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Abstract: The development of materials and the products made from them should respond to new
challenges posed by market changes and also by climate change. Therefore, the objective of this
investigation was to develop a method that supports the sustainable development of materials and
the products made from them based on an aggregated indicator of quality and environmental load
in the life cycle (QLCA). The testing and illustration of the QLCA method included a passenger
car tyre and nine prototypes. These prototypes were described using eight quality criteria: season,
class, size of the load index, speed index, rolling, adhesion, and external noise. Then, customer
expectations regarding the importance of the criteria and satisfaction with the indicators in the
current and modified states were obtained. Based on the customer assessment, the quality indicators
of the prototypes were assessed. This assessment was supported by the weighted sum model (WSM)
and the entropy method. Then, life cycle assessment for the reference tyre was performed using the
Ecoinvent database in the OpenLCA program. LCA indicators were modelled for other prototypes,
taking into account quality changes. As a result of the verification of the method, an aggregated QLCA
indicator was estimated, based on which it was possible to select the most favourable (qualitatively
and environmentally) prototype out of nine. This was the P4 prototype (QLCA = 0.57). The next
position in the ranking was taken by P7 (QLCA = 0.43). The QLCA method can be used to determine
the direction of development of materials and products in terms of their sustainable development.

Keywords: quality; LCA; Entropy; carbon footprint; production engineering; mechanical engineering

1. Introduction

The efficient and thoughtful use of materials is a current challenge, and research aims to
address the challenges related to reducing the negative impact of materials manufacturing
and use on the environment, including reducing resource scarcity while meeting functional
requirements [1]. Therefore, improving the quality of materials and products in terms of
sustainable development increasingly takes into account life cycle assessment (LCA) [2].
This involves taking actions to support the interpretation of the quality of materials and
products in order to ensure customer satisfaction with their use [3,4]. At the same time, these
activities should include aspects that limit the negative impact on the natural environment
throughout their life cycles [5]. This is a complex and difficult approach; therefore, despite
the research undertaken in this area, it is still an open topic.

For example, in one study [6], inventory data for the evaluation of environmental
impact in LCA were concretised in the case of production processes and mechanical pro-
duction. However, the authors of the study [7] focused their research on developing a
framework for assessing products in terms of their improvement possibilities, including
taking into account their life cycle. The framework included an integrated checklist to
determine product development capabilities, including the assessment of specific environ-
mental and quality parameters and indicators. The authors proposed a different approach
in study [8], in which the research topic mainly referred to the use of artificial intelligence
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and machine learning to predict the impact of the life cycle of material products, including
products made from them. In turn, the study [1] analysed the circularity of the product and
the environment with the goal of improving material efficiency. The life cycle assessment
method was used as a key method in estimating the carbon footprint of various material
efficiency scenarios, which were successively compared with the circularity of the material.
Studies have also been carried out where a method was proposed to assess the total impact
of non-ferrous metals using LCA (for example, [9]) and inventory data related to the ac-
quisition of these materials, as well as emissions from mining, transport, and production.
In addition, the authors of [10] used life cycle assessment to determine the environmental
impact of additively produced products, such as fibre and resin materials, e.g., polylac-
tic acid or ultraviolet resin. However, in the study [11], an attempt was made to adapt
the life cycle assessment method to the analysis of materials from the metal and mining
industries, to ensure the consistency of decisions made about environmental loads. As a
result, the system boundaries, the recycling allocations of by-products, and the method for
selecting environmental impact assessment categories were established. Typical life cycle
assessments were also carried out in [12], where the environmental impact of steel pallets
used in forklifts and stationary trucks was assessed. The life cycle assessment included
comparative analyses of environmental burdens. Research was also conducted to take into
account customer expectations towards materials, products, and the life cycle assessment.
Among other things, the study authors of the study [13] obtained customer requirements
for car batteries to determine problems with their use. On the basis of their study, new
batteries were designed and assessed for their environmental impact during their life cycle.
In [14], a decision support model based on the LCA concept and eco-design was developed
for use in the development of products, including processes. The study combined risk
assessment for both humans and the environment, including life cycle assessment and
economic viability. A decision tree and the LCA method were used for this purpose, and
the case study was concerned with lithium-ion batteries.

After a review of the literature, it was concluded that research had been carried out
in which an attempt had been made to assess the quality of materials and the products
made from them using an assessment of their life cycle. Despite this, no research was found
that developed methods supporting the prospective assessment of production solutions
(prototypes) taking into account quality assessment (customer satisfaction with use) and
life cycle environmental burden assessment (LCA).

This was considered a research gap, which was filled by the proposed QLCA method,
where Q represents quality (which is understood as customer satisfaction with the use of
the product; it is assessed based on the so-called product quality criteria, that is, those that
refer to customer expectations regarding the usability of the product), and LCA represents
life cycle assessment. Therefore, the objective of the present investigation was to develop a
method that supports the sustainable development of materials and the products made
from them based on an aggregated indicator of quality and environmental load in the
life cycle (QLCA). The method was created as a way of establishing a framework for the
development of materials and products to ensure customer satisfaction with their use while
limiting their negative environmental impact during their life cycle.

The developed QLCA method meets the requirements of modern design and pro-
duction, where it is beneficial to have knowledge about customer expectations and the
product life cycle. Designers and managers are required to make decisions according to
environmental performance and customer requirements. Understanding the relationship
between the quality of materials and products and their environmental impact can help
improve their performance and aid in the adaptation of existing or new products to meet
changes in the market, in the context of sustainable development [14,15].
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2. Materials and Methods

This research includes the development of the QLCA method, which supports decision
making regarding the development of materials and the products made from them. The idea
of the method is to make decisions in the early stages of the development of materials and
products so that these decisions support their sustainable development in terms of quality
and environment. Therefore, the concept of the method involves an in-depth analysis
of current materials and the products made from them in terms of meeting customer
requirements (use) [16] and, at the same time, an assessment of the environmental burdens
resulting from their life cycle (from the acquisition and extraction of materials to the end
of their useful life). On this basis, hypothetical prototypes of materials and products can
be planned, which are subsequently subjected to prospective quality assessment and life
cycle assessment.

The QLCA method includes: (i) developing prototypes of materials and products;
(ii) obtaining and processing customer requirements regarding their quality; (iii) prospective
quality and life cycle assessment of design alternatives; (iv) aggregation of the results of
quality assessment and life cycle environmental burden assessment; and (v) interpretation
of results and determination of the direction of development of materials and products.
Therefore, the offered QLCA method is based on the quality assessment index (Q) and
the life cycle environmental impact assessment (LCA), which are aggregated into one
coherent QLCA index. This indicator is created for use with a current material or product
and its prototypes. According to this indicator, development decisions can be made to
prospectively plan a prototype of a material or product that is the most advantageous in
terms of quality, while at the same time environmentally friendly in terms of the life cycle
(obtaining and extraction of materials, production, use, and end of life).

2.1. Assumptions of Method

Based on the literature review and previous research, the following main assumptions
were made:

• the subject of the research includes materials and products that can be subjected to
qualitative and environmental assessments during their life cycle [17];

• the environmental assessment is carried out according to one environmental load cri-
terion, which is selected based on the type of materials or products being verified [18];

• environmental assessment is carried out according to the ISO 14040 standard [19] as a
life cycle of materials and products, i.e., taking into account the phases of obtaining
and extracting the materials, and their production, use and end of life. As a result, the
LCA indicator is determined as environmental impact in the life cycle;

• the assessment of the quality of materials and products takes into account the voice of
the customer (VoC) [20], and as a result, the Q (quality index) is determined [21];

• the quality index (Q) and the environmental index (LCA) are aggregated into one
QLCA index, where the ranking created on this basis helps determine the most
favourable direction for the development of materials and products in order to simul-
taneously meet customer expectations regarding usability and reduce the negative
environmental impact in the life cycle.

The description of the process of creating the method and the synthetic method of its
implementation is presented in the next part of the study.

2.2. Description Process of Method Development

The method surrounding the QLCA indicator was developed in seven main stages.
The method was created based on the ISO 14040 standard [19], as well as according to
research previously conducted by the authors of this article, e.g., [22,23]. The method
implementation diagram is shown in Figure 1.
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Figure 1. Decision making method based on prospective aggregation of the quality and life cycle
assessment (LCA) metrics for material and product development. Own study.

The characteristics of the main stages, along with a synthetic description of their
implementation, are as follows:

1. Determining the purpose and scope of the research. The purpose of the research
should be defined, which refers to predicting a prototype of a material or product that
is the most advantageous in terms of quality (customer satisfaction with usability) [24]
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and, at the same time, environmentally friendly in terms of LCA [25]. The scope of
research should include: (i) assessment of the quality of the materials and products
and their prototypes, (ii) assessment of the environmental impact of the materials and
products during their life cycle and modelling of the environmental impact of proto-
types using LCA, and (iii) the integration of quality assessment with environmental
assessment as part of determining the direction of material and product improvement
in terms of their sustainable development. The scope should be established based on
the LCA approach, i.e., from cradle-to-grave, taking into account material extraction
and processing, production, use, and end of life [26].

2. Defining the system boundary and adopting a functional unit. A system boundary
defines a set of criteria that relate to the processes, inputs, outputs, and environmental
loads to be analysed. The process selected for verification may concern all or selected
LCA phases, where the proposed approach assumes the entire life cycle. A system
boundary is also a geographical area or time range that includes data related to a
product or process [2,27]. However, the functional unit is a quantitative description
of the product’s functions that corresponds to the data in the environmental load
calculation process. The functional unit can be freely adopted, e.g., in international
metric units. Its introduction supports the comparison of research results [28].

3. Preparation of inventory data. It is necessary to develop a data set to conduct a
life cycle assessment of materials and reference products, as well as to assess their
quality. Such data can be obtained from databases of environmental assessment pro-
grammes and catalogues (specifications). Data should be specified separately for the
environmental and quality assessment processes [29]. In the case of an environmental
assessment, these data should include materials and raw materials obtained and
processed, along with elements implicated in the production, use, and end-of-life
processes, including energy and waste [30]. However, for qualitative evaluation, it
is necessary to determine the criteria (attributes) that characterise the materials and
products to be analysed. These should be the main criteria that influence customer
satisfaction with the use of the product. Their number should not exceed 10 [31].
Quality criteria should be described according to parameters in the current state
(reference product) and modified state (prototypes), where the number of these states
should not exceed 10 [31]. The current and modified states are presented by a value,
range of values, or description.

4. Life cycle assessment of the reference product. An assessment of the life cycle of
the materials and the reference product, i.e., the current product (product offered
on the market) is carried out [32]. Depending on needs, a life cycle assessment is
performed for selected phases of the LCA, or the entire life cycle. It is assumed that
this is a “cradle-to-grave” approach, i.e., taking into account all phases of the life cycle
(obtaining and extraction of materials, production, use, and end of life) [33]. Life cycle
assessment is carried out according to the ISO 14040 standard [19], where the results
of the life cycle assessment concern one selected environmental load criterion that is
adequate for the research problem. The result of the life cycle assessment is presented
by the so-called LCA index [34].

5. Assessment of the quality of the reference product and its prototypes. On the
basis of the quality criteria (selected at the third stage of the method), customer
requirements are obtained and processed. Depending on the specificity of the product,
the entity using the method may obtain expectations from the customer or customers.
Expectations can be obtained in various ways, e.g., via survey or interview. A survey
should include product criteria and their states. The customer assesses the importance
of the criteria and, in turn, satisfaction with the criteria states. Ratings are given on a
five-point Likert scale, where 1 indicates that the criterion is not very important/the
criterion is not very satisfactory, and 5 indicates that the criterion is very important/the
criterion is very satisfactory. The methodology of the Likert scale is shown in [35].
An arithmetic mean is calculated from the customer ratings, presenting the values of
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the criteria weights and, in turn, the values of customer satisfaction with the quality
of the criteria states. It should be mentioned that the method of data collection and
analysis used may be influenced by many factors, e.g., the demographic profile of the
respondents resulting from the specificity of the analysed product. In the case of a large
research sample, the results from the survey may be processed using appropriately
selected statistical methods or as part of the estimation of the arithmetic mean of
the customer ratings awarded to a given criterion. The number of test customers
can be determined according to the methods presented in [35,36]. Based on these
values, it is possible to initially calculate the weighted quality of the criteria states.
The WSM (weighted sum model) method [37] is used for this purpose, which is a
simple decision support method based on the product of two arbitrary values, as
shown in Formula (1) [38,39]:

qi = wi × yi (1)

where w is the value of the weight of the i-th criterion; y is the value of the quality of
the state of the i-th criterion; and i = 1, 2, . . .10.

Current criteria and criteria states that satisfy customers are further analysed. They
are determined on the basis of Q values, where satisfactory states are those that have Q
values above the arithmetic mean value of all Q values assigned to the states of a given
criterion. The way they are processed is presented in the next stage of the method.

6. Prediction of prototype quality and prospective assessment of its life cycle. Based
on selected criteria states of materials or products, prototypes are offered, i.e., alter-
native design solutions corresponding to the quality of materials and products. The
prototypes are defined by an expert team and should contain various modifications
of the quality criteria states [40]. An effective comparison of different alternatives is
possible if it covers no more than 10 production solutions [31]. Based on the proposed
prototypes, the quality index (Q) is determined. For this purpose, a multicriteria
decision support method known as the entropy method is used [41]. This method
supports objective validity, which involves measuring various information and the
weights of decision-making indicators through information entropy [42,43]. The
entropy method is also suitable for analysing any quality criteria (measurable or
unmeasurable) that cover various product alternatives. Therefore, the prototypes that
are initially adopted and the corresponding quality criteria states are described by the
values of the weighted quality of the criteria states (obtained from an earlier stage of
the method). They are saved in the so-called decision matrix. Then, these values are
normalized according to Formula (2) [44]:

rij =
qij

∑m
i=1 qij

(2)

where q is the weighted quality of criteria states; m is the number of alternative design
solutions; and i, j = 1, 2, . . ., n.

Next, the entropy value is calculated according to Formula (3) [42,43]:{
ej = −h∑m

i=1 rijln rij,j = 1, 2, . . . , n
h = 1

ln m
(3)

where m is the number of alternative design solutions; r is the normalized value of the
weighted quality of the criterion state; and i, j, = 1, 2, . . ., n.

Later, a weighted vector is calculated, which is treated as an indicator of prototype quality,
and then the O value is normalized to the next analysis, as shown in Formula (4) [41,44]: Oj =

1−ej

∑n
j=1(1−ej)

Qj =
Oj−minO

maxO−minO

(4)
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where e is the entropy value, and j = 1, 2, . . ., n.
The values of the Q index should range from 0 to 1. On the basis of the Q index, it

is possible to sort product prototypes from the most favourable to the least favourable
in terms of meeting customer expectations. The maximum value of the Q index is the
prototype that is most satisfactory to customers.

The expert then estimates changes in the environmental load in relation to changes in
the parameters of the product quality criteria, based on their knowledge and experience.
This is performed by estimating the percentage change in the potential environmental
burden relative to the current (reference) product. This involves estimating how much (in
an added or negative way) the value of the reference product load may change in relation
to the environmental load of the offered prototype. These changes can be allocated by
considering the changes in the quality attributes of the product prototypes, e.g., by taking
into account the changing quality criteria of the product. This could include, for example,
intuitively understanding the changes in the size and mass of the product, e.g., the amount
of material used, and how much energy and waste is generated. The team of experts,
based on their knowledge and experience, models the data using the OpenLCA program.
Subsequently, the percentage value of the change in environmental load for the criteria
of individual products is presented as a total value, which is recalculated in relation to
the value of the environmental load of the reference product in its LCA. The modelled
environmental load values are successively normalised according to Formula (5):

LCAj =
maxLCA − LCAj

maxLCA − minLCA
(5)

where LCA is the environmental load in the life cycle of the product or prototype, and j = 1,
2,. . ., n.

Standardised environmental load values for the reference product and its prototypes
in their LCA ensure their standardised analysis in the next step of the method. These
values should range from 0 to 1, where the normalised maximum environmental load
value is the first position in the ranking, which means that this product will be the most
environmentally friendly in terms of LCA.

7. Aggregation of results and their interpretation. Values of the quality indicator (Q)
and the environmental burden indicator (LCA) are aggregated into one quality and
environmental indicator (QLCA). This is represented by Formula (6):

QLCAj =
Qj + LCAj

2
(6)

where Q is the quality indicator; LCA represents the environmental burden in the life
cycle of the product or prototype; and j = 1, 2, . . ., n.

On its basis, it is possible to develop a ranking of prototypes in terms of simultaneously
meeting customer requirements and reducing the negative environmental impact in LCA.
The maximum value of the QLCA indicator is the most favourable prototype, which should
be a reference for determining the direction of development of materials and products in
terms of their sustainable development.

2.3. Data of Case Study

The testing and illustration showing how to use the method in practice were presented
using the example of a passenger car tyre. Passenger car tyres are a key element of light
vehicles and the only part of the vehicle in contact with the road [45]. The specificity of
tyres includes essential components that are modified for proper use [46]. This not only
affects customer satisfaction with use, but also has an impact on the natural environment
throughout their life cycle. Therefore, it is essential to constantly strive to develop these
products from a qualitative and environmental perspective. However, not much research
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has been conducted in this area [47]. Therefore, it was decided to analyse the passenger car
tyre using the proposed QLCA method.

2.3.1. Purpose and Scope of Research

The purpose of the present research was to determine a prototype of a passenger car
tyre that would meet customer expectations regarding quality (usability) and, at the same
time, remain environmentally friendly throughout its life cycle (LCA). The scope of this
research included: (i) assessment of the quality of the reference passenger car tyre and its
prototypes, where the quality assessment was made based on customer requirements (their
satisfaction with the usability of the tyre); (ii) assessment of the environmental impact of the
reference passenger car tyre during its life cycle, and modelling of the environmental impact
prototypes of this tyre in terms of their life cycle; and (iii) integration of quality assessment
with environmental assessment in order to set the direction for improving the car tyre in
terms of its sustainable development. The scope covered LCA according to a cradle-to-
grave approach, i.e., taking into account material extraction and processing, production,
use, and end of life. It was assumed that automobile tyres were produced and used in
Poland. The data for the analysis came from a literature review, the GREET v1.3.0.13991
model [48], and the Ecoinvent 3.10 database of the OpenLCA 2.0.0 program [49].

2.3.2. System Boundary

The research frontiers included the essential phases of LCA, i.e., material extraction
and processing, production, use, and end of life. Energy and raw materials were taken as
input elements. The outputs were ambient emissions and waste, as shown in Figure 2.
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The research method included evaluating the life cycle of a passenger car tyre to assess
the environmental burden of the carbon footprint (CF). The carbon footprint is a derivative
of ecological footprint [50], and it is used as a key indicator in the assessment of threats
related to climate change [51]. The carbon footprint is interpreted as the total amount of
carbon dioxide emissions that are the result of activities caused directly and indirectly by a
product. In the life cycle, it is interpreted on the basis of its phases, where the calculation
unit is the carbon dioxide equivalent (eCO2) [52].

The choice of the carbon footprint criterion resulted from the fact that it is the key
criterion in life cycle assessments of products used by society, such as the analysed pas-
senger car tyres [53]. Additionally, reducing carbon dioxide emissions is one of the most
important current challenges being undertaken in terms of sustainable development [53,54].
The choice of this criterion was also influenced by the fact that personal mobility (including
passenger car use) is responsible for about 34% of the carbon footprint in households in
high-income European countries [55].

It was also possible to include other environmental impact categories that may also
provide some benefits given their analysis, such as water usage (to calculate the use of
freshwater to produce goods and services that are consumed by customers and individuals,
or produced by companies) [56]; resource depletion (as part of the analysis that allows
decision-making to reduce water shortages or potential damage to ecosystems, including
humans) [57]; and toxicity (toxicity to humans, which allows for estimating the potential
damage of substances released into the environment) [58].

2.3.3. Functional Unit

The functional unit was adopted as part of the normalisation of data for their standard-
ised comparison. This is important because of the concepts of the research being carried
out, where a reference passenger car tyre is compared with its prototypes. The functional
unit included a passenger car tyre that was assumed to travel a distance of 50,000 km. A
normal driving style was considered. It was assumed that the car tyre would be used for
a period of 10 years. These assumptions were made on the basis of the literature on the
subject, e.g., [59–61].

2.3.4. Inventory Data

According to data from the GREET v1.3.0.13991 model, as well as data presented by
the authors of previous studies [60–62], inventory data were adopted to assess the life cycle
of a passenger car tyre. The GREET model was used to verify the components (materials
and CO2 emissions) of a car tyre. Modelled data for life cycle assessment of a reference
passenger car tyre were estimated as the arithmetic mean of the minimum and maximum
values presented in [60]. The results are shown in Table 1.

Table 1. Inventory data for life cycle assessment of a reference car tyre.

Phases of LCA Input/Output Unit Value

Obtaining raw materials and production

synthetic rubber kg 2.410
natural rubber kg 1.820
black carbon kg 1.870

precipitated silica kg 0.960
sulphur compounds kg 0.120

zinc oxide kg 0.160
mineral and plant oils kg 0.590

stearic acid kg 0.100
rubber from recycling kg 0.050

steel wires kg 1.110
textiles kg 0.460

polymer-polyurethanes kg 0.240
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Table 1. Cont.

Phases of LCA Input/Output Unit Value

ethyl acetate kg 0.030
substance facilitating rubber

gluing-butadiene glues kg 0.030

antiadhesive substance-silicon kg 0.250
remaining solvents kg 0.020

water l 45.140
electric energy MJ 1036.120

others kg 0.120

Use
furnace oil for power generation l 6.400

high-speed diesel for power consumption l 0.303

End-of-life

used tyre [kg] kg 50.000
water [L] l 45.140

electric energy [MJ] MJ 1036.120
mineral and plant oils [kg] kg 0.590

Based on life cycle inventory data, a prospective evaluation of a reference passenger
car tyre was performed.

As part of the evaluation of the reference quality of a passenger car tyre, it was
necessary to define the quality criteria (attributes). These criteria were selected based on
the catalogue of products of this type, and were the main criteria characterising this type of
product, i.e., season, tyre class, size, load index, speed index, rolling resistance, wet grip,
and external noise. The criteria were characterised according to sample parameters, as
shown in Table 2.

Table 2. Attributes of a reference passenger car tyre and their possible modifications.

Season Tyre Class Size Load Index Speed Index
(km/h) Rolling Grip External

Noise (dB)
year-round premium 205/55R16 100–800 H to 210 Class A Class A 64–67

summer mean 155/65R14 101–825 Q to 160 Class B Class B 68–70
winter economic 155/70R13 102–850 R to 170 Class C Class C 71–75

175/70R13 103–875 S to 180 Class D Class D
185/65R15 104–900 T to 190 Class E Class E
155/65R13 105–925 V to 240
175/70R13 106–950 W to 270
165/60R14 107–975 Y to 300

Gray fields are the assumed attributes of the reference passenger car tyre.

The attributes of a passenger car tyre and their possible modifications were used to
build product prototypes. The further process for using the proposed method is presented
in the form of results from associated data processing in the next section of the study.

3. Results

The main results of the method, including the main stages of the method, are presented
in this chapter. The results included the stages of the method, i.e., assessment of the
life cycle of the reference product and its prototypes, assessment of the quality of the
reference product and its prototypes, prediction of the quality of prototypes and prospective
assessment of their life cycle, and aggregation of results and their interpretation.

3.1. Life Cycle Assessment of the Reference Product and Its Prototypes

The life cycle of a reference passenger car tyre, that is, the tyre currently on sale, was
assessed. Life cycle assessment took a cradle-to-grave approach, covering the phases of ma-
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terial sourcing and extraction, production, use, and end of life. The ISO 14040 standard was
followed, and the analysis results included the adopted criterion of environmental burden,
which was represented by the carbon footprint. Based on LCA inventory data (adopted in
Section 2) and data from the Ecoinvent 3.10 database data from the OpenLCA 2.0.0 program,
the environmental impact of a passenger car tyre throughout its life cycle was analysed.

Carbon footprint emissions (CO2) for the reference tyre were estimated to be approxi-
mately 426,142,000 m2a [45,46,60].

Then, the main contributions to the results of the carbon footprint generated through-
out the life cycle of a passenger car tyre were analysed. According to the OpenLCA
programme models, this contribution covered the five key elements that generated the
highest carbon footprint emissions in the car tyre LCA. The results obtained with the
assumed assumptions are presented in Figure 3.
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The greatest contribution to the formation of the carbon footprint in the LCA of a
passenger car tyre is made by the use of burnt diesel oil (58,250,000 m2a), followed by
the production of heat in an industrial hard coal furnace (57,740,000 m2a) [63]. Pig iron
production has almost half the share of the combination of the factors previously mentioned
(56,730,000 m2a) [60,61,64]. This is followed by clinker production (22,750,000 m2a) and
sintered iron production (17,310,000 m2a) [65]. To reduce environmental burdens, including
the creation of a carbon footprint, it is necessary to take improvement actions regarding
these processes. Examples of improvement solutions have been presented in the work of
other authors, e.g., [60–62].

Further processing of the results from the life cycle assessment of the reference passen-
ger car tyre is carried out in the last stage of the method, preceded by the quality assessment
presented later in the study.

3.2. Quality Assessment of the Reference Product and Its Prototypes

As part of the evaluation of the reference quality of a passenger car tyre and its
prototypes, customer expectations were obtained regarding the importance of quality
criteria and the quality of the states of these criteria. Pilot studies were carried out to cover
the requirements of an individual client. Ratings were given on a five-point Likert scale.
When assigning the ratings, the client was guided by economy, safety, quality, and comfort.
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In the case of criteria, the season and weight criteria were arbitrarily assumed to be very
important, because they depend on the season and type of vehicle. Based on the customer’s
requirements, in accordance with Formula (1), the weighted quality of the criteria states
was calculated. Additionally, the customer satisfaction states were selected based on the
weighted quality of the states of the tyre criteria. In this case, these were values ≥ 12
(defined as approximately half of the maximum value to be obtained, i.e., 25). The results
are shown in Table A1. Taking into account the importance of the criteria and the quality of
their states, seven main criteria necessary for further verification were selected according
to the assumptions adopted. External noise turned out to be of little importance in this
case, and was mostly ignored. At the same time, several criteria states did not meet the
minimum assumed customer satisfaction value, so they were also omitted.

3.3. Prediction of Prototype Quality and Prospective Assessment of Their Life Cycle

As part of the prediction of the quality of car tyre prototypes and the prospective
assessment of their life cycle, it was initially necessary to develop a set of offered prototypes.
Prototype tyres were created based on satisfactory levels of quality criteria, and 10 com-
prehensive possible production solutions were offered. The production solutions included
various modifications of the criteria states that were sampled as part of the method test,
as shown in Table A2. Then, the reference quality indices of the tyre and its prototypes
was estimated. The proposed entropy method was used for this purpose. Initially, using
Formula (2), the weighted qualities of the criteria states were normalised, as shown in
Table A3. Then, the entropy value was calculated using Formula (3). The number of criteria
for alternative design solutions was seven; therefore, the value of h was determined to
be 0.51. Consequently, entropy values were calculated as shown in Table A4. Finally, the
quality index of the planned passenger car tyre prototypes was determined, as shown in
Figure 4.
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According to the Q index, it was shown that the car tyre classified as reference was
relatively undesirable in terms of quality (utility), taking into account customer expectations.
The most satisfying were the P4, P2, P8, and P9 prototypes. However, this classification
could vary in environmental terms.

Therefore, as part of the concept of the method, changes in environmental load were
estimated based on the parameters related to changes in tyre quality criteria. This was
carried out by the expert, based on his knowledge and experience, where the reference for
expected changes in environmental load was the current (reference states) parameters of
the tyre criteria, as presented in Table A5. According to the adopted prototypes of tyre
solutions (Table A2), the total changes, in terms of the value of the total environmental load
in the LCA, were modelled in relation to the changes compared to the reference tyre. These
values were successively normalised according to Formula (5) in order to systematically
analyse them in the next part of the study. The results are shown in Figure 5.
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passenger car tyre prototypes.

The results of the modelling of the environmental burden indicator with respect to the
carbon footprint allowed for prospective estimation of the impact of car tyre prototypes
using LCA. It was observed that the most favourable in terms of the environment was
prototype 4, followed by prototype 7 and prototype 3. The least favourable were prototype
1 and prototype 9. The reference tyre was seventh in the ranking.

3.4. Aggregation of Results and Their Interpretation

As part of the standardised analysis of passenger car tyre prototypes from a qualitative
and environmental perspective, the quality indicator (Q) was aggregated with the life cycle
environmental burden indicator (LCA). Formula (6) was used for this purpose. The results
are shown in Figure 6.
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Figure 6. Results of QLCA assessment for passenger car tyre prototypes.

The results of the method allowed the identification of the most advantageous produc-
tion solutions in terms of meeting customer expectations regarding the quality (use) of a car
tyre while at the same time limiting the negative environmental impact throughout the tyre
life cycle. The most advantageous overall solution was determined to be prototype 4, which
ranked first according to the QLCA index (0.57). This prototype was the most advantageous
both in terms of quality (Q = 0.14) and environmental terms (LCA = 1.00). Production
activities should focus on developing a car tyre that meets the assumed criteria (attributes)
in terms of quality and environmental friendliness. These activities are consistent with sus-
tainable development in that they help to meet customer expectations and, at the same time,
reduce the carbon footprint of tyre products. If a production solution including prototype 4
is not possible for a company to achieve, e.g., in terms of costs, then the next prototype
from the ranking should be considered; in this case, prototype 7. The final decision on the
development of the product is made by the entity using the proposed method.

4. Discussion

The modern design of materials and the products made from them should take into
account aspects of sustainable development [63,66,67]. To reduce waste, including waste of
resources, it is important to work on improving the existing materials and products on the
market [68]. However, it is difficult to obtain data for life cycle assessment of these materials
and products, which requires additional processing and modelling, e.g., depending on
qualitative or economic aspects [69]. Research in this area requires the separate acquisition
and processing of different types of data, including the voice of the customer and how
the life cycle assessment (LCA) was performed [70]. These analyses require a different
approach, including the use of methods that support the qualitative and environmental
assessment processes [71,72]. Therefore, the objective of this investigation was to develop a
method that supports the sustainable development of materials and the products made
from them, based on an aggregated indicator of quality and environmental load in the
material or product life cycle (QLCA).

This research was supplemented with a sensitivity analysis as part of a post factum de-
termination of the effectiveness of the methodology, including the assumptions and mutual
contribution of the method’s indicators to the final QLCA indicator. A neural network was
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built, taking the values of the quality indicator (Q) and the life cycle environmental burden
indicator (LCA) as input. The output included the values of the quality and environmental
indicator (QLCA).

The neural network was created in Statistica 13.3 using machine learning techniques
according to the neural network. Regression analysis was used because the verified data
were quantitative. The sensitivity analysis model was developed using random sampling.
The training set was divided into a training sample (70%), a test sample (15%), and a
validation sample (15%). The initial value of the generator was set to 1000. After repeated
testing of the available models, the model with the most favourable parameters was selected:
the MLP 2-5-1 network, which had two neurones at the input, five neurones in the hidden
layer, and one neurone at the output. This network had 100% training quality with the
BFGS 15 learning algorithm, which has linear latent and output activation. Using the MLP
2-5-1 network, a global sensitivity analysis was performed, resulting in learning values of
Q = 1.399 and LCA = 2.145, respectively. Following the authors of [73], these values were
greater than 1. This also confirmed the efficiency of the method. It was observed that in the
offered method, the LCA indicator had a greater impact on the final QLCA indicator than
the Q indicator. The results of the sensitivity analysis in the context of their implications for
the QLCA method indicate that in the proposed approach, the LCA indicator contributed
a greater share than the Q indicator in the final ranking of the prototypes. This means
that the results regarding the environmental burdens of the products had a greater impact
on development decisions than their quality. However, this is the result of an individual
case; therefore, depending on the adopted assumptions, data, customer requirements, and
expert assessments, the results may be different for other cases.

The main benefits achieved by the proposed QLCA method include:

• in-depth analysis of customer requirements regarding the quality of materials and
products, including their prototypes, which is aimed at predicting user satisfaction;

• ensuring a prospective life cycle assessment of materials and products, including their
prototypes, based on modelling the value of environmental load in relation to the
offered changes in quality criteria (attributes);

• aggregation of the quality indicator (Q), related to the quality of materials and products,
with the environmental burden indicator throughout their life cycle (LCA), based on
which it is possible to predict the most advantageous product alternative;

• supporting the process of improving materials and the products made from them in
terms of their sustainable development in the life cycle.

However, some limitations of the method include the inability to perform a detailed
analysis of the environmental loads of product prototypes during their life cycle, which, as
confirmed by [2], is impossible in the early stages of product development. In the proposed
method, this is performed on the basis of conventional modelling, with an indicator of
the change in environmental load depending on the change in the quality attributes of
the product. Furthermore, the results of the method depend on customer expectations,
including the expert team involved in making decisions about the development of mate-
rials and products. Hence, the results may vary and should be individually interpreted
depending on the company’s production needs. Other limitations of the method include,
for example, the possibility of interpreting the environmental burden in the life cycle of
a product and its prototypes according to a single assessment criterion (in this case, the
carbon footprint). In the case of complex products that require consideration of a greater
number of environmental burden criteria, this may be a problem. Additionally, the need
to have life cycle assessment software, such as OpenLCA 2.0.0 in this case, is a limitation.
Other types of software can also be used. In addition, limitations may be found in the
knowledge and skills of a team of experts who participate in the assessment of qualita-
tive and environmental aspects, including when deciding on the selection of the most
advantageous prototype.

As part of future research, it is planned to extend the QLCA method to include cost
aspects in order to also make development decision-making considerate of financial issues.
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This is an important issue because a company’s capability to improve materials and the
products made from them is often dependent on budget resources.

5. Conclusions

The development of materials and the products made from them has been an area of
interest in recent years from the point of view of their sustainable development. However,
it is still an open topic. Therefore, the creation of principles and techniques for their ap-
propriate development may contribute to improvements in the activities of manufacturing
companies. Therefore, the objective of the research was to develop a method that supports
the sustainable development of materials and products based on an aggregated indicator of
quality and environmental load throughout the life cycle (QLCA). The method was created
to set a direction for the development of materials and the products made from them that
ensures customer satisfaction with their use while limiting the negative environmental
impact during their life cycle.

The QLCA method was developed in seven main stages, i.e., (1) defining the purpose
and scope of research, (2) defining the system boundary and adopting a functional unit,
(3) developing inventory data, (4) assessing the life cycle of the reference product, (5) assess-
ment of the quality of the reference product and its prototypes, (6) prediction of the quality
of prototypes and prospective assessment of their life cycle, and (7) aggregation of results
and their interpretation. The method test included a passenger car tyre and nine different
prototypes (alternative production solutions). The qualitative attributes that constituted the
reference for the development of tyre prototypes were season, class, size, load index, speed
index, rolling resistance, and grip. The customer assessed the prototypes against quality
attributes, including determining the importance of each attribute. On the basis of customer
ratings, the attribute qualities of the reference tyre and its prototypes were evaluated. For
this purpose, the WSM method was used to identify expected changes in quality attributes.
Then, the life cycle of the reference tyre was evaluated. The criterion for the environmental
burden was carbon footprint emissions. The Ecoinvent 3.10 database from OpenLCA 2.0.0
was used for life cycle assessment. Carbon footprint emissions (CO2) for the reference tyre
were estimated to be approximately 426,142,000 m2a. Then, the quality of the tyre and its
prototypes was assessed using the entropy method. Prototype 4 was found to be the most
advantageous (Q = 0.14). Subsequently, the change in the value of environmental load for
the prototypes was modelled in relation to the change in quality attributes (prototypes).
The results were normalised, and it was shown that in this case, the most advantageous
was again prototype 4 (LCA = 1.00). Finally, the indicators were aggregated into one
QLCA indicator, where the most advantageous production solutions were selected, i.e.,
prototype 4 (first position in the ranking, QLCA = 0.57), prototype 7 (second position in
the ranking, QLCA = 0.43), and prototype 2 (third position in the ranking, QLCA = 0.43).
The final decision in prototype selection is dependent on production possibilities, e.g., any
restrictions relating to cost-based aspects.

The results of the method were subjected to a sensitivity analysis using the Statis-
tica 13.3 programme, where a global sensitivity analysis was performed according to a
constructed neural network model. The results of the sensitivity analysis confirmed the
efficiency of the method, including the significant contribution of the Q and LCA indices to
the final aggregated QLCA index.

Therefore, the proposed QLCA method can be used to prospectively evaluate material
prototypes and the products made from them in terms of quality (use) and life cycle
environmental loads (LCA). The results of the method support the ranking of production
solutions while taking into account the abovementioned quality and environmental aspects;
therefore, they may be useful for establishing a sequence of improvement activities towards
sustainable development. The QLCA method can be used by experts, managers and
decision-makers in manufacturing companies.
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Appendix A

Table A1. Weighted quality of passenger car tyre criteria, taking into account customer requirements.

Criteria and Their States Weighted Quality
Criteria States

Season
All year round 25

Summer 25
Winter 25

Tyre class
Premium 20
Middle 16

Economic 12

Size

205/55R16 25
155/65R14 25
155/70R13 25
175/70R13 25
185/65R15 25
155/65R13 25
175/70R13 25
165/60R14 25

Index load capacity

100–800 9
101–825 9
102–850 9
103–875 12
104–900 12
105–925 12
106–950 15
107–975 15

Index
speed

H to 210 km/h 12
Q to 160 km/h 9
R to 170 km/h 9
S to 180 km/h 12
T to 190 km/h 15
V to 240 km/h 15
W to 270 km/h 12
Y to 300 km/h 6
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Table A1. Cont.

Criteria and Their States Weighted Quality
Criteria States

Resistance
rolling

Class A 10
Class B 15
Class C 20
Class D 25
Class E 10

Adhesion

Class A 12
Class B 16
Class C 16
Class D 16
Class E 8

Noise
external

64–67 dB 10
68–70 dB 8
71–75 dB 6

Gray fields are the criteria states of a passenger car tyre that meet the customer’s expectations.

Table A2. Example prototypes of a passenger car tyre.

Prototypes Season Class Size Index Load
Capacity

Index
Speed

Resistance
Rolling Adhesion

Reference All year
round Economic 185/65R15 106–950 V to 240 km/h Class C Class B

Prototype 1 All year
round Premium 205/55R16 103–875 H to 210 km/h Class C Class A

Prototype 2 Winter Economic 155/70R13 104–900 S to 180 km/h Class D Class C

Prototype 3 All year
round Middle 175/70R13 105–925 T to 190 km/h Class B Class D

Prototype 4 Summer Middle 155/65R14 101–825 Q to 160 km/h Class B Class B

Prototype 5 All year
round Middle 155/65R13 107–975 W to 270 km/h Class D Class C

Prototype 6 Winter Premium 175/70R13 101–825 S to 180 km/h Class B Class C
Prototype 7 Winter Middle 165/60R14 103–875 T to 190 km/h Class B Class B
Prototype 8 Summer Premium 155/65R14 104–900 Q to 160 km/h Class D Class D
Prototype 9 Summer Economic 205/55R16 105–925 H to 210 km/h Class B Class A

Table A3. Weighted quality of criteria states and normalised quality of criteria states according to
planned passenger car tyre prototypes.

Ref. P1 P2 P3 P4 P5 P6 P7 P8 P9

q r q r q r q r q r q r q r q r q r q r

C1 25 0.20 25 0.20 25 0.20 25 0.20 25 0.22 25 0.19 25 0.20 25 0.20 25 0.19 25 0.22
C2 12 0.09 20 0.16 12 0.09 16 0.13 16 0.14 16 0.12 20 0.16 16 0.13 20 0.15 12 0.11
C3 25 0.20 25 0.20 25 0.20 25 0.20 25 0.22 25 0.19 25 0.20 25 0.20 25 0.19 25 0.22
C4 15 0.12 12 0.10 12 0.09 12 0.10 9 0.08 15 0.11 9 0.07 12 0.10 12 0.09 12 0.11
C5 15 0.12 12 0.10 12 0.09 15 0.12 9 0.08 12 0.09 12 0.10 15 0.12 9 0.07 12 0.11
C6 20 0.16 20 0.16 25 0.20 15 0.12 15 0.13 25 0.19 15 0.12 15 0.12 25 0.19 15 0.13
C7 16 0.13 12 0.10 16 0.13 16 0.13 16 0.14 16 0.12 16 0.13 16 0.13 16 0.12 12 0.11

where: C1—season, C2—class, C3—size, C4—load index, C5—speed index, C6—rolling resistance, C7—adhesion.



Materials 2024, 17, 3859 19 of 22

Table A4. Entropy value of the quality of states of the criteria, assigned to planned prototypes of a
passenger car tyre.

Criteria/Prototype Ref. P1 P2 P3 P4 P5 P6 P7 P8 P9

C1 −0.32 −0.32 −0.32 −0.32 −0.33 −0.31 −0.32 −0.32 −0.32 −0.33
C2 −0.22 −0.29 −0.22 −0.26 −0.27 −0.25 −0.30 −0.26 −0.29 −0.24
C3 −0.32 −0.32 −0.32 −0.32 −0.33 −0.31 −0.32 −0.32 −0.32 −0.33
C4 −0.25 −0.22 −0.22 −0.23 −0.20 −0.25 −0.19 −0.23 −0.22 −0.24
C5 −0.25 −0.22 −0.22 −0.26 −0.20 −0.22 −0.23 −0.26 −0.18 −0.24
C6 −0.29 −0.29 −0.32 −0.26 −0.27 −0.31 −0.26 −0.26 −0.32 −0.27
C7 −0.26 −0.22 −0.26 −0.26 −0.27 −0.25 −0.27 −0.26 −0.26 −0.24

sum −1.91 −1.90 −1.89 −1.91 −1.88 −1.91 −1.89 −1.91 −1.89 −1.89

eij 0.98 0.98 0.97 0.98 0.96 0.98 0.97 0.98 0.97 0.97

C1, season; C2, class; C3, size; C4, load index; C5, speed index; C6, rolling resistance; C7, adhesion.

Table A5. Predicted changes in environmental load for states of key car tyre criteria.

Key Criteria
and Their Expected States

Expected Load Changes
Environmental [%]

Season
All year round reference state

Summer −10%
Winter −5%

Class
Premium +10%
Middle −15%

Economic reference state

Size

205/55R16 +12%
155/65R14 −15%
155/70R13 −15%
175/70R13 −10%
185/65R15 reference state
155/65R13 −15%
175/70R13 −10%
165/60R14 −12%

Load index

101–825 −15%
103–875 −10%
104–900 −7%
105–925 −5%
106–950 reference state
107–975 +7%

Speed index

H to 210 km/h −5%
Q to 160 km/h −15%
S to 180 km/h −10%
T to 190 km/h −10%
V to 240 km/h reference state
W to 270 km/h +10%

Rolling resistance
Class B +5%
Class C reference state
Class D +10%

Adhesion

Class A +15%
Class B reference state
Class C +5%
Class D +10%
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