impact category | Description Unit
Acidification poten- | Emissions causing acidification of soil and water | mol H* eq.

tial (AP)

Climate  change | Greenhouse gas emissions causing increase in | kg CO- eq.
(CC) the average global temperatures

Freshwater eu- | Eutrophication in freshwaters can lead to oxygen | kg P eq."
trophication (EF) depletion.

Particulate matter | Measures the harmful effects of particulate matter | kg PM2.5 eq. 2

and its precursors (e.g. NOx,50,) on human
health.

Photochemical

ozone formation

Ozone in the troposphere attacks organic com-
pounds in animals and plants. Photochemical

smog increases frequency of respiratory prob-

kg NMVOC eq.?

lems.
Resource use, fos- | The use of finite amount of non-renewable today | MJ
sils will force future generations to extract less or find

new resources.
Water use The use of water from lakes, rivers or groundwater | m3

can lead to a depletion of available water.

1 kilograms of phosphorous equivalent

2 kilograms of fine particulate matter equivalent

3 kilograms of non-methane volatile organic compounds equivalent

The LCA includes phases from producing the packaging until end-of-life phase and therefore

it is complete cradle-to-grave study. Raw material production serves as starting point for

both packaging systems.
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Both packages are used a certain period and after usage they are disposed. The service life
is the most significant difference in their functionality. RPC has reuse loops as they are used
multiple times (figure 6). RPC is used 40 times in the baseline scenario and therefore the
production phase is allocated according to the number of reuses. This aims to describe the
impact of reusing a crate on its environmental impact throughout its life cycle and enables a

comparability of different packaging options.

Colombia was chosen as country of origin as they are fifth largest banana exporter, and its
export volumes are seen to be growing (FAO 2026). The geographical location of Colombia
is advantageous for shipments heading for Europe, as there are ports in Cartagena and
Antioquia in the side of the Atlantic Ocean. Thus, cargo ships do not have to travel through
the Panama Canal, saving several days. This time savings can have an impact on the quality
and freshness of the products. In the other end, Hamburg was chosen as a representative
destination port, and it was assumed that the ship does not stop in any other European

country during the voyage.
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Figure 5. System boundary overview with main unit processes. Assembly of corrugated cardboard, referring gluing of the box, is
excluded from the study and therefore colour coded with dark grey. Only long distance transport is separately illustrated in the figure
due to its significant contribution to the environmental impacts, while shorter transport stages are included in the study but not sepa-

rately presented in the figure.
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The results, emissions and impacts, are calculated using SimaPro 9.6 software. The soft-
ware needs the amounts of consumed resources, and the data was collected from the com-
missioner, the commissioner's partners, scientific sources and the Ecolnvent 3.10 database.
The used library is Ecoinvent 3.10 — allocation, cut-off by classification — unit. Cut off means
that the primary production of materials is always directed at the primary user of the material.
When material is recycled, the primary producer does not receive compensation for deliver-

ing the recycled material, and the producer is responsible for the waste produced.

4.2 Packaging system description

Corrugated carboard box is produced locally and transported to banana producer’s facility
in Colombia whereas the reusable plastic crate is manufactured centrally in Europe, and the
folded crates are shipped to the producer’s facility to Colombia. After filling the packages
products are shipped to Germany, Europe and transported via road to first distribution center
and after that to retailer. The used pallet type is standard size (1200 x 1000 mm), and one
wooden pallet can be used 20 times (Khan et al. 2021). The maximum pallet height is 2,5

meters.

Bananas, similarly, as all fruits and vegetables, need to be in controlled atmosphere to en-
sure that they will not rot, spoil or ripen too quickly. Therefore, the bananas are transported
in cooled containers, called reefers, during the sea freight, and the used trucks are refriger-

ated as well when transported via road.

4.2.1 Corrugated cardboard box

A two-piece corrugated cardboard box is selected for the study (figure 7). It consists of a
base and lid, and the design is widely used for transporting bananas. The base features
double-layered corrugated cardboard to enhance impact resistance and strength and the lid

has single wall corrugated cardboard.

The cardboard box is transported to producer’s facility in flat sheets to maximize the number
of units that can be transported when they are empty. Assembly and gluing are completed

at the producer’s facility before filling with the products.
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Figure 6. The corrugated cardboard box

The CCB is uncoated and includes few prints. The weight of the lid and the base together is
1170 g, and the maximum capacity of the box is 20 kg (table 3). There are multiple different
producers for CCB, and the design and dimensions vary but the overall design is often with
the base and lid. The CCB design is easy and stable to stack on the pallets as well as on

top of each other.

L L L
L L L
L L L
L L L
L L L

L L

L L

IDD

a. b.

Figure 7. An illustrative image of cardboard box packaging from the front (a.) and pallet
layout (b.). The blue sections represent the proportion of tertiary packaging material includ-
ing pallet, corner protectors and packaging straps.
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The CCB pallets are secured with packaging straps and corner protectors to make sure the
boxes do not fall over during the supply chain (figure 7). Corner supports are needed to
prevent the boxes from being crushed when packing straps are applied around the stack.

They also support the stacks.

4.2.2 Reusable plastic crate

The chosen reusable plastic crate is a foldable plastic crate model 206 designed by Euro
Pool System which have designed for banana supply chains. It is used for transporting ba-
nanas including long transportation e.g. between continents (EPS 2025). They can be folded
for the return logistics, and it is quick and easy to assemble and fill up with bananas (figure
8).

Figure 8. Reusable plastic crate (RPC) unfolded and ready to be filled with products on
the left side. RPC folded and ready for return logistics on the right side.

The RPCs are designed to be foldable to maximize the efficiency of return logistics. A folded
crate is 30 mm high allowing nearly seven times more crates to be stacked on the pallet
compared to unfolded crates. Model 206 is made of high-density polyethylene (HDPE), and
the weight of the empty crate is 1980 g. Only virgin material is used to manufacturing the

crate and the maximum capacity of the crate is 20 kg (table 3).
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| E

b.

Figure 9. An illustrative figure about the packaging of the reusable plastic crates when
they are filled with products (a.) and the pallet layout (b.). The blue sections represent the
proportion of tertiary packaging material including pallet and packaging straps.

RPCs tertiary packaging includes packaging straps and pallet. According to the pooling com-
pany, strapping is required for road transport (EPS 2025). The layout for RPC (figure 9) is
different compared to CCB (figure 7) but due to the lower crate more layers can be stacked

to one pallet and overall, one crate more can be stacked compared to CCB pallet (table 3).

4.3 Life Cycle Inventory

The commissioner’s experts have assessed that the CCB loss of packages and products is
12 % and the loss of RPC during the lifetime is 3 % and these values are used for the
baseline of the study. Case company has estimated the losses based on experience on sites
and test sites. CCBs absorb moisture during transport, and automated devices grip the
boxes by squeezing them at the corners. The mechanical properties of wetted boxes dete-
riorate, and as a result, corrugated cardboard boxes do not withstand handling as well as
plastic crates, leading to higher losses compared to plastic crates.
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Since only limited estimates for cardboard and plastic crate breakage rates were available,
an environmental break-even analysis decided to perform. This approach allows examina-
tion of alternative breakage scenarios and supports a critical evaluation. Environmental

break-even analysis is presented in section 4.3.2.

Table 3. Details about selected secondary packages

Reusable plastic crate Corrugated cardboard box

Material Polyethylene (HDPE) Cardboard
Type of service Reusable Single use
Country of manufacture Germany Colombia @
Needed mass of material 1,8 kg granules / one crate -
Production loss 1,5-6° % 8°% /109 %
Reuse Return logistics, washing -
End-of-life processing 100 % recycling 100 % recycling
Weight [g] 1980 1170
Dimensions [mm] 600 x 400 x 201 520 x 395 x 245
Weight of load [kg] 20¢ 20
Boxes per layer [pcs] 5¢ 6
Layers per pallet when open o ¢

11 9
[pcs]
Full boxes per pallet [pcs] 55¢ 54
Layers per pallet when 76° )
folded [pcs]
Folded boxes per pallet 380° )
[pcs]

a Statista n.d.; ® Abéjon et al. 2020; ¢ Levi et al. 2011; ¢ Lo-lacono-Ferreira et al. 2020; ¢ EPS 2025; f calculated
based on a maximum pallet height of 2,5 m

The breakage rates must be considered in the calculations for the functional unit so that so
that, despite the losses, the retailer receives the desired amount of product (table 4). The
calculations of the study are using whole numbers for packages as it is assumed that only
whole package can be broken and therefore values are rounded up. It is assumed that if a

box is damaged, the product inside is unusable and is classified as a loss.

This study examines only the common dessert bananas sold in the consumer market. Ba-

nanas are grown and packed into boxes in Colombia. The study uses a model of banana
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cultivation from the Ecolnvent 3.10 library. To able estimated the food loss from the edible
product it must be known that how big share of the one banana is edible. The peel typically
accounts for about 30—40% of the fruit’s total mass (Athanasopoulou et al. 2025). In this
study, it is assumed that the edible portion accounts for 65% and the peel for 35%.

Table 4. Comparison of product losses and waste generation between reusable plastic
crates (RPC) and corrugated cardboard boxes (CCB) in the supply chain

Specification RPC CCB
Loss during the supply chain [%] 3 12

Number of cases on the retailer [pcs] 100 100
Bananas on the retailer [kg] 2000 2000
Needed number of boxes in the beginning [pcs] 104 114
Needed mass of bananas in the beginning [kg] 2080 2280
Loss of bananas [kg] 80 280
The edible portion of bananas, food waste [kg] 52 182
The portion of peels [kg] 28 98

The model for corrugated cardboard box is used from Ecolnvent 3.10 library. It represents
the mix of a corrugated cardboard box production in the world and includes raw material
production, board manufacturing and cutting. The fluting medium contains mostly recycled
medium and rest is semichemical pulp. Water and electricity used in the manufacturing pro-
cess are wide mix of different sources. Scrap material and damaged boxes during the pro-

duction and cutting can be recycled and reprocessed internally (Rizzo & Vignali 2026).

The HDPE granules are manufactured in central Europe and transported via road to crate
production plant in Germany. The production loss and scraps in injection moulding can be
regranulated and reused in the process internally (Abéjon et al. 2020). The tertiary packag-
ing, e.g. plastic film, for transport safety is not considered in this study. After the production,
folded crates are transported to depot in which they are taken in use when needed. RPCs
are shipped in containers to Colombia and transported to banana producer via road. The
RPC is designed to last 10 years of use and the average circulation times per year is four

times. It means that one RPC is used 40 times during the life cycle before end-of-life phase.

At this point CCB and RPC are at the same point and distances are same. Secondary pack-
aging need tertiary packaging to easily move the stacks (table 5). RPC pallets do not need

as much packaging straps as CCB pallets because the RPCs are designed with features
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that facilitate stacking and the RPC stacks are stable. On CCB pallets, corner supports pro-
vide additional reinforcement to prevent damage to boxes and products when the straps are
tightened. Therefore, they are not needed on RPC pallets because plastic crates are made

of rigid material.

Pallets are not wrapped in plastic film during the sea transport as it would restrict air circu-
lation and could cause harm for the products. Controlled atmosphere is important for fruit
freshness, as it slows down ripening and allows for long-distance transport. Bananas are
protected with plastic bags after the harvesting and during the supply chain to protect the
fruit, enhance its quality and extend the shelf life (table 5). Plastic bag is a barrier as it re-
duces the moisture loss and protects against possible pests and diseases. (Ruiz Medina et
al. 2025)

Table 5. Tertiary packaging details for selected secondary packaging

Mass in CCB | Mass in RPC

Component Material Amount
system system

Packaging straps Polypropylene 15 g/ strap 253 g 170 g

Corner protectors Containerboard | 2240 g/ pallet | 4728 g -

Plastic bag inside the | High-density 100 g/ case 10,4 kg 11,4 kg

case polyethylene

Transport distances in Colombia were estimated based on geographical production regions.
Three regions are focused on international trade in Colombia, and Uraba region is the larg-
est and is located near the international port of Puerto Antioquia (Alvarez Caro et al. 2023).
The distance between the cultivation area and the port was estimated using a map-based
tool. Road distances were measured along the road network, and the data are based on
estimates (table 6). There are uncertainties associated with the method, but the transport
distances are considered sufficiently accurate for the purposes of this study. SimaPro is
using tonne-kilometers (tkm) to calculate the impacts of the transportation. Tonne-kilometers

are calculated by multiplying the mass and distance.
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Table 6. Distances for corrugated cardboard box (CCB) during the life cycle

Mass of ma-

Distance

Distance description terial [t] Mode [km] tkm/use
CcCB manufact_urer - Banana pro- 0.13 Truck 75 10
ducer, Colombia

Banana producer, Colombia - Refrigerated

Harbour, Colombia 242 truck 5 182
Harbour, Colombia - Harbour, 242 Refrlgera_ted 9500 23035
Hamburg cargo ship

Harbour, Hamburg — Distribution Refrigerated

center (DC), Germany 2,42 truck 300 27
DC, Germany - Retailer, Ger- 213 Refrigerated 75 160
many truck

Retailer, Germany - Recycling 0,12 Truck 100 12

center, Germany

It is assumed that the loss in the supply chain occurs at the distribution center and that the

final shipment contains only as many boxes as there are functional units. Due to that as-

sumption the mass of material changes to the last transportation. This assumption is made

to simplify the calculations but in reality, the losses do not come in one point of the supply

chain. In total the transportation kilometres for CCB are 10 125 km and almost 94 % of it

consists of intercontinental freight transport. Transportation distances for RPC are longer

due to two sea voyages (table 7).
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Table 7. Distances for reusable plastic crate (RPC) during the life cycle. Bolded and
italicized parts are showing the part which the RPC is in a reuse loop for 10 years.

. . Mass of ma- Distance
Distance description terial [t] Mode [km] tkm/use
Granule manufacturer, Central
Europe - Crate manufacturing 0,19 Truck 1100 206
site, Germany
Crate manufacturer, Germany — 0,21 Truck 100 o1
Depot, Germany
Depot, Germany - Harbour, 0,21 Truck 300 59
Hamburg
Harbour, Hamburg - Harbour, 0,21 | Cargo ship 9500 1958
Colombia
Harbour Colombia - Banana 0,21 Truck 75 15
producer
Banana _producer - Harbour, 2,30 Refrigerated 75 172
Colombia truck
Harbour, Colombia - Harbour, 2,30 Refngera_ted 9500 21818
Hamburg cargo ship
Harbour, Hamburg — Distribu- Refrigerated
tion center (DC), Germany 2,30 truck 300 689
DC, Germany - Retailer, Ger- 2,21 Refrigerated 75 166
many truck
Retailer, Germany - Depot, Ger- 0,20 Truck 100 20
many

It is assumed that the loss in the supply chain occurs at the distribution center as well for
RPCs and that the final shipment contains only as many boxes as there are for functional
unit. Due to that assumption the mass of material changes to the last transportation. The
transportation kilometers for RPC are 20 900 km, and their part are roughly 90 % of the total

distances.

When the cargo ship arrives in port of Hamburg, the freight is emptied and the boxes filled
with bananas are transferred to ripening chambers which is located near the port. Ripening
chambers are facilities in which bananas are ripened to be ready for sale point. They are in
controlled atmosphere for approximately five days (table 8). After the ripening process pal-
lets are moved out to lorries and transported to distribution centers across the Germany via

road.
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Table 8. Electricity consumption in ripening chamber and in automated distribution
center. RPC = reusable plastic crate. CCB = corrugated cardboard box

Unit [kWh] Reference

Electricity for RPCs in ripening chamber 52 Lange et al. (n.d.)
Electricity for CCBs in ripening chamber 58 Lange et al. (n.d.)
Electricity use per functional unit in automated Commissioner’s

3,2

distribution center data

The distance between ripening chamber and distribution center is in average 300 km. The
distance is based on the calculated average of projects carried out for the commissioner's
customers. The data for electricity used in automated distribution center is considering only
the devices and it is not considering the lights, forklifts, cooling of the storage facility or other
electricity consumption of the staff. Therefore, the use of electricity is more likely to be higher

than used in this study.

In this study, medium-voltage electricity was used for electricity consumption. Since more
detailed information on electricity quality was not available, the energy mix developed for
the German market is used as a default in this study. The mix includes the largest share of
fossil-free wind power, as well as electricity generated from lignite and hard coal. In addition
to these, there are smaller shares of natural gas, oil, nuclear power, and imported electricity

from Germany’s neighbouring countries.

After distribution center the products are again moved to lorries, and next part is the retailer.
According to Seidel (2021, p. 34) the approximate distance from the distribution center to
retailer range from 25 km to 125 km in Germany. Therefore, the average is used in this
study. When the products from the boxes are sold the retailer must dispose the empty boxes.
CCB is considered to enter the EoL phase and RPC is folded ready for depot in which in-
spection and washing are performed. In the baseline scenario, the recyclability of corrugated
cardboard box is 100 %. The boxes are collected and transported to recycling center and

recycled products will be reprocessed into recycled material.

RPC is folded and packed on the pallet for return logistics after use. As the folded RPC takes
less space, 380 folded crates can be fitted in one pallet. All the crates are after use trans-
ported to depot center. The crates are checked and some parts of the crates can be repaired

if necessary. After successfully inspection the crates are washed and disinfected to ensure
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safe use in the next cycle. The washing consumes water, electricity and the water is heated

with natural gas (table 9).

Table 9. Washing and inspection facility values for functional unit

Description Unit Reference
Natural gas usage 0,11 MJ Lange et al. (n.d.)
Water consumption 80 kg Lange et al. (n.d.)

Electricity usage in washing and inspection fa-

cility 0,014 kWh Lange et al. (n.d.)

After the wash, RPCs are ready to be used again, and the cycle begins from shipping them
to producer. If the crate does not pass the inspection, meaning it is broken, it will enter the
end-of-life phase. The crates are fully recycled with mechanical recycling process. The me-
chanical recycling process is feasible as the used RPCs are made with same plastic type.
These above-mentioned resources and processes are used as inputs in SimaPro (Appendix
A & B).

4.3.1 Environmental break-even analysis

As the CCB loss rate and RPC breakage rate are based on estimates it is decided to do
environmental break-even analysis. The purpose of examining the environmental break-
even point is to determine the level of waste at which the environmental impacts of the
packaging under consideration are equal. Based on information from the commissioner, a
significantly higher number of cardboard boxes break down during automated handling, due
to variations in the dimensions of the boxes and their moisture content. However, it has not
been possible to estimate the amount of waste based on the data, so the break-even anal-
ysis supports the generalizability of the results and illustrates the development of environ-
mental impacts throughout the entire analysis period, allowing a point to be identified that
must be reached regarding total waste for the packaging solution to be environmentally ad-

vantageous.

In the break-even analysis the most significant factor for RPCs in environmental point of
view is the number of cycles. Multiple cycles greatly reduce environmental emissions, as
production emissions are spread out over a longer period and occur multiple times. For

CCBs, the biggest factor is the durability of boxes, and the amount of loss is generated.
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Five scenarios were developed for the CCB, in which the loss rate varied between 3% and
15%, while for the RPC, the loss rate remained at 3%, but the number of usage cycles varied
between 5 and 60. Albrecht et al (2013) have mentioned in their study that breakage rate of
RPCs are 0,47 % and therefore 3 % can be considered conservative and loss of 0,5 %
scenario is also presented in the analysis. These were used to create a two-axis environ-
mental break-even analysis, in which lifecycle carbon dioxide emissions are presented sim-
ultaneously as a function of the number of usage cycles and the loss rate. This way of pre-
senting the data makes it possible to look at a realistic range of values instead of a single
value and find potential break-even points where a reusable solution becomes better for the
environment than a single-use one. The results of environmental break-even analysis are

shown and discussed on chapter 5.2.

4.3.2 Sensitivity analysis of end-of-life scenarios

It is assumed in baseline scenario that both materials are recycled 100 % as the materials
are recyclable in theory. However, recycling rates vary in real world, as has been noted in
the literature review. Because of this, the sensitivity analysis is conducted by taking into
account various scenarios for the end-of-life phase of both selected secondary packaging

options.

CCB end-of-life phase includes recycling and incineration. As mentioned in the chapter 3.3
the share of incineration and recycling is changing in literature. According to ISO 14044 a
sensitivity analysis should be conducted when assessing the impact of different value
choices and weighting methods on the results of an impact assessment. Sensitivity analysis
included three different scenarios including theoretical, realistic and conservative scenarios

to find out the impact of end-of-life phase (table 10).
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Table 10. Sensitivity analysis scenarios for corrugated cardboard box

Share of end-of- Justification; related studies
life processes

100 % recycling,

Baseline scenario 0 % incineration

Theoretically possible

87 % recycling, Current recycling rate of cardboard

Realistic scenario 13 % incineration packaging in Germany (Eurostat, n.d.)

20 % recycling,

80 % incineration Albrecht et al. 2013

Conservative scenario

A similar sensitivity analysis was performed for RPC, comparing theoretical, realistic, and
conservative scenarios (table 11). The selected scenarios cover a range of possible end-of-
life scenarios from ideal recycling conditions to conservative assumptions. This allows the
robustness of the LCA results to be evaluated with uncertainties related to recycling effi-

ciency.

Table 11. Sensitivity analysis scenarios for reusable plastic crate

Share of end-of- Justification; related studies
life processes

100 % recycling,

Baseline scenario g .
0 % incineration

Theoretically possible

52 % recycling, Current recycling rate of plastic pack-

Realistic scenario 48 % incineration aging in Germany (Eurostat 2025)

20 % recycling,

80 % incineration Koskela et al. 2014

Conservative scenario

By comparing scenarios between the materials and the recycling efficiency, the sensitivity
analysis evaluates how strongly the environmental impacts of the studied packaging system
depend on assumptions related to end-of-life treatment and whether recycling has a signifi-

cant impact on overall environmental impacts or overall results.
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5. RESULTS AND DISCUSSION

Subsection 5.1 includes analysis of the performance of the selected packaging solutions.
Then, section 5.2 includes results and interpretation of the baseline scenario. Section 5.3
includes results and discussion of environmental break-even point analysis. Section 5.4 in-
cludes results and interpretation of sensitivity analysis of recycling rates for both packaging

solutions.

5.1 Performance of the selected packaging solutions in the supply
chain

The literature review identified several key requirements that food supply chains demand on
secondary packaging. The most important requirement for secondary packaging is that it
protects the product from damage and loss throughout the supply chain, from the producer
to the point of sale. Secondary packaging must be stackable and stable. This enables stable
pallet loads in the supply chain, and the good stackability of secondary packaging ensures

transport efficiency.

Automation in the supply chain places demands on secondary packaging. Secondary pack-
aging must be compatible with automated grippers and conveyors. It must also withstand
repeated handling. Standardized dimensions ensure consistent packaging quality and com-
patibility throughout the logistics chain. Secondary packaging can also provide important
information about both the product and the box itself using barcodes or other digital identifi-
ers. In automation systems, identification is essential to ensure the box is routed correctly
through the system. Growing consumer awareness and regulations such as PPWR have
increased the need to evaluate packaging from an environmental performance perspective.
Reusability, recyclability and material efficiency are nowadays requirements for secondary

packaging.

Corrugated cardboard boxes are widely used as secondary packaging due to their recycla-
bility, light weight, and wide availability. CCBs have good compressive strength relative to
their weight when kept dry. However, the fibers in the cardboard absorb moisture from the
environment, which causes their mechanical properties to deteriorate. As the structural
strength of the box decreases its ability to withstand stacking loads or repeated handling is

reduced which can lead to box failure and product losses. Due to hygiene requirements and
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the porous nature of the material, corrugated cardboard boxes are used only once in food
supply chains. CCBs do not follow a standard based on modular dimensions, and their di-

mensions can vary. This poses challenges for automated handling.

Reusable plastic crates are designed to withstand multiple uses and can be folded down to
a compact size to maximize the efficiency of return logistics. The plastic crates are designed
to meet the modular dimensions specified in standard ISO 3394, and their dimensions are
standardized. The plastic crates retain their strength, and they can be washed and disin-
fected before reuse. The plastic crates have a high tare weight, and their manufacturing
costs and environmental impact are high. The environmental performance of the crate de-
pends on the number of reuses. Additionally, the organization of return logistics requires a
third party, and typically the boxes from a pooling company are manufactured centrally, pos-

sibly far from the producer.

5.2 Comparative life cycle assessment results of corrugated card-
board box and reusable plastic crate

The reusable plastic crate showed slightly lower environmental impacts in all assessed im-
pact categories (table 12). However, the differences between the systems are small. There-
fore, the results are sensitive to modelling assumptions and data uncertainty. Changes in
crate lifetime, load factors, and food losses can significantly affect the results.

Table 12. Environmental impacts for corrugated cardboard box (CCB) reusable
plastic crate (RPC)

Impact category Unit CcCB RPC
Acidification potential mol H* eq. 14,2 12,9
Climate change kg CO: eq. 1063 1000
Freshwater eutrophication kg P eq." 0,281 0,192
Particulate matter formation kg PM2.5 eq.? 6,59E-05 4,84E-05
Photochemical ozone formation | kg NMVOC eq.? 12,8 11,7
Resource use, fossils MJ 1,49E+04 1,46E+04
Water use m3 317 257

1 kilograms of phosphorous equivalent; 2 kilograms of fine particulate matter equivalent; 3 kilograms of non-me-
thane volatile organic compounds equivalent
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According to results of this study, RPCs represent a competitive option for transporting ba-
nanas from South America to Central Europe. Although the RPC supply chain involves ad-
ditional processes, such as washing and return logistics, the associated environmental im-
pacts do not outweigh the benefits of reuse. The results show that reusable plastic crates
can be an alternative packaging solution even in long-distance supply chains. Similar con-
clusions about RPC performance in environmental point of view have been reported in mul-
tiple studies (Abejon et al. 2020; Gao et al. 2026; Goossens et al. 2019; Sazdovski et al.
2024).

Previous studies (Koskela et al. 2014; Levi et al. 2011) suggested that CCB is a better choice
in long-distance supply chains. Koskela et al. (2014) presented the environmental impacts
of long return logistics as reasons for this, compared to efficient recycling of CCB. In the
study, the plastic crates are not foldable, meaning that return logistics require significantly
more space compared to foldable crates. The foldability of plastic crates provides significant
advantages in terms of transport efficiency and space savings in return logistics (Abejon et
al. 2020; Accorsi et al. 2022). Therefore, the results indicate that the environmental perfor-
mance of reusable of RPCs is strongly influenced by their design characteristics. Foldability
can significantly reduce the environmental burden of return logistics and explain why the

results of this study differ from those reported by Koskela et al. (2014).

Transportation, particularly intercontinental sea freight from Colombia to Germany, is re-
sponsible for the largest share of environmental impacts in multiple impact categories (table
13). The route is long and the packages are in controlled atmosphere which increases the
environmental load of the transportation. The intercontinental sea freight had the biggest
share of environmental impacts in acidification, climate change, particulate matter formation,
photochemical ozone formation and resource use for RPC. Similarly, the intercontinental
sea freight with controlled atmosphere had the biggest share of environmental impacts in
same categories as RPCs but particulate matter formation was distributed more evenly.
Particulate matter formation for CCB were distributed with CCB production, banana cultiva-

tion, intercontinental sea freight and lorry transportation with refrigerator.
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Table 13. Impact categories for reusable plastic crate and corrugated cardboard box,
and the sources contributing the highest emissions in each impact category. If no single
dominant source can be identified, the most significant impact sources are presented.

Corrugated cardboard box Reusable plastic crate
Impact
category Share of to- Share of total
Source tal impacts Source ! o
o impacts [%]
[%]
Acidifica- Intercontinental sea Intercontinental sea
tion poten- | freight, reefer con- 72 . . 75
. X freight, reefer container
tial tainer
Climate Intercontinental sea Intercontinental sea
freight, reefer con- 49 ) \ 50
change ; freight, reefer container
tainer
Banana production 37
Freshwater
trophica- B ducti 49
teignrop ica Corrugated card- anana production
) 29
board production
Corrugated card- o5 Intercontinental sea 35
board production freight, reefer container
Particulate
matter for- | Banana production 23 Banana production 28
mation
Refrigerated lorry Refrigerated lorry
22 28
transport transport
Photo- .
. Intercontinental sea .
chemical ) Intercontinental sea
freight, reefer con- 75 ) , 78
ozone for- ; freight, reefer container
. tainer
mation
Intercontinental sea .
Resource ) Intercontinental sea
. | freight, reefer con- 44 ) , 42
use, fossils |, . freight, reefer container
tainer
Banana production 66
Wat B ducti 74
ater use Corrugated card- 5 anana production
board production

Banana cultivation had the greatest impact on freshwater eutrophication and water con-
sumption at the RPC. As expected, the impacts at the CCB were more evenly distributed in
terms of eutrophication and water consumption, as the production of corrugated cardboard

boxes consumes a significant amount of water. In terms of water use, banana cultivation
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accounted for the largest share (66 %), but cardboard box manufacturing also consumed
one-sixth (16 %) for CCB.

The biggest contributor to climate change is use phase and specially transportation for both
packaging options (figure 10). High contribution of transportation can be explained by the
long transport distance between Colombia and Germany. The dominance of transportation
indicates that transportation has a much greater influence on the climate change impacts
than packaging production or other parts of the life cycle. Therefore, improving logistics ef-
ficiency is one of the most effective ways to reduce life cycle carbon dioxide emissions.
Logistical efficiency could be improved, for example, by folding more crates in return logistics

and always aiming for the fullest possible loads.

Emissions from marine transport can be reduced by improving energy efficiency and tight-
ening energy efficiency requirements. It is also possible to use zero- or near-zero-emission
technologies and fuels in marine transport, which reduce the environmental impact of ship-
ping. (IMO 2023, p. 6)

90% 84%
80%
70% 64%
60%
50%
40%
30% 22%
20%
0, 0,
10% 6% 7% 7% 2% 2% 5% 19
0% [ I . —— -
Packaging production Banana production  Transportation, use Energy (incl. End-of-life
phase Electricity, energy,

water)

B Corrugated cardboard box M Reusable plastic crate

Figure 10. Share of carbon dioxide emissions at each stage during the life cycle

The highest carbon dioxide emissions for CCB occur from transportation and production.
The production of a cardboard box is not spread over multiple uses, which explains the
significant percentage difference in carbon dioxide emissions between the production of a
cardboard box and a plastic crate. The low contribution of RPC production demonstrates the

benefit of reuse system as the manufacturing impacts are distributed across large number



49

of use cycles. For RPCs, the dominant share comes from transportation emissions, which

account for 84% of the carbon dioxide emissions generated throughout the entire life cycle.

Goossens et al. (2019) have studied the life cycle of apples imported from New Zealand to
Europe. In their study, intercontinental transport of apples shipped from New Zealand ac-
counted for 61-90% of total life cycle emissions. This is consistent with finding of this study,

in which transport contributes the largest share (64—84 %) of emissions over the life cycle.

From a climate change perspective, RPC generates 5 % fewer CO, emissions over its lifecy-
cle than CCB. A single plastic crate weighs 810 g more than a cardboard box, which means
that transportation emissions are higher for plastic crates than for cardboard boxes, even
though plastic crates break down less during the supply chain. A plastic crate requires nearly
twice as much transport as a cardboard box, because a plastic crate is transported two
intercontinental transports during a single cycle. As a result, a reusable plastic crate gener-

ates 161 kg CO2 eq. more during transport than a corrugated cardboard box.

In this study, 12% of bananas are lost in CCB’s supply chain. This means that the number
of edible bananas is 182 kg without the peels. The corresponding amount for RPC is 52 kg.
Thus, 130 kg more bananas are wasted in CCB’s supply chain than in RPC’s supply chain.
The amount of waste is reason for difference in the EoL phase. RPC generates 35 kg CO2
eq. fewer emissions at the EoL phase because less food waste is generated. In the UK, 47
000 tons of edible bananas are wasted annually, with a monetary value of £67 (77,4 €)
million (White & Lockyer 2020). Over 900 000 tons of bananas are imported into the UK
each year in total (FAO 2025). In addition to the financial loss, the environmental emissions
are significant. Minimizing losses is critical as they significantly increase both environmental

and economic impacts.

Overall, RPCs reduce the environmental impact of packaging despite the higher transporta-
tion distances and water consumption compared to CCBs. Europe imports more fruits and
vegetables than any other region in the world. The value of agri-food imports in 2025 was
189 billion euros. Vegetables, fruits, and olive oil accounted for 23% of this total in 2025.
(European Commission 2026) A large amount of transport packaging is therefore needed to
move these goods, and cumulative benefits may become more substantial when applied

across a large packaging volumes and long-term logistics operations.
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5.3 Environmental break-even analysis of corrugated cardboard
box and reusable plastic crate systems

The environmental break-even point analysis examines the relationship between the key
variables of two packaging systems. The break-even points were found at 980 — 1000 kg
CO. eq. when RPC has 27 — 36 reuses and CCB loss of 7 — 9 % (figure 11). It is assumed

that RPC breakage rate is neither less than 0,5 % nor more than 3 %.
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Figure 11. Environmental break-even point for reusable plastic crate (RPC) and corru-
gated cardboard box (CCB). There are two fittings for RPC to illustrate the minimum and
maximum breakage rate.

RPCs generate significant emissions when they are used only a few times as can be seen
from figure 11. This is because production emissions are spread over only a few uses and
the environmental impact of production is high. As the number of uses increases, carbon
dioxide emissions decrease significantly. This reduction continues until around 20 uses. Af-
ter that, the decrease slows down because production emissions are already distributed
across many cycles while transport emissions remain unchanged. This highlights the im-

portance of reducing environmental impacts in the transportation sector.

The CCB results follow a linear trend because each box is used once. Unlike RPCs, the
production impacts are not distributed across multiple use cycles and environmental impacts
per functional unit remain constant. The first break-even point indicates that RPC packaging

is environmentally competitive even with a relatively low reuse rate, if packaging waste is
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low. The second break-even point shows that the RPC’s high disposal rate remains com-

petitive with cardboard boxes, provided that the CCB’s loss rate is approximately 9%.

Based on the environmental break-even analysis, RPC is more sustainable secondary pack-
aging solution under the assumptions used in this study. However, CCB may become envi-
ronmentally preferable if losses throughout the supply chain, especially those occurring in
automated handling can be reduced. Life cycle loss should be reduced, to around 7—9%, for
the use of cardboard boxes to be environmentally sustainable. RPC needs to be used ap-
proximately 10 times in baseline scenarios to be more environmentally sustainable choice
compared to CCB. Plastic crates can last for ten years, and circulation volumes are already
at a level where production emissions are spread across many uses. To reduce emissions

from plastic crates, solutions must be sought elsewhere than increasing the number of uses.

According to assumptions in the study, the amount of waste from cardboard boxes is still
high. However, if cardboard boxes could be managed at nearly the same waste level as
plastic crates, i.e., 3%, cardboard boxes would also be a good choice from an environmental
perspective, and plastic crates, with their current design and transport efficiency, would not
be able to achieve the same level of emissions even with high reuse rates in long transpor-

tation supply chains.

Losses of CCBs could be reduced by applying a coating that decreases moisture absorption
during the supply chain. A polymer-based coating can be applied to the cardboard to prevent
moisture absorption and improve its mechanical properties. A barrier layer is added on top
of the corrugated cardboard box, preventing the fibers from being in direct contact with water
and moisture. (Cataldi et al. 2019)

According to the break-even analysis, after 10 uses, a reusable plastic crate produces lower
carbon dioxide emissions than a cardboard box when comparing baseline scenarios. Based
on this, RPC exceeds the environmentally preferable threshold in this study as it is assumed
to have 40 reuse cycles. Accorsi et al. (2022) reported a similar break-even point of 15 uses
in their study. There is difference in number of uses, but the results are relatively close es-
pecially when considering differences in system boundaries and geographical context. Ac-
corsi et al. (2022) have compared CCB and RPC in Italy and transportation distances are

significantly different compared to this study.



52

5.4 Sensitivity analysis of corrugated cardboard box end-of-life
scenarios

The sensitivity analysis showed that increasing Germany’s already high cardboard recycling
rate would not lead to a significant reduction in emissions, and that recycling alone is not
sufficient to achieve the RPC’s emissions level (figure 13). Based on the sensitivity analysis,
it can also be concluded that the impact of recycling plastic crates on overall impacts is
smaller than that of cardboard boxes due to their multiple uses. The environmental burdens
associated with EoL treatment are distributed across numerous use cycles, reducing RPCs

contribution to the overall life cycle impacts.

1120 1110

1062

1060 1052
1040

1020 1oop 1005 1009
1000

980

960

940

CCB12 baseline B CCB12 realistic B CCB12 conservative

Emissions (kg CO2 eq.

RPC3 baseline W RPC3 realistic B RPC3 conservative

Figure 12. Results of sensitivity analysis and comparison for RPC

Based on the sensitivity analysis and results, it is observed that recycling has an impact on
life-cycle carbon dioxide emissions, but it accounts for only a small proportion of total life-
cycle emissions, and improving recycling efficiency does not reduce emissions to the level
achieved by RPC. Transport and production processes account for largest share of emis-

sions generated in during the life cycle.

The recycling remains important from a circular economy perspective but increasing recy-
cling rates does not substantially alter the overall environmental performance of the pack-
aging system. Greater reductions for emissions could be achieved through improving
transport efficiency and design of the packaging. The greatest reductions in emissions are
achieved by optimizing the production phase, modifying product design, and increasing the

proportion of recycled materials (Rizzo & Vignali 2026).
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Cardboard recycling is important, and there is a demand for recycled fiber. Cardboard col-
lected from retailers and industry is often sorted separately, which means that the collected
cardboard is of high purity and quality when used to manufacture new products. (Koskela et
al. 2014) The benéefits of recycled cardboard fiber are utilized in subsequent product sys-
tems. Therefore, the results should not be interpreted as indicating that cardboard recycling

lacks environmental value.

Several studies have estimated the recycling rate of plastic crates to be 95-100% (Abé&jon
et al. 2020; Accorsi et al. 2022; Levi et al. 2011; Sazdovski et al. 2024). This high recycling
rate is justified by the controlled and closed-loop material cycle organized by the logistics
company (Sazdovski et al. 2024). RPCs are similar in terms of their chemical composition,
additives, and color, for example, which makes the recycling process easier (Albrecht et al.
2013). The differing interests of various stakeholders and the heterogeneity of waste
streams are generally considered challenges in plastic recycling (Antonopoulos et al 2021).
Reusable plastic crates are made of a homogeneous material, and the pooling company

has an interest in reusing the material from broken crates.

It is therefore likely that the realistic recycling rate for RPC is somewhere between the the-
oretical rate and Germany’s national plastic collection rate. However, the sensitivity analysis

indicates that this has only a minor effect on impact on the overall results of this study.
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6. CONCLUSIONS

This study examined the environmental impacts generated during the life cycle of two types
of secondary packaging using the LCA method. The aim of the study was to identify which
factors influence the environmental impacts generated during the life cycle and at which

stage of the life cycle the greatest environmental impacts occur.

The study compared a reusable plastic box with a single-use corrugated cardboard box. The
most significant difference between them concerns the functionality of the use phase. A
reusable plastic crate is used on average for ten years and 40 times, while a corrugated
cardboard box is used only once. Corrugated cardboard boxes are widely used due to their
low weight and recyclability, but their performance is limited by moisture sensitivity and lack
of dimensional standardization. On the other hand, reusable plastic crates offer high me-
chanical durability, standardized dimensions and suitability for repeated use, but their envi-
ronmental performance and economic viability depend strongly on reuse rates and the effi-

ciency of reverse logistics.

Overall, for both types of secondary packaging, the use phase was the largest source of
environmental impacts due to long intercontinental transport distances. In the selected en-
vironmental impact categories, reusable plastic crates had slightly lower emissions in every
category. The results for corrugated cardboard boxes were particularly weakened by the
significantly high amount of waste generated when the cardboard gets wet, leading to a loss
of strength and the resulting breakage of the box. The corrugated cardboard box is kept
under controlled temperature throughout the supply chain, and during long supply chain, the
box absorbs moisture. The automated distribution center is located at the end of the supply
chain, by which point the cardboard box has already absorbed moisture. As a result, the
packaging cannot withstand the compression and movement required during automated

handling, leading to losses in packaging and bananas.

Overall, reusable plastic boxes generated 5 % less carbon dioxide emissions over their
lifecycle than corrugated cardboard boxes. The main reason for this was estimated loss of
corrugated cardboard boxes on the supply chain and the manufacturing stage. Emissions
from the manufacturing stage of a reusable plastic crate are spread over multiple uses,
whereas emissions from the manufacturing of a corrugated cardboard box are associated

with a single use.
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The study conducted an environmental break-even analysis comparing the impact of the
reuse rate of plastic crates on the reduction of carbon dioxide emissions with the waste
generated during the life cycle of a corrugated cardboard box. The results showed that the
waste generated by a cardboard box over its lifecycle would need to be reduced to between
7 -9 % from 12 % for it to be a competitive alternative from the perspective of carbon dioxide
emissions. The environmental break-even analysis also showed that, after ten uses, the

reusable plastic crate has lower carbon dioxide emissions in the baseline scenario.

Furthermore, the study examined the impact of the end-of-life phase of secondary packages
on carbon dioxide emissions. The end-of-life phase of the packages involves incineration
and recycling in varying proportions. A sensitivity analysis was conducted based on the the-
oretical state, a realistic scenario, and a conservative scenario, and the optimistic scenario
for corrugated cardboard box did not achieve the same carbon dioxide emissions as reusa-
ble plastic crate. Improving recycling efficiency reduces emissions and allows for material to
be recycled, but this alone does not make the corrugated cardboard box an environmentally
better option. The environmental impact of transportation sector must be reduced to mini-

mize the overall impacts of the supply chain.

The results of this study are consistent with those of previous studies. Since the supply chain
is geographically long and involves long transport distances, transportation accounts for a
significant portion of the total, as do emissions from the transport phase. A crucial factor for
plastic crates is their design, which allows for efficient return transport due to the crate's
foldability. Without a foldable design, plastic would not be a competitive option for long sup-
ply chains. To significantly reduce total lifecycle emissions, the environmental impact of

transportation should be reduced.

6.1 Future research

The results of the study are significantly influenced by the high rate of cardboard box break-
age. Automated handling is not equipped to handle changes in cardboard box dimensions
caused by external factors, and unlike plastic boxes, cardboard boxes do not conform to
standard modular dimensions. This creates an additional need to investigate how automated
equipment could be developed to handle variable packaging efficiently, safely, and without

increasing waste in the supply chain

Areas for further research include reducing corrugated cardboard box waste and product

losses. Losses can be reduced by modifying the design of the corrugated cardboard boxes
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and applying a coating improves the moisture resistance of the packaging by limiting mois-
ture uptake. Corrugated cardboard boxes have a strong position as secondary packaging,
but as automation increases in warehouses and distribution centers, packaging must be
designed so that it can be handled by automated systems without the risk of the box breaking

apart.

Reusable plastic crates are currently made only from virgin material and consume fossil raw
materials. In the future, it would be beneficial to investigate the possibility of using recycled
material in the manufacture of plastic crates and assess its environmental impact. The ma-
terial of the crates is homogeneous. Future research could evaluate how different levels of
recycled content affect the environmental performance, durability, and service life of reusa-
ble plastic crates. In addition, the availability and quality of recycled polymers suitable for
demanding logistics applications should be examined to determine the technical feasibility

of increasing recycled content without compromising crate performance.

The use of secondary packaging is not expected to decline due to globalization and urbani-
zation, so it is important to critically examine opportunities to reduce supply chain emissions
through packaging choices and design, as well as through improved transport efficiency.
Global supply chains require cooperation among multiple stakeholders and a willingness to
change established practices and understand the strengths and weaknesses of different
materials and packaging solutions. In conclusion, the transition to more sustainable pack-
aging systems requires not only technological development but also systemic changes in

transportation methods, operating practices, and a willingness of all stakeholders.
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APPENDIX A: SIMAPRO PROCESSES FOR RPC

SimaPro Processes

| Description

Raw materials

Polyethylene, high density, granulate {RER}| polyethylene production, high den-
sity, granulate | Cut-off, U

Raw material for RPC manufacture

Banana {CO}| banana production | Cut-off, U

The product

Packaging film, low density polyethylene {RER}| packaging film production, low
density polyethylene | Cut-off, U

Packaging film for bananas

EUR-flat pallet {RowW}| EUR-flat pallet production | Cut-off, U

Pallet

Polypropylene, granulate {RoW}| polypropylene production, granulate | Cut-off,
U

Packaging straps raw material

Processes

Injection moulding {RER}| injection moulding | Cut-off, U

Process for manufacturing the crate

Extrusion, plastic film {RoW}| extrusion, plastic film | Cut-off, U

Process for manufacturing packag-
ing straps

Tap water {Europe without Switzerland}| tap water production, conventional
treatment | Cut-off, U

Washing water

Transportation

Transport, freight, lorry with refrigeration machine, 7.5-16 ton, EURO6, R134a re-
frigerant, cooling {GLO}| transport, freight, lorry with refrigeration machine, 7.5-
16 ton, EUROG6, R134a refrigerant, cooling | Cut-off, U

Truck for cooling the product, global

Transport, freight, lorry >32 metric ton, EUROG6 {RER}| transport, freight, lorry >32
metric ton, EURO6 | Cut-off, U

Truck for folded crates in Europe

Transport, freight, sea, container ship with reefer, cooling {GLO}| transport,
freight, sea, container ship with reefer, cooling | Cut-off, U

Intercontinental freight transport
with cooling

Transport, freight, sea, container ship {GLO}| transport, freight, sea, container
ship | Cut-off, U

Intercontinental freight transport, no
cooling

Transport, freight, lorry >32 metric ton, EURO3 {RoW}| transport, freight, lorry
>32 metric ton, EURO3 | Cut-off, U

Truck for folded crates in Colombia

Energy

Heat, district or industrial, natural gas {RER}| market group for heat, district or in-
dustrial, natural gas | Cut-off, U

Energy for heating the washing water

Electricity, medium voltage {DE}| market for electricity, medium voltage | Cut-
off, U

Electricity for DC

Electricity, medium voltage {DE}| market for electricity, medium voltage | Cut-
off, U

Electricity for ripening facility

Electricity, low voltage {DE}| electricity, low voltage, residual mix | Cut-off, U

Electricity for inspection and wash-
ing

Waste treatment

PE (waste treatment) {GLO}| recycling of PE | Cut-off, U

Recycling of the crates and plastic
protecting bananas

Biowaste {RoW}| market for biowaste | Cut-off, U

Biowaste from the bananas

Wastewater, average {Europe without Switzerland}| market for wastewater, aver-
age | Cut-off, U

Washing water to clean up




63

APPENDIX B: SELECTED SIMAPRO INPUTS FOR

CCB

SimaPro Processes for CCB

Description

Raw materials

Packaging film, low density polyethylene {RER}| packaging film production,
low density polyethylene | Cut-off, U

Protecting packaging film for ba-
nanas

Banana {CO}| banana production | Cut-off, U

The product

Corrugated board box {RoW}| market for corrugated board box | Cut-off, U

Corrugated cardboard box

EUR-flat pallet {RoW}| EUR-flat pallet production | Cut-off, U

Pallet

Polypropylene, granulate {RoW}| polypropylene production, granulate | Cut-
off, U

Packaging straps

Containerboard, unspecified {US}| market for containerboard, unspecified |
Cut-off, U

Corner protectors

Processes

Extrusion, plastic film {RoW}| extrusion, plastic film | Cut-off, U

Process for manufacturing pack-
aging straps

Transportation

Transport, freight, lorry with refrigeration machine, 7.5-16 ton, EURO6, R134a
refrigerant, cooling {GLO}| transport, freight, lorry with refrigeration machine,
7.5-16 ton, EUROG6, R134a refrigerant, cooling | Cut-off, U

Truck for cooling the product,
global

Transport, freight, lorry >32 metric ton, EURO6 {RER}| transport, freight, lorry
>32 metric ton, EURO6 | Cut-off, U

Truck for recycling crates in Eu-
rope

Transport, freight, sea, container ship with reefer, cooling {GLO}| transport,
freight, sea, container ship with reefer, cooling | Cut-off, U

Intercontinental freight transport
with cooling

Transport, freight, lorry >32 metric ton, EURO3 {RoW}| transport, freight, lorry
>32 metric ton, EURO3 | Cut-off, U

Truck for CCB manufacturer to
banana producer

Energy

Electricity, medium voltage {DE}| market for electricity, medium voltage |
Cut-off, U

Electricity for DC and depot cen-
ter

Electricity, medium voltage {DE}| market for electricity, medium voltage |
Cut-off, U

Electricity for ripening facility

Waste treatment

Municipal solid waste {DE}| treatment of municipal solid waste, municipal in-
cineration | Cut-off, U

End-of-life, incineration

Core board (waste treatment) {GLO}| recycling of core board | Cut-off, U

End-of-life, recycling

Biowaste {RoW}| market for biowaste | Cut-off, U

biowaste from the bananas

PP (waste treatment) {GLQO}| recycling of PP | Cut-off, U

Recycling of the packaging straps

PE (waste treatment) {GLO}| recycling of PE | Cut-off, U

Plastic film protecting bananas




