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Abstract: This study evaluates the feasibility and effectiveness of the Life Cycle Assessment
(LCA) methodology. Two widely used products with the same functionality but different
designs and production processes were selected for comparative analysis. SimaPro 9.6.0
software was used for the calculations and LCA of both assemblies. The analysis covered
all phases of the life cycle, taking into account factors such as energy, materials and
water consumption. The results allowed a comparison of the environmental impacts
of the two assemblies, identifying the life cycle phases with the highest impact and the
most relevant impact categories. The analysis revealed that the metal trolley exhibited
a 40% higher environmental impact during production compared to the polypropylene
trolley, primarily due to the material extraction and processing phases. Additionally,
the polypropylene trolley showed higher long-term impacts in landfill scenarios due to
carcinogenic substance emissions. These findings highlight the significance of design and
material selection in reducing environmental impacts. Applying the LCA methodology
to the two mechanical assemblies allowed us to identify opportunities for improvement
in the design and manufacturing processes, with the aim of reducing the environmental
impact and increasing the competitiveness of the products. By considering the full life cycle
of a product from the early design phases, more sustainable design and manufacturing
decisions can be made, and by using this analysis, companies can develop more sustainable
products and reduce costs.

Keywords: life cycle analysis; environmental impact; manufacturing processes; product
design; life cycle phases

1. Introduction

The philosophy of producing as much as possible in as short a time as possible, without
regard to the quality of what is produced or the impact on the environment, has evolved
into the need to produce only what is needed, in the best possible quality, and with the
least possible impact on the environment at all phases of the process [1].

As early as the 1960s and 1970s, concerns about the limited availability of raw materials
and energy sources began to drive the development of techniques to assess resource and
energy consumption in different sectors and to try to avoid limitations in the future [2].
It was at this time that the first documented studies focusing on the life cycle analysis
of a product appeared. These studies sought to compare the energy consumption and
emissions associated with the production process of the materials needed to manufacture
products [3]. Subsequently, this methodology spread and took the name “Resource and
Environmental Profile Analysis” (REPA) in the United States and “Eco-balance” [4] in
Europe, the forerunners of today’s LCA.
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Improving sustainability has been a goal since the 1992 Earth Summit [5] and has
been applied to the manufacture of products of all kinds. This paradigm shift has led to an
approach that assesses the improvements that can be made throughout a product’s lifecycle,
from the moment in which a product idea is conceived to its “death”. This is known as
Life Cycle Assessment (LCA), a concept that first appeared in 1969 with studies carried
out at the Midwest Research Institute. In the 1990s, the term “Life Cycle Analysis” (LCA)
was introduced by the Society for Environmental Chemical Toxicology (SETAC) [6] and the
“Code of Practice for LCA” was created, drawing on the studies carried out with the aim of
homogenising the methodology. In 1997, in order to standardise the application of LCA,
SETAC, together with the International Organization for Standardization (ISO), defined
the methodology, terminology and procedures for carrying out an LCA, resulting in the
ISO 14040 standard [7]. These standards state that “LCA addresses potential environmental
aspects and impacts (e.g., resource use and environmental consequences of emissions
and discharges) throughout the life cycle of a product, from raw material acquisition,
production, use, end-of-life treatment, recycling and disposal (i.e., cradle to grave)” [8].

LCA is currently one of the most widely used techniques for environmental impact as-
sessment, as it allows the analysis, collection and evaluation of the potential environmental
impacts generated throughout the life cycle of a product or system, from the extraction of
raw materials, through production, use and final disposal, in order to assess the associated
environmental impacts [9].

This research applies the LCA methodology, as defined by the ISO 14040 standard, to
assess the sustainability of two different designs of a widely used product, a supermarket
trolley. The main difference between the abovementioned designs is the materials chosen
for the construction of the trolley, which have significant differences from an LCA point of
view. By systematically quantifying environmental impacts across all life cycle stages, it is
possible to identify critical areas for improvement, thereby bridging design decisions with
sustainability outcomes.

The aim is to use an LCA to compare the two mechanical assemblies in order to assess
how certain design changes might have a significant influence on the environmental impacts
generated during the life cycle of the products. This comparison will provide ideas on how
to rethink the design, manufacturing, production process, etc., so that, without changing
the functionality of the assembly, the environmental impact generated is minimised. This
situation is transferrable to many widely used elements, where there is potential to reduce
the environmental impact.

First, it will be systematically defined what an LCA consists of and what the phases of
an LCA are, explaining both the applicable methodology and the software used to carry
out the research. This methodology is based on the international standard ISO 14040 [7].
LCA is then applied to the first of the two sets, obtaining quantified impacts for a number
of impact categories according to the chosen methodology. After that, LCA is applied to
study the second set, with the same functionality but with a different design and different
manufacturing processes.

These LCAs are carried out using the SimaPro 9.6.0 software, which allows all the
elements or components of a given set to be analysed, evaluating all the phases necessary
to obtain them and taking into account factors such as the energy consumption, usage of
raw materials, transport and water, among others. The process is quantified by means
of so-called eco-indicators, which show the environmental impact of a given process or
product. All this allows us to perform a comparison between the two products in order
to draw conclusions as to which of the two designs has a greater impact in the various
categories defined in the used methodology, with this methodology using Eco-indicator
99 [10]. This eco-indicator makes it possible to measure the impact of materials, production
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processes, transport processes, energy generation and disposal scenarios [11], which is why
it is widely used and suitable for this analysis.

Finally, once this comparison is made, it is possible to determine which of the two
designs has a greater impact, as well as which components of that design or production
process contribute to that impact to a greater or lesser extent and, thus, to identify variations
in the design of the product, or even the production process itself, in order to obtain an
“optimised” product that reduces its impact as much as possible without compromising
the functionality for which it was designed. The analysis, carried out in a systematic way,
will show step by step how to achieve this and will also reveal the environmental impact of
a certain design (materials, manufacturing processes, etc.).

This paper is organised as follows: Section 2 details the Life Cycle Assessment (LCA)
methodology employed in the study, including the definition of system boundaries and
the analytical techniques utilised. Section 3 presents a comparative analysis of the environ-
mental impacts associated with metal and polypropylene trolleys. Section 4 provides an
in-depth discussion of the findings, emphasising their implications for sustainability and en-
vironmental decision-making. Finally, Section 5 concludes with specific recommendations
for improving trolley designs and outlines potential avenues for future research.

2. Methods
2.1. Life Cycle Analysis

This study uses the LCA tool according to ISO 14040 [7]. LCA is an objective process
that allows us to assess the environmental impacts associated to a product, process or
activity by identifying and quantifying raw material consumption, extraction and trans-
formation, energy usage and emissions to the environment. This makes it possible to
determine the impact of the usage of resources and emissions in order to evaluate and
implement environmental improvement strategies. The LCA covers the entire life cycle
of a product, process or activity, including the extraction and processing of raw materials,
production, transport, distribution, use, reuse, maintenance, recycling and final disposal.
This technique allows us to assess the environmental impact from the very beginning (the
extraction of raw materials) to the end of the product’s useful life, when it becomes waste
that must be treated appropriately. Based on the ISO 14040 standard [7], LCA studies
consist of four phases, as shown in Figure 1.

Goal and scope
definition

Interpretation

Figure 1. LCA phases.

The steps followed in the analysis according to ISO 14040 are explained below.
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2.1.1. Definition of Goal and Scope

In the analysis, an LCA was carried out on two products that are widely used world-
wide and share the same functionality (shopping trolleys made of different materials), in
order to determine the environmental impact of each. On the one hand, a trolley made
mainly of steel with a capacity of approximately 180 L and, on the other hand, a trolley
made mainly of polypropylene with a capacity of approximately 164 litres were analysed.
LCA was then used to see if it is possible to identify which aspects have the greatest influ-
ence on the environmental impact, so that changes can be made either in the production
process or in the design of the product itself in order to reduce or mitigate it. In both cases,
the product system is divided into five sub-processes:

Material procurement;
Trolley assembly operations;
Trolley finishing;

Trolley assembly process;

Trolley end-of-life scenario.

In terms of system boundaries, the following aspects shall be considered:

e  Materials required for the trolley forming process and the method of obtaining them;
e Disposal of the trolley at the end of its life cycle.

The transport or distribution of the trolley to the point of use, the equipment used in
each of the sub-processes of the system and the energy consumed in each sub-process shall
not be considered.

2.1.2. Life Cycle Inventory Analysis (LCI)

In this LCI phase, data and calculation methods are obtained to quantify the inputs
and outputs of the system under consideration, respecting the system boundaries defined
in the scoping phase. Figure 2 shows the sub-processes defined in the scope of the study.
At this level, the sub-processes are common to both types of trolleys.

Supermarket trolley
|
| | | | |
1. Procurement of 2. Sub-assembly 3. Finishing 4. Assembly 5. End-of-life
materials operations operations operations scenario

Figure 2. Product system subprocesses.

These sub-processes will vary for each of the trolley variants. Figure 3 breaks down
the sub-process of sourcing materials for the metal trolley. Within this phase, the aspects
that comprise the process must be considered, from the materials required to the process of
obtaining them in the required quantity and form.

For each of the sub-components of the trolley (wheels, basket, handlebars and lower
base), the entries corresponding to the different materials, with their quantities and weights,
must be taken into account. Based on the data obtained for the two types of trolley to
be analysed, an approximate and consistent weight has been considered for each of their
components. This allows an appropriate application of LCA to the whole set, taking into
account the different materials that make up each component and the process used to
obtain them. Figure 4 summarises this information for the case of the metal trolley.
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Materials sourcing for metallic trolley

|7 Aluminum core Castiron
Wheels Rubber wheel Vulcanisation
L Oxygen injection furnace
Wheel suport refining + pouring + casting
+ironing
Stainless steel bars + chrome Oxygen furnace refining +
plating casting + wire rod
Basket
Polypropylene guards Injection moulding
Handlebars (stainless steel + Oxygen furnace refining +
rear chrome plating) casting
Handlebar
Polypropvlene cover Injection moulding
Bottom structure Chrome-plated stainless Oxygen irljecjjon fut_‘nace
steel rods refining + casting + wire rod

Figure 3. Sub-process for obtaining materials for the metal trolley.

Aluminium core. Quantity = 4.
Unit weight = 0.4 kg, Total weight|
= 1.6 kg. Material = Aluminium.

[Wheels. Number = 4. Total weight]

=3.5 kg. Unit weight =0.875 kg.

Rubber wheel. Quantity = 4. Unit
weight =0.175 kg. Total weight =
0.7 kg. Material = rubber.

Metal trolley. Total weight =15 kg

| |Basket. Quantity = 1. Total weight|

=7kg.

Handlebar. Quantity = 1. Total
weight =13 kg.

racket. Quantity = 4. Unit weight]
=0.3 kg. Total weight=1.2 kg,
Material = Chrome plated
stainless steel.

Bar structure. Number = 1. Total
welght = 6.9 kg. Material =
Chrome plated stainless steel.

Flastic guards. Quantity = 2. Unit
weight = 0.05 kg. Total weight =
0.1 kg. Material = Polypropylene.

Handlebar, Quantity = 1. Total
weight = 1.45 kg. Material =
Chrome-plated stainless steal.

Flastic cover. Quantity = 1. Total
weight = 0.05 kg. Material =
Polypropylene.

Bottom structure. Quantity = 1.

Bar structure. Quantity = 1. Total

Total weight =3 Kg.

weight = 3 kg. Material = Chrome
plated stainless steel.

Figure 4. Component’s tree, weights and materials for the metal trolley.
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Figure 5 breaks down the sub-process of obtaining materials for the polypropylene trolley.

— Polypropylene core Injection moulding

— Wheels — Rubber wheel Vulcanisation
% Uxyvgen Injection
E — Wheel support Refining + Casting +
o Ironing
g,
=
fol —] Basket Injection moulding
8%

= 1 Basket —

g2
= —] Basket door Injection moulding
3
r
% — Handlebar — Handlebar Injection moulding
=

— Bottom structure — Bottom structure Injection moulding

Figure 5. Sub-process for obtaining materials for the polypropylene trolley.

Figure 6, below, shows the components, weight and material tree for the polypropy-

lene trolley.

Wheels, Number = 4. Total

— weight = 2.688 kg. Unit weight =

0.672 kg.

FPolvpropylene core. Quantity =
4. Unit weight = 0.25 kg. Total
weight =1 kg. Material =
Polvpropvlene

[Fiubber wheel. Quantity =4, Unif

Basket. Quantity = 1. Total

Polypropylene trolley. Total weight =12 kg

weight =6 kg.

|| Handlebar. Quantity = 1. Total

weight=1 kg.

weight = 0.122 kg. Total weight =
0.488 kg. Material = rubber.

Bracket. Quantty = 4 Unat
weight = 0.3 kg. Total weight =
1.2 kg. Material = Chrome plated
stainless steel.

Basket. Quantity = 1. Total
weight = 6 kg. Material =
Polypropylene.

Basket door. Quantity = 1. Total
weight=1 kg, Material =
polypropylene.

Handlebar. Quantity = 1. Total

| Lower frame. Cuantity = 1. Total

weight =2.312 kg,

weight =1 kg. Material =
Polypropylene.

Lower frame. Quantity = 1. Total

weight=2.312 kg. Material =
Folypropylene.

Figure 6. Tree of components, weights and materials for the polypropylene trolley.
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The trolley sub-assembly phase begins when all the necessary materials are available
and ends when the trolley is ready. This phase includes the processes that need to be
applied to the parts or sub-assemblies that make up the trolley using different machines,
taking into account the energy consumed and the machinery used for each of the sub-
processes. Figure 7 breaks down the sub-assembly sub-process for the metal trolley, while

Figure 8 does the same for the polypropylene trolley.

Cutting wire rod info bars

| | Bending of rods for trolley

components
‘:_\élg?lrf‘g t‘t’tet:'lrss ?ﬂmaild Bending a wire to form a
guude 1o form the bas trolley handle
welding il

Bending wires into basket
shape by applying pressure

Forming a steel bar to form
the bottom of the basket

Sub-assembly operations for the metallic trolley

Welding basket sides and
Temaoving excess wire

Welding the base of the
trolley

Punching the wheel brackets

Welding the wheel brackets
to the botom structure of the
trolley

Figure 7. Sub-processes of the metal trolley assembly operations phase.

Polypropylene trolley sub-assembly operations

Injection of polypropylene to form the

Injection of polypropylene to form the
basket door

Figure 8. Sub-processes of the polypropylene trolley assembly operations phase.

Injection of polypropylene to form the
handlebar

Injection moulding of polypropylene to
form the bottom structure
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The finishing sub-process considers the operations to be applied to the trolley after
the operations of the second phase have been completed and before the assembly process
in the fourth phase. Figure 9 breaks down the finishing sub-process for the metal trolley,
while Figure 10 does the same for the polypropylene variant.

Basket and base cleaning in soap and acid
bath

Nickel and chrome plating of basket and
base

Metal trolley finishing

Figure 9. Sub-processes of the finishing phase for the metal trolley.

Removal of excess plastic from the various
injection moulded parts

Removal of surface imperfections of the
injection moulded parts

Polypropylene trolley finishing

Soap bath cleaning of the various injection
moulded parts

Figure 10. Sub-processes of the finishing phase for the polypropylene trolley.
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In the case of the metal trolley, this step involves cleaning the basket and bottom

structure in a soap-and-acid bath, followed by nickel-chrome plating of the basket and
bottom structure. In order to carry out both sub-processes, the following inputs must be

considered

Soap bath;
Acid bath;
Nickel bath;
Chrome bath.

In the case of the polypropylene trolley, this phase includes the removal of excess

plastic in the various injected parts and the removal of any imperfections that may have
been created during the injection of the parts and the cleaning of the parts in the soap
bath. In order to carry out the three sub-processes, the following entry must be taken into

account: soap bath.

The next phase is the assembly process, which focuses on the final manufacturing

processes to be applied to the trolley after the finishing operations of the third phase.
As both types of trolley require a different assembly process, different inputs need to be
considered for each. Figure 11 shows the assembly process for the metal trolley.

Screwing the wheels to the base

Fixing the basket to the base

Metal trolley assembly process

Fitting the handlebar

Figure 11. Sub-processes of the metal trolley assembly phase.

The mechanical connection elements required for the assembly of the metal trolley are

shown in Table 1.

Table 1. Mechanical connection elements for assembly of the metal trolley.

Screw Type Quantity Sub-Process
Hexagon head M12 8 Attachment of the wheels to the lower structure
Hexagon head M12 4 Attachment of the basket to the lower structure
Hexagon head M24 2 Assembly of handlebar

The assembly process of the polypropylene trolley is shown in Figure 12.
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Fitting the basket door to the
basket itself

Fastening the wheel support to
the lower structure.

Fitting the basket to the base.

— Fitting the handlebar.

Assembly process of the polypropylene trolley.

—Screwing the wheels to the base.

Figure 12. Sub-processes of the polypropylene trolley assembly phase.

In the case of the polypropylene trolley, for its assembly, only the screws that allow
the wheels to be joined to the lower structure should be considered as inputs. These screws
are listed in Table 2.

Table 2. Mechanical connecting elements for assembly of the polypropylene trolley.

Screw Type Quantity Sub-Process

Hexagon head M12 8 Attachment of the wheels to the lower structure

The final sub-process corresponds to the end-of-life scenario of the trolley. This phase
considers the final disposal of the trolley in a landfill at the end of its useful life (Figure 13).
Landfill is chosen as the end-of-life scenario because the recycling and reuse of this type of
product is costly. The average lifetime of a metal shopping trolley is 8 years, while for a
polypropylene shopping trolley it is assumed to be 10 years.

Deposit on landfill

Trolley end-of-life scenario

Figure 13. Sub-processes of the end-of-life scenario phase for both types of trolleys.
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With all the processes and sub-processes defined for both types of trolley, the inventory
analysis is complete. The next step is to carry out the Life Cycle Impact Assessment.

2.1.3. Life Cycle Impact Assessment (LCIA)

During the development of this phase, the significance of potential environmental
impacts is assessed based on the results of the LCI. In order to carry out the LCIA, it is
necessary to select a number of impact categories, which represent the different areas
affected by the product life cycle to and from the environment, such as ozone depletion,
nitrification/eutrophication, greenhouse effect, acidification, etc. Category indicators,
which determine the emissions or resources used for each impact category, are used to
analyse the LCL To analyse the LCI results, category indicators are used to determine
the emissions or resources used for each impact category. The whole process consists of
four sub-steps:

e  C(lassification: In this phase, the impact categories that will be evaluated are selected,
assigning the results of the LCI to each of them. Depending on the used assessment
method, specific or certain impact categories will be assigned, as described below in
the section on LCI assessment methods;

e  Characterisation: At this point, the results are transferred to the same unit through the
characterisation factors. This is achieved by multiplying the classification results by
these factors and grouping the results to obtain an indicator for each impact category.
Characterisation factors imply the relative contribution of a substance to an impact
category. Depending on the assessment method, there are different characterisation
factors to be applied;

e  Normalisation: This phase shows the contribution of each impact category to the over-
all environmental impact. This is achieved by analysing the results of the characterisa-
tion. Normalisation factors for each impact category are applied to the characterisation
results. Different scaling factors are applied for each assessment method;

e  Scoring or weighting: This consists of converting the results of the normalisation
phase using weighting factors. The weighting factors are multiplied by each of the
impact categories and then added together to give an overall score for the case under
consideration. The weighting factors, which represent the relative importance of each
category to the environment, are subjective (unlike the factors in the previous steps)
and may vary according to socio-economic criteria.

2.1.4. Interpretation

This is the final phase of the process, in which the results obtained in the previous
phases are analysed and combined in such a way that a series of conclusions and rec-
ommendations can be drawn in order to facilitate decision-making on the system under
analysis. These must be consistent with the scope and objective of the study, being always
within the defined constraints. According to ISO 14044 [1], this phase should include the
following aspects:

e  Identification of significant issues based on the results of the LCI and LCIA phases of
an LCA;

e Evaluation taking into account completeness, sensitivity and consistency analy-
sis checks;

e  Conclusions, limitations and recommendations.

2.2. Methodologies for LCA Assessment

There are different methodologies for conducting an LCA assessment, the main differ-
ences being the impact categories, the characterisation of the life cycle elements and the
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standardisation and weighting used. There is also an alternative way of classifying these
methodologies, which is to consider that there are two methods of impact assessment. The
first is to analyse the effect of the final environmental impact, the so-called endpoint or
“damage-oriented method”, which results in only three impact categories, making the in-
terpretation of the results easier. The second is to analyse the impact of intermediate effects,
the midpoint or “problem-oriented method”, which has a relatively low uncertainty but has
the disadvantage that the different impact categories of the results are more complicated.

Although there are many methodologies that can be used to carry out the assessment,
they are all based on what are known as eco-indicators, which are figures that can be used
to determine the total environmental impact of a product, service or process. Eco-indicator
99 quantifies each of the impact categories, and in order to align the methodology with the
objective of this study, the Eco-indicator 99 methodology was chosen. This method focuses
on the final impacts rather than the intermediate impacts, such as human health, ecosystem
quality and resource depletion. Additionally, this method allows an easier interpretation
and weighting of the LCA results.

Interpretation is relatively straightforward, as it is sufficient to know that the higher
the indicator is, the greater the environmental impact is. The results are grouped into
3 categories of damage (human health, ecosystem and resources), which are subdivided
into 11 impact categories with corresponding characterisation factors (Figure 14).

Damage to human health Ecosystem damage Resource damage
g ) e N\
[ Carcinogens ]
Ecotoxicity
[ Organic inhaled ] L Minerals
[ I ’
Inorganic inhaled
8 Acidification / \ /
Eutrophication
[ Climate change ] P ( )
\ 7
. . ( A
Radiation Fossil Fuels
Land Use
[ Ozone layer ]
\ J \. J

Figure 14. Impact categories for Eco-indicator 99.

The damage characterisation factors will simplify the results. Table 3 lists the different
damage characterisation factors for the damage category of human health.

Table 3. Damage characterisation factors for the damage category of human health.

Harm Category (Human Health) ! Damage Characterisation Factor

Carcinogenic substances 1
Breathed-in organics
Climate change
Radiation
Ozone layer

—_ =

! Damage is denoted in DALY (sum of the number of years of life lost and the number of years lived dis-
abled)/kg emission.

Table 4 lists the different damage characterisation factors for the damage category of
ecosystem quality.
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Table 4. Damage characterisation factors for the damage category of ecosystem quality.
Damage Category (Ecosystem Quality) ! Damage Characterisation Factor
Ecotoxicity (PAF m? year) 0.1
Acidification-Eutrophication (PDF m? year) 1
Land use (PDF m? year) 1

! Damage is denoted in PDF m? year (loss of species in a given area over a given period of time).

Finally, Table 5 lists the different damage characterisation factors for the damage
category of resources.

Table 5. Damage characterisation factors for damage category of resources.

Damage Category (Resources) ! Damage Characterisation Factor
Fossil fuels 1
Minerals 1

1 Damage is denoted in surplus M] (energy needed to extract minerals and fossil fuels in the future).

On the other hand, there are the normalisation factors applied to each impact category,
which multiply the results obtained in the characterisation. As mentioned above, each
methodology uses different normalisation factors. In the case of the Eco-indicator 99
methodology, these factors are based on European data and reflect the order of magnitude
of the environmental problems of the process compared to the total environmental problems
in Europe. Table 6 quantifies these factors.

Table 6. Normalisation factors for each damage category.

Damage Category Normalisation Factor
Human health 65.1
Ecosystem quality 1.95 x 10~*
Resources 1.19 x 104

Finally, there are weighting factors, the value of which also depends on the chosen
methodology. This weighting is responsible for the prioritisation of the impacts, obtained
by multiplying the results of the normalisation of each impact by a factor directly pro-
portional to the level of priority established. The weighting factors, which represent the
relative environmental importance of each category, are subjective (unlike the factors in the
previous phases) and can vary according to socio-economic criteria. The Eco-indicator 99
methodology includes weighting factors as shown in Table 7.

Table 7. Weighting factors for each damage category.

Damage Category Normalisation Factor
Human health (DALY) 400
Ecosystem quality (PDF m? year) 400
Resources (surplus MJ) 200

2.3. Used Software

The analysis was developed by using SimaPro 9.6.0 software. This software allows
us to perform a full LCA with several impact assessment methods, all of which calculate
the relative contribution of a substance to a given impact category. SimaPro 9.6.0 software
was utilised in this study due to its robust capabilities in analysing environmental impacts
across various life cycle stages. The software’s compatibility with widely used databases
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with real-world data for accurate LCA modelling, such as Ecoinvent, enables precise
modelling and facilitates decision-making based on quantified environmental data. Its
flexibility allows us to model complex products and systems, making it possible to generate
customised and clear reports. Some of the methods also use other procedures such as
damage assessment, normalisation or weighting. In this case, as mentioned, the chosen
assessment method is Eco-indicator 99. SimaPro offers the possibility of employing both
user-created and bibliographic databases (Ecoinvent, BUWAL, IDEMAT, ETH and IVAM).
In this study, the Ecoinvent database was used.

3. Results
3.1. Characterisation of Both Sets

In order to analyse a product and apply LCA, a series of categories must be defined,
including aspects such as materials and their production, transport, energy, etc. For the
phases analysed in the software, the final materials have been used, since SimaPro takes
into account all the phases necessary to obtain them.

Firstly, a flow chart of the materials that make up the trolley is generated by entering
the materials and their associated quantities, as described in Figures 4 and 6 for the metal
and polypropylene trolleys, respectively. When entering the materials, it is necessary
to apply an amortisation factor corresponding to the average lifetime of each type of
trolley, as abovementioned, estimated as 8 years for the metal trolley and 10 years for the
polypropylene one. The quantities indicated are therefore divided by the depreciation factor
to obtain the impact of the materials in each of the years of the product’s life (Figure 15). In
Figure 15, it can be seen that there are different thicknesses in the lines of the graph. This is
because the software assigns a certain thickness to the lines according to the impact that
each aspect has on the analysed product. The greater the thickness, the greater the impact.

It can be seen that the aspect that most influences the impact produced by the metal
trolley is the use of chrome-plated steel. The values at the bottom left of each rectangle in
the diagram show the impact score, where the magnitude of the chrome-plated steel can
be seen compared to the other materials of the trolley. In the case of the polypropylene
trolley, it can be seen that the impact score for the polypropylene is the highest, which is a
reasonable result since most of the trolley is made of polypropylene.

It should be noted that for the purposes of the wheels analysis, polypropylene has
been simplified and used instead of rubber, as the impact produced by polypropylene is
similar to that of rubber for the same quantity in all impact categories.

In addition, SimaPro allows the addition of an end-of-life scenario, which, as defined
in scope, in this case is landfill. In the diagram in Figure 16, it can be seen that the aspect
that most influences the impact generated by the metal trolley (once the whole process is
taken into account by adding the end-of-life scenario) remains the use of chromed stainless
steel, while in the case of the polypropylene trolley, polypropylene also remains the most
relevant aspect.

Looking at the impact values at the bottom left of each rectangle in the graphs, it can be
seen that the total life cycle impact score of the trolley is divided into the impact generated
by the trolley itself and the impact generated by the landfill, with impact values of 2.49 and
0.0155, respectively, for the metal trolley and 0.579 and 0.111 for the polypropylene trolley.
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Figure 15. Material flow diagram for both types of trolleys.
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Figure 16. Characterisation of the impact results to compare the two types of materials in the wheel.

Figure 17 shows the quantified percentages of the characterisation by impact category
for the steel trolley. The percentages are shown for the processing phase of the trolley and
the deposition phase of the trolley in the landfill. It can be seen that there are both positive
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and negative values. Values below 0% represent an environmental benefit over the life
cycle of the study object, while values above 0% represent an environmental impact.

99.00% 9.33% 0.67% 0.11% 027% 0.26% 0.87% 0.05% 0.46% 0.00% 0.67%
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Figure 17. Characterisation of the impact categories for the metal trolley.

For all impact categories, it can be seen that the percentage impact of landfill is not
significant compared to the impact of shopping trolley processing, as the values for landfill
impact are minimal.

If the same approach is repeated for the polypropylene trolley, the percentage impact
of the landfill in each of the impact categories is shown in Figure 18. It can be seen that it is
significantly lower than the impact generated by the trolley moulding process, except for
carcinogens and to a lesser extent for land use.
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Figure 18. Characterisation of the impact categories for the polypropylene trolley.

On the other hand, the percentages of the characterisation by damage categories can
also be seen for the case of both trolleys in Figures 19 and 20, respectively. In both figures,
the percentages can be observed in relation to the treatment of each type of trolley and its
deposition phase in the landfill.
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Resources 99.81% 0.19%
Exosystem quality 99.94% 0.06%
Human health 98.83% 1.17%
0.00% 50.00% 100.00%
Steel cart Landfill
Figure 19. Characterisation of damage categories for the steel trolley.
Resources 99.62% 0.38%
Exosystem quality 95.82% 4.18%
Human health 65.38% 34.62%
0.00% 50.00% 100.00%

Polypropylene cart Landfill

Figure 20. Characterisation of damage categories for the polypropylene trolley.

In the case of the metal trolley, for the three impact categories (human health, ecosys-
tem quality and resource consumption), it can be observed, as in the characterisation
by impact category, that the percentage impact of landfill deposition is not significant
compared to the impact of trolley processing.

If the same process is carried out for the case of the polypropylene trolley (Figure 20),
it can be seen that for the categories of damage to ecosystem quality and resource consump-
tion, the impact generated by the landfill is not significant compared to that generated by
the processing of the trolley, unlike in the case of human health, where the final deposition
of the trolley in the landfill has a significant impact.

3.2. Normalisation and Weighting

The normalisation values by damage category for the case of the metal trolley, corre-
sponding to the processing of the trolley itself and its landfill deposit phase, are shown
in Figure 21. Again, for all three damage categories, the percentage impact of landfill
deposition compared to the impact of the trolley processing is hardly significant. It can be
seen that the largest impact is caused by the consumption of resources, which includes the
impact categories of minerals and fossil fuels.

Resources 4.03x103 7.51x10%
Exosystem quality 1.30x10-3 7.26x107
Human health 2.90x103 3.43x10°
0.00 1.00x1073 2.00x103 3.00x103 4.00x103

Steel cart Landfill

Figure 21. Normalisation by damage categories for the metal trolley.

For the polypropylene trolley, it can be seen that, as with the characterisation by impact
category, the only category in which the final disposal in landfill has a significant impact is
the one related to human health. In addition, Figure 22 shows that the largest impact is
generated by resource consumption, which includes the impact categories of minerals and
fossil fuels.
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Resources 1.66x103
1.12x10*
-6
Exosystem quality 4.87x106 6.24x10
Human health 5.07x104 2.69x10*
8.00x10° 4.80x104 8.80x10* 1.28x1073 1.68x1073

Polypropylene cart Landfill

Figure 22. Normalisation by damage categories for the polypropylene trolley.

Finally, the weighting calculation must be performed. The weighting is responsible for
prioritising the impacts by multiplying each impact by a factor that is directly proportional
to the priority level set. The values of the weighting factors for the impact assessment
method have been chosen as defined in the scope of the LCA for Eco-indicator 99.

By weighting by impact category (Figure 23), the values for the processing of the metal
trolley and its landfill phase can be observed.

Resources 0.806 0.002
Exosystem quality 0.521 0.000
Human health 1.162 0.014
0.000 0.200 0.400 0.600 0.800 1.000 1.200

Steel cart Landfill

Figure 23. Weighting by damage categories for the metal trolley (mPt).

The highest value is obtained for the human health aspect. Considering that the values
of the weighting factors for human health and ecosystem quality are the same, it can be
seen that the production process of the metal trolley has a high impact on human health,
but a much lower impact on the ecosystem. With regard to the consumption of resources
and raw materials, it can be seen that normalisation is the most affected aspect, but since
the chosen impact assessment method gives it a lower weighting factor than human health,
resource consumption is no longer the most significant impact.

Figure 24 shows the weighting for the polypropylene trolley.

Resources 331.480 1.250
Exosystem quality 44.720 1.950
Human health 202.970 107.470
0.000 50.000 100.000 150.000 200.000 250.000 300.000

Polypropylene cart Landfill

Figure 24. Weighting by damage categories for the polypropylene trolley (mPt).

The weighting for the polypropylene trolley shows that the highest value is obtained
in the aspect related to the consumption of resources and raw materials. Considering
that the values of the weighting factors for human health and ecosystem quality are the
same (a weighting factor of 400), it can be seen that both the production process of the
polypropylene trolley and its final disposal in landfill have a major impact on human health
and a much smaller impact on the ecosystem.

The consumption of resources and raw materials is the aspect most affected by stan-
dardisation, and although the chosen impact assessment method gives a lower weighting
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factor than human health, the consumption of resources is still the most significant impact.
However, the final disposal of the polypropylene trolley in landfill has hardly any impact
in the resource use category, as all the impact in this category is practically generated by
the production process of the trolley.

It is noteworthy that, although the weighting factor value of the resources and raw
material consumption damage category is half that of the human health factor, the final
weighted values are similar, so that the impact generated in the resource category is large
and needs to be taken into account.

It can be seen that the impact of landfill at the end of the life of the trolley only has a
representative impact in the category of harm to human health.

Finally, a single score can also be obtained (Figure 25), which allows us to see which
of the impacts are more or less important for each product. This graph has been divided
into the impact of manufacturing the metal trolley itself, the impact of landfilling and
the relative impact of each of these two processes. In this case, it can be seen that the
aspect most affected by the production process of the trolley is human health (as was also
seen in the weighting graph). However, the final landfill has virtually no impact on the
three aspects.

Steel trolley production (Pt) Landfill deposit of steel trolley (Pt)
0.002
0.000 ___
0.806 __
_1.162
0521 0.014
® Human health = Exosystem quality = Resources ® Human health = Exosystem quality = Resources

Steel trolley production vs Deposit on landfill
(1)
0.016

2489

u Steel trolley production ® Landfill deposit of steel trolley
Figure 25. Single score according to damage categories for the metal trolley.

Figure 26 shows the same indicators, but in this case for the polypropylene trolley.
It can be seen that the most affected aspect of the production process of this trolley is the
consumption of resources and raw materials. However, the impact on human health is
not to be underestimated compared to the impact on the consumption of resources and
raw materials. With regard to final disposal in landfills, the most relevant impact is in the
human health category. Finally, it was found that the impact caused by landfilling is more
important than the impact caused by the production process of the steel trolley.
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Polypropylene trolley production (Pt) Landfill deposit of polypropylene trolley (Pt)

1950__ 1250

_202.970 A\\‘
331.480
107.470
\ 44720
® Human health = Exosystem quality = Resources ® Human health = Exosystem quality ~ m Resources

Polypropylene trolley production vs Deposit on landfill (Pt)

110.670__

579.170

®  Polypropylene trolley production ® Landfill deposit of polypropylene trolley
Figure 26. Single score according to damage categories for the polypropylene trolley.

Finally, a comparative analysis of both designs reveals that the polypropylene cart has
a lower environmental impact in the short term. However, in the long term this design is
penalised because the impacts on human health (carcinogenic) are more significant.

4. Discussion

Once the LCA results for both products are available, the results are evaluated.
Figure 27 compares the impacts produced by each of the trolley types studied. It shows the
characterisation according to impact categories in the processing of the trolley set for each
of the materials (polypropylene and steel).

Fossil fuels

Minerals

Land use

Acidification / Eutrophication
Ecotoxicity

Ozone layer

Radiation

Climate change

Resp. Inorganics

Resp. Organics

Carcinogens
0.00% 50.00% 100.00%

m Polypropylene trolley production  Steel trolley production
Figure 27. Characterisation by impact categories for the processing of both trolley types.

It can be seen that the impact of the metal trolley is higher than that for the one made
of polypropylene in virtually all categories, with a notable difference in the carcinogens
category. This is an important detail to consider and is consistent with the results obtained
by Norgate et al. [12]. Once the analyses have been carried out, special attention should be
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paid to the materials used in the production process of the metal trolley, and in particular
to the steel, which is present in larger quantities, since its use and processing in the case of
the metal trolley has an excessive impact, generating carcinogenic substances harmful to
human health. On the other hand, the non-corrosive nature of the polypropylene eliminates
the need for energy intensive surface treatments required for steel. In addition, its lower
density results in reduced material usage and, therefore, reduced energy consumption in
the production process.

When analysing the landfill deposition (Figure 28), it can be seen that the impacts
generated by both types of trolley in the impact categories are significantly lower than
those previously obtained (Figure 27). Particularly noteworthy is the impact category value
for carcinogens from the landfill deposition of the polypropylene trolley. In the long term,
the landfill of a trolley made mainly of polypropylene has a high impact on the production
of carcinogenic substances generated during the degradation process of the trolley [13-15],
such that other possible alternatives for the end-of-life scenario of this trolley should be
considered, as has been found in several studies on polymers [16].

Fossil fuels

Minerals

Land use

Acidification / Eutrophication
Ecotoxicity

Ozone layer

Radiation

Climate change

Resp. Inorganics

Resp. Organics

Carcinogens
-1.00% 19.00% 39.00% 59.00% 79,00% 99.00%

Landfill deposit of polypropylene trolley Landfill deposit of steel trolley
Figure 28. Characterisation by impact categories for landfilling of both types of trolleys.

Figure 29 below shows the normalisation according to damage categories in the
processing of the trolley for each of the two cases. In this case, it can be seen that the impact
of the metal trolley is higher than that of the polypropylene in all damage categories (as
was the case for the impact categories in the characterisation in Figure 27). The greatest
difference in impact is found in the human health damage category, as this includes
the carcinogens impact category, which is also much higher for the metal trolley. The
impact category with the highest value is the consumption of resources and raw materials.
Therefore, efforts should be made to find materials that would allow the trolley moulding
process to be carried out in smaller quantities or to analyse the trolley models in such a
way that the design could be improved to reduce material consumption [17].

The graph in Figure 30 shows the normalisation according to the damage categories in
the landfilling of both types of trolleys. It can be seen that the impacts generated by both
trolleys in the damage categories are significantly lower than those observed in Figure 29 for
the processing of the trolley, with the exception of the value for the human health damage
category for the landfill deposition of the polypropylene trolley. As already mentioned, in
the long term, the landfill of a trolley made mainly of polypropylene has a high impact
on the production of substances harmful to human health that are produced during the
degradation process of the trolley, so that other possible alternatives for the end-of-life
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scenario of this trolley should be considered that would lead to a lower production of these
substances harmful to human health [18].

Resources

Exosystem quality

Human health

0.000 1.000x10-3 2.00x103 3.00%103 4.0x103
Polypropylene trolley Steel trolley

Figure 29. Normalisation of the damage results in the processing of both types of trolleys.

Resources

Exosystem quality

Human health

0.000 5.000x10°  1.00x10* 1.50x10+ 2.0x10+ 2.50x10*
Landfill deposit of polypropylene trolley Landfill deposit of steel trolley

Figure 30. Normalisation of landfill damage results for both types of trolleys.

5. Conclusions

Analysing the results of the comparison in the previous section, it is obtained that in
the phase corresponding to the processing of the trolley, the greatest impacts are generated
by the metal trolley. As mentioned above, the most significant difference is in the impact
category of the emission of carcinogenic substances. It was also observed that the impact
category with the highest value was the one corresponding to the consumption of resources
and raw materials. With regard to the final phase, the disposal of the shopping trolley in a
landfill at the end of its life, the impacts are significantly lower than those corresponding to
the processing phase of the shopping trolley, with the exception of the value of the impact
category emission of carcinogenic substances in the case of the polypropylene shopping
trolley. As for the damage categories in the landfill phase, the highest value is found for
the impact on human health due to the deposition of the polypropylene trolley in the
landfill (this damage category includes the impact category of the emission of carcinogenic
substances, which, as seen above, was the highest value in the characterisation of the
polypropylene trolley). Quantitatively comparing the impacts of each phase, it can be seen
that the phase with the highest impacts is the one corresponding to the processing of the
trolley (with higher impacts in the case of the metal trolley in all aspects). Therefore, the
design of both trolleys should be reconsidered in order to minimise the number of materials
used and thus reduce the impact caused by the processing of both trolleys. With regard to
the final phase, the disposal of the trolley in a landfill at the end of its life, it should be noted
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that the impacts are lower in the resources and ecosystem quality categories. However,
in the case of the polypropylene trolley, alternatives should be sought for the end-of-life
scenario, as the impact on human health due to the emission of carcinogenic substances is
significant. Therefore, analysing the obtained results, it can be concluded that the impacts
generated in the case of the metal trolley are greater in the processing phase due to the used
materials and their quantity, although the polypropylene trolley has a great environmental
impact in its final disposal in landfill, so the end-of-life scenario should be another one that
has a lower impact on the emission of substances. Alternatives such as mechanical recycling
or pyrolysis have been shown to reduce the environmental impact of polypropylene
significantly. For example, recycling can lower carcinogenic emissions by over 60%, while
pyrolysis offers energy recovery benefits. Pyrolysis, as shown in several case studies, allows
the conversion of polypropylene waste into fuels with significant environmental benefits.
Similarly, mechanical recycling retains material properties, extending polypropylene’s
lifecycle. Recycling programs, such as those detailed in Arena et al. [16], and pyrolysis
methods have proven effective in reducing the environmental footprint of polypropylene
products. These strategies not only mitigate landfill dependency but also align with circular
economy principles.

LCA is therefore an environmental management tool that can be important for decision-
making at different stages of product manufacture, from design to landfill [19]. Industries
could adopt bio-based polymers or lightweight materials to lower environmental impacts.
Energy-efficient processes, such as advanced moulding technologies, further contribute
to sustainability. While the obtained results in this analysis are specific to supermarket
trolleys, the methodology can be applied to other products with similar material and design
considerations. However, differences in functionality and manufacturing processes must
be accounted for. Although the tool can be complex to understand, LCA is widely accepted
by all sectors. Its application allows for a complete analysis of the environmental impacts
of products throughout their life cycle, as well as those generated by production processes,
and can be used to suggest improvements in design. The results demonstrate that utilising
LCA during the design phase allows for the early detection of flaws, enabling corrective
actions that minimise environmental impacts and optimise product functionality. Indirectly,
its use improves both the quality and safety of companies and products, thereby enhancing
their public image. LCA studies provide companies with environmental information on
their products, making it possible to objectively correct significant environmental impacts
by modifying the design of products and production systems, the materials used, etc. [20].
This makes it possible to reduce the environmental impact of the product throughout its life
cycle, from the procurement of raw materials and components to the disposal of the product
at the end of its useful life. It also reduces the costs associated with the consumption of raw
materials and energy. The use of this tool makes it possible to compare products with the
same function from the point of view of environmental impact and to make decisions on
the design of the product or process on the basis of the information obtained; it also makes
it possible to select the most appropriate materials to use on the basis of their observed
impact, to make decisions to redesign in order to reduce the quantities of materials used, to
choose the end-of-life scenario with the least environmental impact, etc. The use of this tool
makes it possible to compare products with the same function from the point of view of
environmental impact and to make decisions on the design of the product or process on the
basis of the information obtained. Companies need to work with these tools, as using them
will allow them to differentiate themselves from the competition and have a higher level of
value that will be taken into account by consumers [21]. Similarly, consumers should be
encouraged to take an interest in the issue so that they become aware of the consumption,
use and purchase of environmentally friendly products [22].
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The LCA methodology provides a systematic approach to evaluating environmental
impacts throughout a product’s life cycle. Its application in this study demonstrates how
design decisions and material selections can influence sustainability outcomes. Despite its
complexity, LCA offers a valuable tool for optimising product designs and manufacturing
processes to minimise ecological footprints. On the other hand, environmental legislation
exerts constant pressure on companies, which can sometimes be resolved by applying
methodologies such as LCA to their products or production systems to demonstrate that
their environmental impact is as low as possible. At present, the possibility of LCA
becoming the basis for evaluating products for positioning on the international market
cannot be ruled out, as purchasing companies will not be willing to pay for products that
have a high environmental impact, as they invest heavily to avoid these impacts and the
pollution they cause.

In the case studied, the LCA tool has made it possible to verify which of the two
types of products generates the greatest environmental impact in each aspect, and to
propose solutions to address these problems. Future research should consider integrating
alternative LCA methods, such as ReCiPe or TRACI, to validate and expand the findings
of this study. It should be noted that the use of an environmental impact assessment tool
(such as the LCA) has made it possible to check how the design of the product, depending
on the materials used and their production processes, affects the level of impact generated.
Specifically, it was found that the metal trolley has a higher impact than the polypropylene
trolley due to the fact that its material extraction process is more costly. Therefore, special
attention needs to be paid to the product design stage, as failures at this stage can be
extremely costly for companies. This is due to the fact that design is the first stage of
product development and mistakes made at this stage can be repeated throughout the
production cycle, leading to failures that cannot be solved and therefore the product being
discarded, creating problems with the use of the product, implying a bad image for the
company, reducing its sales and causing large losses for the manufacturing companies.

In conclusion, by analysing the design of a product and comparing it with another
with the same functionality, it is possible to assess aspects such as the economic investment
to be made, the energy to be consumed or the quantities of raw materials required to
obtain the product [23,24]. It is also possible to identify errors at the design stage, so that
they do not lead to unsolvable problems. In this case, the economic investment can be
reduced by redesigning the product, analysing it and reducing the amount of materials
used (provided that the product itself does not lose its functionality and does not present
structural problems) or by analysing the materials and using others that have a lower
environmental impact or require less of them to make up the product. In the same way,
redesigning a product can bring certain benefits, such as reduced weight due to a reduction
in the amount of material used, better handling and an improvement in the quality of
the company’s image due to a reduction in the impact. Also, industries could adopt bio-
based polymers or lightweight materials as they are promising tools that industries can
use to lower their environmental impact while still maintaining performance and cost-
effectiveness. As sustainability continues to be a key focus for businesses and consumers
alike, the adoption of these materials will play a critical role in shaping a more sustainable
future, reducing carbon footprints and waste and promoting a circular economy and energy
efficiency among other key benefits.

Finally, engaging stakeholders is crucial for implementing sustainable practices. Pol-
icymakers have the power to shape incentives and regulations that promote recycling,
resource conservation and sustainability. Meanwhile, manufacturers can adopt informed
design changes, using LCA to minimise environmental impacts throughout the product
lifecycle. When both groups, along with other stakeholders, work together, they can ac-
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celerate the transition to a circular economy, reduce waste and lessen the environmental
footprint of industries across the globe.
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