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Abstract: One of the global ecological problems is the excessive carbon dioxide emissions generated
by vehicles in the transport sector, including passenger transport. Therefore, the objective of this
investigation was to develop a model that supports the prediction of vehicle variants that will be
satisfactory to the customer in terms of: (i) quality level and (ii) environmental impact throughout the
life cycle. This model was developed with the following techniques: TOPSIS (Technique for Order
of Preference by Similarity to Ideal Solution), LCA (Life Cycle Assessment), SMARTER (Specific,
Measurable, Achievable, Relevant, and Time-bound), Pareto–Lorenz, and the Multi-Criteria Decision
Method rule (7 ± 2). A model test was carried out for production variants of the electric vehicle BEV
(battery electric vehicle) for which the quality level and life cycle assessment were estimated. Vehicle
quality levels ranged from 0.15 to 0.69, with a weight of 0.75. However, vehicle life cycle scores were
estimated in the range of 0.25 to 0.57, with a weight of 0.25. Ultimately, the level of the vehicles’ LCA
ranged from 0.18 to 0.62. As a result, it was shown that on the basis of various modifications of the
quality level of vehicle variants and the corresponding environmental impacts throughout their life
cycle, it is possible to predict the vehicle variant that is most satisfactory for the customer and, at the
same time, environmentally friendly. The originality of the model relies on supporting the making of
sustainable design decisions and the planning of vehicle improvement actions according to customer
expectations. Therefore, the model can be used to analyse different types of vehicles by producers
and dealers of these products.

Keywords: quality; LCA; TOPSIS; electric vehicles; mechanical engineering; production engineering;
design; management

1. Introduction

The global climate and environmental crisis are leading organisations to strive for
a low-emission and ecological transformation of society and economy [1–5], while also
using modern technologies for this purpose [6,7]. This crisis is mainly the result of the
industrialisation of production and everyday human activities that consume significant
amounts of fossil energy, e.g., oil and coal [8,9]. As a result, they generate excessive
greenhouse gas emissions—that is, carbon emissions [1,9–11]. According to data from the
International Energy Agency in 2020, transport accounts for 25–30% of total carbon dioxide
emissions [4,12,13]; therefore, it is the second largest source of CO2 in energy production
and heating. Similarly, the declaration issued by the Second World Conference of the
United Nations in 2021 confirmed that the transport sector is responsible for a quarter of
greenhouse gases [14]. Therefore, transport is considered key to the promotion of low-
emission development, with the reduction and neutrality of CO2 emissions being one of
the development goals of this sector [14–19].

Various countries set targets to reduce carbon dioxide emissions in the transport sector.
For example, the USA has committed to reducing CO2 emissions by approximately 50% by
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2030 (compared to 2005). This is due to the fact that transport in the USA is the main source
of greenhouse gases [19]. In turn, China has committed to achieving carbon neutrality by
2060. In this country, transport was responsible for 11% of CO2 emissions in 2020, being
the third largest economic sector (after electricity and industry) [20,21]. However, the
European Union (EU) has a programme to decarbonise the transport sector. The EU plays
a fundamental role in global energy and climate policy. As part of the Paris Agreement,
the EU committed to reducing national greenhouse gas emissions by 40% by 2050 [2] (the
baseline was in 1990), with some of these emissions coming from transport [22,23]. The
global importance of the need to reduce carbon dioxide emissions in the transport sector
determines the need to take appropriate improvement actions.

A current and important project is, among others, the production of electric and
autonomous cars [24–26]. According to the analysis shown in one study [27], the largest
producer of electric vehicles is China. Much smaller numbers of BEVs (battery electric
vehicles) are produced in a comparable manner in the USA and European countries. As
part of the production of electric vehicles, but also conventional vehicles, one key is the
analysis and improvement of means of transport in their total life cycle (LCA) [11,28–31].
Life cycle assessment (LCA) is a quantitative method, and it is a standardised but still
developing method to assess the potential impact on the natural environment of processes,
products, and actions. Their purpose is quantitatively determined, but the method also
includes assessment of energy and material flows, which are used during all stages of life.
During analysis, waste and environmental factors are also considered [32–35]. Therefore,
due to the reduction of carbon dioxide in the transport sector, LCA is a frequently used
method. For this reason, a literature review was conducted in this thematic area.

To identify publications corresponding to the research area, the following search terms
were used: LCA and vehicle. The publication identification criteria were the title, abstract,
and keywords. As a result, 1029 total publications were identified, of which 400 were open
access publications. The first study in the research area was carried out in 1994, as shown
in Figure 1.
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of Science database (checked October 2023).

Analysis of the number of publications has shown that the research area refers to
vehicle life cycle assessments, which is a current and developing topic, as observed in
three phases. The first phase refers to the initial publications, which occurred relatively
recently, during the years 1994–2005. Then, interest in the topic was negligible (from 1 to
15 studies). The first phase refers to 2006–2011, where the number of publications increased
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significantly (even up to 25 in 2010). This shows the development of the analysed research
area and the growth of the research theme. In turn, the third phase begins in 2012 and
refers to an increase in growth in the number of publications. On the basis of this, the
exponential trend line was calculated (R2 = 0.8417). This trend was created in MS Excel
based on the presented data. According to these correlation coefficients, it was concluded
that the trend line fits the data very well (R2 close to 1); therefore, it is expected that the
number of publications will increase significantly in the coming years (and a significant
development of the research area is predicted in the following years). On the basis of the
results obtained, an increase in the number of publications on the analysed topic can be
expected. Due to the fact that the exponential graph increases the number of publications
to a large extent, it is likely that the number of publications will increase in the coming time,
but not necessarily that quickly. To predict the number of publications in the future, one
should also look for other fit curves to the available data, and also for different time periods.
Based on the conclusions drawn, it will be possible to predict the number of publications.
Current environmental problems and interest in environmental issues, but also interest in
development, the development of vehicles, and the components used in them, confirm the
phenomenon of development in this research area. At the same time, it indicates that it is
justified to undertake the analysed research topic. Therefore, the content of the publications
was analysed one by one. Due to the extensiveness of the issue, selected publications are
cited in this study, including the most frequently cited publications.

For example, Hawkins et al. [35] developed an inventory of LCA for conventional and
electric vehicles considering different categories of influence. As a result of the analysis, it
was shown that electric vehicles powered by the European energy mix were rated 10% to
24%, thus reducing the potential to reduce global warming compared to the potential of
conventional vehicles (diesel or gasoline). Tang et al. [36], using LCA, developed a traffic
intensity index taking into account road conditions, time, and regions. Simulations were
performed for different regions of China. The subjects of the research were electric vehicles
and internal combustion vehicles. Electric vehicles have shown less carbon footprint in
their life cycle in regions in China. Ulrich et al. [37] evaluated the environmental impact on
the life cycle of a fleet of vehicles of U-Shift types. Seven different types of impacts were
analysed, after which it was shown that the U-Shift fleet has the lowest environmental
impact. Another approach to using LCA was the LCA proposed by Kawamoto et al. [38],
which analysed carbon dioxide emissions from petrol and diesel engines. They compared
different drive systems, e.g., battery electric vehicles. However, Raugei and Winfield [39]
evaluated the life cycle of the new battery developed with lithium cobalt phosphate. They
also analysed the recycling process of these batteries. Proske and Finkbeiner [40] analysed
the results of the lithium ion battery, mainly due to their production. In the case of the
production of these batteries, it was recognised that their carbon footprint may be less
important than their toxicity. The possibility of using LCA for the analysis of ecological
properties of vehicles during their exploitation was analysed by Mrozik and Merkisz-
Guranowska [41]. According to their study, the simplified LCA method for vehicles, using
adequate assumptions, is applicable to environmental and energetic analyses referring to
operation. Social aspects of the automotive industry included in the life cycle assessment
were verified by Zanchi et al. [22]. These aspects are evaluated in view of organisational
and product behaviour. It showed a need for including in organisations’ actions social
expectations and orientation to the product. Accardo et al. [42] analysed the life cycle
assessment of three modifications of light commercial vehicles, which were diesel, electric
battery, and compressed natural gas. The impact of recycling these vehicles in view of
different scenarios of life cycle assessment was analysed. After analysis, it was shown
that it is possible to obtain different results for different scenarios. Arvidsson et al. [43]
evaluated batteries and fossil fuel vehicles. A balanced life cycle assessment was used
to quantify the uncertainty of inputs and outcomes after LCA. The results showed that
electrifying the Tasmanian vehicle fleet delivers the greatest reductions in greenhouse gas
emissions. Nordelöf et al. [44] have reviewed the suitability of different LCA studies for
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vehicle analysis. They showed, for example, that effective recycling of electric vehicles will
reduce the demand for primary resources and production energy [45]. Other publications
analysed, in a general context, life cycle analyses of various types of vehicles in terms of
various criteria, methods, and scenarios. Therefore, we deduce that:

• Vehicle life cycle analysis is a current and dynamically developing problem;
• Previous analyses of the selected research areas mainly focused on the “cradle-to-

grave” assessment of the environmental impact of vehicles;
• Various types of vehicles were analysed in terms of their entire life cycle, but also

based on selected life cycle phases;
• The LCA analyses for vehicles were based on various assumptions and criteria, e.g.,

type of power supply, recyclability, region, time, etc.;
• Modifications of the life cycle analysis were created depending on the input data to

the analysis/model.

The main conclusions that describe the research gap refer to the lack of research, which
allows one to predict vehicle modification [46], which will be most satisfactory to customers
in terms of quality (use criteria of the vehicle) and, simultaneously, in terms of the impact on
the natural environment in the whole life cycle assessment (LCA). The identified research
gap was filled by developing a model, the characteristics of which are presented in the
second part of this study.

The motivation for conducting this research was the significant impact of vehicles on
the formation of carbon dioxide and, therefore, greenhouse gases [16,33,35,46]. Further-
more, the idea included focussing on the utility aspects of vehicles (quality of vehicles),
which are essential for customers using these vehicles [46–51].

Therefore, the objective of this investigation was to develop a model that supports
the prediction of vehicle alternatives according to the combined life cycle assessment and
quality level. This research included testing the following thesis:

Thesis 1. Based on the different modifications of the quality level of vehicle variants and the
corresponding environmental impacts throughout the life cycle, it is possible to predict the variant of
the vehicle that is the most satisfying for the customer and, simultaneously, environmentally friendly.

The originality of the model supports:

(i) Assessment of the vehicle quality level according to current vehicle criteria and
modified criteria;

(ii) Evaluation of the vehicle life cycle for the reference vehicle and prediction of changes
in environmental impact in the entire life cycle of this vehicle resulting from changes
in the qualitative criteria;

(iii) Predicting satisfactory alternatives for the reference vehicle, which will result simulta-
neously in a beneficial quality level for the customer and an environmental impact for
the whole life cycle.

At the same time, the novelty of the model is the determination of a ranking of vehicle
improvement activities, which will be a component of the vehicle life cycle assessment
and the assessment of its quality level for various modifications of vehicle criteria. On this
basis, it is possible to undertake design activities within the client’s expectations and in the
context of sustainable development.

2. Materials and Methods

As part of conducting this research, a model was developed that supports the predic-
tion of vehicle alternatives according to the combined life cycle assessment and quality
level. The concept of the model refers to predicting the variant of the vehicle that will
be satisfactory to the customer and simultaneously to the environment in the case of the
entire life cycle (LCA). It is based on determining the current level of quality and its current
impact on the whole life cycle. Then, based on the current state of the unit, it is assumed
that its possible alternatives (modifications) are determined [52]. Later, vehicle quality
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levels are combined with the environmental impact throughout the entire life cycle. On
the basis of that, the variant of the vehicle is predicted, and this variant will be the most
satisfying for the producer. Then, according to the results obtained, it is possible to design
a vehicle that takes into account satisfactory variants of vehicle quality criteria and the
corresponding lowest possible environmental impacts on the life cycle (LCA).

The developed model is adjusted for the analysis of the vehicle life cycle without
including assessments of the battery life cycle. This is due to the idea of the model, which
concerns the process of modifying only the qualitative criteria according to which changes
in the LCA assessment are predicted. Additionally, accounting for battery variants is a
complex issue on its own due to changing technological advancements. Battery analysis
can be realised based on the literature, e.g., [38,52,53]. Therefore, future research will consist
of adapting the model to analyses taking into account various types of vehicles and their
batteries. The model algorithm is presented in Figure 2.
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In this model, the implemented method was based on a life cycle assessment. Also, dur-
ing the development of the model, it was based on data from GREET software v1.3.0.13991.
The mentioned GREET software was developed at the Argonne National Laboratory. It can
be used to assess the impact of energy and emission from advanced and new transportation
fuels and to assess the fuel cycle and the entire vehicle cycle through material recovery and
vehicle disposal [54].

For the vehicle, it was based on the TOPSIS method (Technique for Order of Preference
by Similarity to Ideal Solution) [55–57]. This method is popular and often used to make
decisions and assess any products. The TOPSIS method corresponds to the concept of the
model and allows for evaluating different product alternatives according to any qualitative
criteria [58,59]. Therefore, it was decided to implement it in the model being developed.

Stage 1. Selection and characteristics of the reference vehicle

As part of the research, it was necessary to choose the reference vehicle (assigned/
assumed for the analysis). Reference vehicles are subject to analysis and, generally, are
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vehicles of similar types. It is possible to choose any type of vehicle with regard to the
needs of the analysis. The choice is made by the expert (the entity using this model, the
dealer, or the producer) after consultation with customers. It can be, e.g., a conventional
vehicle (for example, powered by petrol, diesel type), hybrid powered by an internal
combustion engine (gasoline or diesel), electric (HVE—hybrid and electric vehicle), or an
electric vehicle (for example, BEV—battery electric vehicle). The selected reference vehicle
should be characterised by taking into account basic criteria, e.g., length, height, weight,
battery type, etc.

According to the model database GREET v1.3.0.13991 and based on the literature
review of this study, e.g., [30,54], it was concluded that:

• The main components of vehicles are:

# The body;
# The chassis;
# The drive system;
# The traction engine;
# Electronics;
# The battery.

• The main materials used in the production of vehicle components are:

# Steel;
# Iron;
# Aluminium;
# Copper;
# Glass;
# Plastic;
# Rubber.

The components and materials used in their production are the subject of further analysis.

Stage 2. Determining the purpose and scope of the research

The purpose of the research determines the entity using the proposed model. It was
assumed that the purpose is to predict the most favourable modification of the vehicle,
which will refer to the quality of the vehicle and its impact on the environment throughout
the life cycle. The quality of the vehicle is understood as the satisfaction of the customer
based on the utility of vehicle, and it is analysed based on qualitative vehicle criteria.
However, the environmental impact of the vehicle is related to the full life cycle of the
vehicle and concerns the analysis of energy and material consumption, carbon dioxide
(CO2) consumption, and emissions of air pollutants and waste. To precisely define your
goal, you can use the SMARTER method (Specific, Measurable, Achievable, Relevant, and
Time-bound) [60]. The scope of this research includes the following:

(i) Analysis of the quality level of the reference vehicle and its variants/modifications;
(ii) Assessing the life cycle of the reference vehicle and anticipating changes to this

assessment for possible modifications to the vehicle.

Further procedures are described in the subsequent stages of the model.

Stage 3. Defining the functional unit and research boundary

As part of the proposed model, it is necessary to determine the functional unit and the
research boundary. As mentioned by the researchers of the investigation (for example, [35,51]),
the functional unit allows one to normalise the database, thus allowing for comparison
of several objects. Due to the fact that the model is dedicated to vehicles, the vehicle’s
function concerns passenger transport. Therefore, it was assumed that the functional unit
is 1 passenger kilometre (pkm) travelled by the vehicle. According to the authors of the
studies [30,61,62], the mileage of a passenger vehicle throughout its entire life cycle is
approximately 150,000 km. Hence, the functional unit is 150,000 pkm.
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The research is set by the subject (expert). It is a temporal and a spatial boundary. The
time limit concerns the year during which data are obtained for analysis. However, the
spatial boundary concerns the area of analysis, e.g., a country, a region, several countries,
etc. The time and space boundaries are arbitrary and result from the nature of the research
being carried out [43,63,64].

Stage 4. Analysis of alternatives to vehicle quality criteria

The proposed model included an analysis of the qualitative alternatives of the vehicle.
Qualitative criteria of the vehicle are criteria that refer to satisfaction of the customer based
on the utility of the vehicle, e.g., dimensions, weight, speed, etc. It was assumed that
it will be analysed using different variants of these criteria (so-called alternatives). The
qualitative criteria are the current criteria (currently present in the vehicle analysed). It
was assumed that alternatives to these criteria will be hypothetical criteria occurring in the
vehicle. Therefore, alternative criteria are the so-called modifications of the current criteria.

The choice of qualitative criteria is made by experts (based on the results of customer
research) and based on the vehicle’s specification. According to the review of the liter-
ature on the subject, it is necessary to determine about 10 different criteria. Then, each
criterion should be described by a parameter that characterises it. Initially, all criteria
should be described according to current (actually existing) parameters, e.g., value, value
range, description, etc. Based on the current criteria parameters, their modifications (the
so-called alternative vehicle design/construction solutions) should be determined. Based
on the decision rules, that is, [65], it was assumed that 5 ± 9 design solutions were deter-
mined, including, for example, criteria based on the current state and at least four different
modifications of the states of the criteria. According to one study [66], it was assumed
that modification of the states of the criterion expressed by the number parameter can
be determined according to the Pareto–Lorenz rule (20/80). Then, the modifications of
the criteria states change in proportion to the remaining ones, e.g., by 20% of the value of
a given parameter. For criteria that are not described as numerical values, their various
modifications should be given in a descriptive manner. A summary of the criteria and their
alternatives can be presented in a table.

Then, the quality levels of the current vehicle and the alternatives are assessed. For this,
the TOPSIS method is used [55–57]. For this aim, the customer assessed all criteria of current
and modified states (i.e., alternatives). It was assumed that assessments are performed
based on a 7-point scale, where 1—the condition of the criterion is slightly satisfactory, and
7—the condition of the criterion is very satisfactory. Based on the customer’s assessment, a
decision matrix is created X =

(
xij

)
, where xij ∈ R, i—alternatives, and j—criteria. Then, a

normalised decision matrix is created, R =
(
rij
)
, as shown in Equation (1) [57]:

rij =
xij√

∑m
k=1 x2

kj

(1)

where x—assessment of criterion state, i—alternative (state of vehicle criterion), j—vehicle
criterion, and m—type of vehicle.

Later, a weighted normalised decision matrix is determined V =
(
vij

)
, as shown in

Equation (2) [58]:
vij = rij × wj (2)

where r—normalised value of the decision matrix, w—criterion weight, i—alternative, and
j—criterion.

Subsequently, it is possible to determine the ideal positive solution (A+) and the ideal
negative solution (A−) (3) [58]:{

A+ =
(
v+1 , v+2 , . . . , v+n

)
=

{(
maxivij

∣∣jϵB
)
,
(
minivij

∣∣jϵC
)}

A− =
(
v−1 , v−2 , . . . , v−n

)
=

{(
minivij

∣∣jϵB
)
,
(
maxivij

∣∣jϵC
)} (3)
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Then, the distance from each decision variant is determined (Ai) for the ideal positive
solution (A+) or the ideal negative solution (A−) (4) [59]:

d+ =

√
n
∑

j=1

(
vij − v+j

)2

d− =

√
n
∑

j=1

(
vij − v−j

)2
(4)

Subsequently, the coefficient of relative closeness of the decision variants (RCi) to the
most preferred solution is determined (5) [55]:

RCi =
d−i

d+i + d−i
(5)

The last step is to develop a ranking that takes into account the proximity values of
the coefficients of the decision variants to the ideal solution. It is assumed that the higher
the value of this coefficient, the better the decision-making variant. The first position in
the ranking is the most advantageous variant in terms of quality. The last position in
the ranking is the least favourable variant in terms of quality. The values of the relative
proximity factor in this approach represent the quality level of the vehicles (Qi), hence
(RCi = Qi). This coefficient is further processed in Stage 6 of the model.

Stage 5. Vehicle life cycle analysis

A life cycle assessment (LCA) of a vehicle is a quantitative method that is used to
determine the potential impact on the environment. This impact is related to the entire
vehicle life cycle and refers to the analysis of energy and materials, demand for carbon
dioxide (CO2), and emission of pollutants from air and waste (Figure 3).
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Figure 3. System boundary of a vehicle life cycle analysis. Our own study, based on [67–69].

Based on the analysis of the life cycle, it is possible to calculate the total emission of
carbon dioxide (CO2) for any vehicle.
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In the proposed approach, the life cycle analysis was performed according to the
traditional LCA methodology for vehicles. If the LCA results can be different in the case
of the type and specification of the vehicle, it was assumed that the results obtained by
LCA can be modelled according to the alternative (modifications) of the vehicle. This
refers to the fact that, based on the life cycle assessment of the reference vehicle, it will
be predicting the life cycle assessment of modified vehicles (alternatives to the reference
vehicle). It is performed according to assumptions of the modification of the qualitative
criteria of the vehicle and the Pareto–Lorenz rule (20/80). If the modifications of the criteria
states change proportionally to the remaining ones by, e.g., 20% of the parameter value, the
LCA results change proportionally to the remaining ones by a given percentage of the total
carbon dioxide emissions in the vehicle’s life cycle. The percentage value can be adopted in
accordance with the Pareto principle (i.e., 20%) or another value that results from the need
for analysis and is supported by expert knowledge. This is represented by Equation (6) [69]:{

CVre f = CM + CVA + CVU + CRE − f or re f erence vehicle
CV i = %CV ± CV i − f or alternative re f erence vehicle

(6)

where CV—total emission of carbon dioxide in life cycle vehicle, CM—carbon emissions
from extraction and processing of the material, CVA—carbon dioxide emissions from the
production of the vehicle and the components, CVU—carbon dioxide emissions from vehicle
use, CRE—carbon dioxide emissions in vehicle recycling, i—ith alternative vehicle, and
ref—reference vehicle.

Therefore, in the initial stage, it is necessary to calculate the total CO2 emission in the
life cycle of the reference vehicle. Then, it is necessary to model the change of the vehicle
LCA value adequately to the alternative (modification determined in stage 4) in relation to
the change according to the adopted percentage value.

Step 5.1. Life cycle assessment of the reference vehicle

The life cycle assessment of the reference vehicle is carried out in four phases. Their
characteristics are presented in the next part of this study.

Phase 1. Material extraction and processing

Material extraction and processing are concerned with the extraction and processing
of raw materials that are used in the construction of vehicle components. This phase mainly
includes mining, enrichment, smelting, refining, etc. [67]. To calculate carbon emissions
from this process, use Equation (7) [68,69]:

CM = ∑
x

(
Cx, f + Cx,e

)
Cx, f = mx∑

n

[
Ex,n∑

k
ωx,n,kαk

]
Cx,e, = mx∑

n

(
Ex,nωx,n,e

3600

) (7)

where Cx, f —carbon dioxide emissions from fuel consumption during material production,
Cx,e—carbon dioxide emissions from electricity consumption during material production,
x—material, m—mass (kg), n—production process, Ex,n—energy consumption per unit of
material in its production process (kJ/kg), k—fuel, ωx,n,k—share of fuel consumption in
Ex,n, ωx,n,e—share of electricity consumption in Ex,n, and αk—fuel carbon emission factor
(CO2kg/kJ).

Phase 2. Production of the vehicle and its components

The production of a vehicle and its components involves the storage of the parts of
the vehicle necessary to create the vehicle. In this phase, the analysis refers to calculating
the emissions that occurred during processing and assembly of the main components of
the vehicle. The assembly refers, e.g., to stamping, welding, and painting. It is possible
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to include the distribution of vehicles, i.e., transport [67]. To calculate the carbon dioxide
from the production vehicle and its components, Equation (8) is used [69]:

CVA = ∑
x

(
Cy, f + Cy,e

)
+ EVA

3600

Cy, f = ∑
q

[
Ey,q∑

k
ωy,q,kαk

]
Cy,e, = ∑

q

(
Ey,qωy,q,e

3600

) (8)

where Cy, f —carbon dioxide emissions from fuel consumption produced by the production
of the component, Cy,e—carbon dioxide emissions from electricity consumption in the
production of the component, y—component (part), EVA—electricity consumption during
vehicle assembly, q—production process, Ey,q—energy consumption of a component in the
production process (kJ), ωy,q,k—share of fuel consumption in Ey,q, ωy,q,e—share of electricity
in Ey,q, and αk—fuel carbon emission factor (CO2kg/kJ).

Phase 3. Vehicle use

The first phase is the utility of the vehicle, which refers to the energy consumption
and carbon emissions during the use of the vehicle. It concerns fuel consumption and
vehicle maintenance [58]. In this approach, it was assumed that to calculate carbon dioxide
emissions resulting from utility of the vehicle, Equation (9) is used [69–71]:{

CVU,EV = dPE
100CE

− f or electric vehicle

CVU,ICEV = dFk
100 (ρkαk LHVk + Ck) − f or vehicles with combustion or diesel enginess

(9)

where PE—electricity consumption per 100 km by an electric vehicle (kWh/km),
CE—charging efficiency, d—total driving distance of the electric vehicle (km), Fk—fuel
consumption per 100 km for a vehicle with an internal combustion engine or diesel en-
gine (l), ρk—fuel density, k—fuel, LHVk—lower thermal value of the fuel (kJ/kg), and
Ck—carbon emissions per unit k in fuel production.

Phase 4. Vehicle recycling

The fourth phase is vehicle recycling, so an analysis of emission during the recycling
of selected components of the vehicle is necessary. The recycling phase refers to the
dismantling of vehicle components. Then, the metal and other non-metallic materials
of these components are separated and cleaned. Metal is recycled (without the battery).
Despite that, other non-metallic material (plastic, glass, etc.) is disposed of in landfills or
incineration. In this phase, the components are recycled, used, and reused [67]. Due to the
nature of the model, in this case, phase 4 covers vehicle recycling without including battery
recycling. To estimate carbon dioxide emissions in vehicle recycling (without the battery),
Equation (10) should be used [69,72–75]:

CRE = Cre, f + Cre,e

Cre, f = ∑
x

[
mxEre,x∑

k
(ωre,x,kαk)

]
Cre,e =

[
Evd

3600 + ∑
x

(
mx

Ere,xωre,x,e
3600

)] (10)

where Cre, f —carbon dioxide emissions from fuel consumption in vehicle recycling,
Cre,e—carbon dioxide emissions from electricity consumption in vehicle recycling,
Ere,x—energy consumption per unit of material x in the recycling phase (kJ/kg), x—recycled
material, ωre,x,k—share of fuel consumption in Ere,x, ωre,x,k—share of electricity consump-
tion in Ere,x, m—mass (kg), and Evd—energy consumption when dismantling the vehicle.

Based on the calculated indicators, it is possible to calculate the total carbon dioxide
emissions during the life cycle of the reference vehicle. Equation (6) is used for this purpose.
Then, it is possible to predict the life cycle assessment of the alternative vehicle, as presented
in the next step.
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Step 5.2. Life cycle assessment of an alternative vehicle

Based on the life cycle assessment of the reference vehicle, it is possible to predict
the life cycle assessment of the alternative vehicle (i.e., modified in the case of qualitative
criteria). This refers to the fact that for each vehicle quality level (resulting from the
modification of qualitative criteria), it is necessary to predict the results of the life cycle
assessment. Then, the simplified modelling of the change in LCA values, which is adequate
for the change in the vehicle’s quality level, is made according to the Pareto–Lorenz rule
(20/80) [66]. Equation (6) is used for it. For example, at the current quality level, the results
of life cycle assessments are noted. If the modified quality level increased, for example,
by 20% of the current level, then the expected result of the life cycle assessment should be
increased by 20% of the current life cycle assessment. The modelled results of the life cycle
assessment can be saved, for example, in a summary table.

Stage 6. Predicting a satisfactory vehicle variant

The model is designed to predict the modification of the vehicle that satisfies customers
in view of the quality level and the environmental impact of the vehicle throughout its
life cycle [71–75]. Therefore, it was decided to combine the values of total carbon dioxide
emission in the vehicle life cycle (CV) with an indicator of the vehicle’s quality level (Qi),
where these indicators are combined depending on alternatives (modifications). In this
case, the QLCAi indicator is calculated for each alternative (variant) of the vehicle. These
alternatives have resulted in different vehicle qualitative levels and environmental impacts
in the life cycle, which are modelled for these levels. In cases where values of indicators CV
and Qi differ in size, it is necessary to normalise them. It was assumed that the values of the
CV indicator would be reduced to decimal values, in which the Qi indicator is presented.

Additionally, customer satisfaction with vehicle modifications may depend on the
importance to the customer of the vehicle’s environmental impact and, respectively, the
importance to the customer of the vehicle’s quality level. Therefore, it is necessary to
determine their weights. The validity is determined by the entity (expert) after consultation
with the client. Weights can be selected as values in the range ⟨1; 0) , where the higher the
weight value, the greater the significance.

The assessment of the quality and environmental level in the context of LCA for
vehicle variants/alternatives is estimated according to Equation (11):

QLCAi =

(
wV × CV

105

)
+

(
wQ × Qi

)
(11)

where wV—importance (weight) of the vehicle’s environmental impact in its life cycle,
wQ—importance (weight) of the vehicle’s quality level, CV—the value of the indicator of
total carbon dioxide emissions over the vehicle’s life cycle (for the reference vehicle or the
reference vehicle alternative, respectively), Qi—quality level of the i-th vehicle variant, and
i = 1, 2, 3, . . ., n.

Based on the values of the QLCAi indicator, it is possible to predict the customers’
satisfaction with vehicle modification. The most favourable decision variant has the highest
value of the QLCAi indicator. Based on ranking the QLCAi indicator, the modification of
the vehicle can be determined to meet the customer’s expectations (quality) while also
considering the environmental impact of vehicle modification in the whole life cycle.

Modifying the reference vehicle according to the predicted most favourable modifi-
cation (alternative) allows one to achieve satisfaction from the utility of the vehicle and
reduce its negative impact on the natural environment. It is the last stage of the model.

3. Results

A test of the model was carried out according to the assumed procedure in the six
main stages. Detailed characteristics of the implementation of these stages are presented in
the further part of this study.



Energies 2023, 16, 8122 12 of 23

Stage 1. Selection and characteristics of the reference vehicle

The model test was carried out for a light passenger electric vehicle from one of the
leading manufacturers. This vehicle was the so-called reference vehicle (any vehicle that
constitutes a generalisation of light passenger electric vehicles). The choice of an electric
vehicle was the result of the individual preferences of the customer for whom the most
advantageous vehicle variant was sought. It is possible to distinguish electric vehicles with
two types of drive: those using hydrogen (so-called fuel cell vehicles, FCEV) and those
using electricity from a battery (BEV, battery electric vehicle). The subject of this research
was a BEV [52], which, according to [76], is the most popular electric vehicle.

Electric vehicles and their charging stations are finding increasing use with the devel-
opment of large-scale electrification of transport [62–77]. Batteries used most frequently in
these vehicles are lithium ion batteries (LFP, LiFePO4). They are characterised by a stable
structure and high durability [78]. The main benefits of using electric vehicles include
being more environmentally friendly, being cheaper to operate compared to conventional
vehicles, having greater efficiency and durability, being comfortable to drive (quiet opera-
tion), safety, and having a relatively low failure rate. However, the disadvantages of these
vehicles include, for example, the high price, the limited travel range, and poor accessibility
to charging stations [52,77].

Stage 2. Determining the purpose and scope of the research

The purpose of this research was to predict the most favourable variant for the electric
vehicle (BEV). This variant is analysed based on modification of the qualitative criteria of
the vehicle and the impact on the environment of these modifications throughout the life
cycle. Therefore, the scope of the investigation included analysis of the quality level of the
electric vehicle and its modification and life cycle assessment as part of these modifications.
The scope of this research is focused on vehicle life cycle assessment without batteries.
This resulted from the nature of the research, which consisted of modelling the expected
changes in the results of the vehicle life cycle assessment as a result of modifying its quality
criteria. However, future research will consist of adapting the model to analyses taking into
account various types of vehicles.

Stage 3. Defining the functional unit and research boundary

According to the adopted model, the functional unit was 150,000 passenger km [52].
This means that the mileage of a passenger vehicle throughout its entire life cycle is
approximately 150,000 km [30,54]. The time limit includes data from 2021–2023, the source
of which was a review of the subject literature, data from the GREET v1.3.0.13991 model,
and data from the customer (customer expectations of an electric vehicle).

Stage 4. Analysis of alternatives to vehicle quality criteria

As assumed in the proposed methodology, at this stage of the model, it was necessary
to select quality criteria for the reference vehicle. After consultation with the customer, the
nine main criteria of the electric vehicle were selected:

• Dimensions;
• Own weight;
• Maximum engine power;
• Size of the central touch screen;
• Max. speed;
• Number of seats;
• Basic warranty;
• Upholstery colour;
• Car colour.

The indicated criteria were adopted for the purposes of model testing. However, the
expert may change these criteria. The expert can also reduce or increase their number.

Then, each criterion is characterised by its current state, i.e., the state characterising the
current criterion of the reference vehicle. The reference vehicle catalogue was used for this
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purpose. Later, four modified states were defined for the current states. According to the
concept adopted, the modified states expressed by a numerical parameter were determined
according to the Pareto principle. As assumed, the modifications of the criteria states were
changed in proportion to the remaining values of a given parameter by 20%. For criteria
that are not described as numerical values, various modifications have been proposed, as
shown in Table 1.

Table 1. Characterisation of vehicle quality criteria states.

Vehicle
Criteria

Current Status
of the Reference

Vehicle
Modified State 1 Modified State 2 Modified State 3 Modified State 4

C1 4751 × 2129 × 1624 5701 × 2555 × 1949 6841 × 3066 × 2339 3801 × 1703 × 1299 4561 × 2044 × 1559
C2 1995 2394 2873 1596 1277
C3 345 414 497 276 221
C4 15 18 22 12 10
C5 250 300 360 200 160
C6 5 6 7 4 3
C7 4 5 6 3 2
C8 Black White Grey Beige Red
C9 White Black Red Silver Blue

Where C1—dimensions (length/width/height) (mm), C2—own weight (kg), C3—max. engine power (VDC),
C4—central touch screen (inch), C5—max. speed (km/h), C6—number of seats (pcs), C7—basic vehicle warranty
(years), C8—upholstery colour, C9—car colour.

Then, the customer assessed all criteria and their states. The 7-point scale was used for
that, where 1—the state of the criterion is slightly satisfactory, 7—the state of the criterion is
very satisfactory. A decision matrix was created based on the customer’s ratings X =

(
xij

)
,

where xij ∈ R, i—alternatives, and j—criteria. The decision matrix with the customer’s
ratings is presented in Table A1.

Then, using Equation (1), the normalised decision matrix R =
(
rij
)

was determined,
as shown Table A2.

Then, according to Equation (2), the weighted normalised decision matrix was calcu-
lated. In this calculation, the customer determined the importance of the quality criteria
according to a scale of <0;1> where 0,1—criterion practically irrelevant, 1,0—most important
(necessary) criterion. The result is shown in Table A3.

Next, ideal positive solutions (A+) and ideal negative solutions (A−) were determined.
Equation (3) was used for that. The results are shown in Table A4.

Later, the distance of each alternative from these solutions was calculated. Equation (4)
was used for this purpose. Then, according to Equation (5), the coefficient of relative
closeness of decision variants was determined, which represents the quality level of the
reference vehicle and its modifications. On this basis, a ranking of vehicle variants was
created, as shown in Table A5.

It has been shown that the most favourable quality level is that of the current reference
vehicle (i.e., the vehicle currently on sale). However, it was observed that a vehicle with a
modified condition of 1 has a satisfactory value of the quality indicator. However, in the
proposed approach, the final result is influenced by the assessment of the vehicle’s life cycle
according to the modification of its quality criteria.

Stage 5. Vehicle life cycle analysis

At this stage of the model, an electric vehicle life cycle analysis was performed to
calculate the total carbon dioxide emissions from the extraction of materials and raw
materials to recycling. As adopted in stage 4 of the model, four variants of modifications
of the current electric vehicle were proposed. According to the concept of the adopted
model, the LCA results will constitute an assessment of the life cycle of the current reference
vehicle and will be successively modelled according to the alternatives (modifications) of
the vehicle.
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Step 5.1. Life cycle assessment of the reference vehicle

The life cycle assessment of the analysed electric vehicle was carried out in four phases.
This is presented in the next part of this study.

Phase 1. Material extraction and processing

The main components of the vehicle were included in the analysis of material extraction
and processing. Each of these items contains multiple materials. Only the most important
materials were included in the analysis (where low-mass materials were omitted).

To calculate carbon emissions from the extraction and processing of materials, a list of
materials and an emission factor during their extraction and processing were determined.
This was based on data from the GREET model and a review of the literature on the
subject [79–81]. This is presented in Table 2.

Table 2. Electric vehicle materials (light passenger vehicle).

Material Mass of Main Materials (kg) Emission Factor of Material Production (kg/kg)

Steel 831 2.00
Iron 31 0.55

Cast aluminium 12 2.62
Wrought aluminium 78 5.92

Copper 38 2.35
Glass 46 1.62
Plastic 155 3.05
Rubber 21 3.62

Then, based on the data from the GREET model and data from the literature review
(for example, [65,69,72,79]), the energy consumption factor for the production of materials
in the reference vehicle and the CO2 emission factor throughout the life cycle for the energy
types were determined. Coefficients with negligible values were omitted from the analysis
in Table 3.

Table 3. Energy consumption factor for material production and energy life cycle CO2 emission factor
for the reference vehicle.

Fuel
Energy Consumption for Material Production (MJ/kg)

Coal Natural Gas Crude Oil Coke Gasoline Electricity

Emission factor CO2 0.10 0.06 0.11 0.08 0.09 0.19
Steel 2.13 0.83 1.21 0.03 0.00 0.20
Iron 0.00 0.57 0.26 0.02 0.00 0.07

Aluminium 5.04 0.80 0.00 0.00 0.00 1.54
Copper 4.78 0.57 0.00 0.00 0.00 1.47
Glass 0.44 0.00 0.00 0.68 0.00 0.55
Plastic 0.32 1.61 0.00 0.03 0.00 0.10
Rubber 0.04 1.98 0.00 0.36 0.01 0.15

Subsequently, using Equation (7), carbon dioxide emissions from the extraction and
processing of materials for the electric vehicle were calculated (Table 4).

The total carbon dioxide emission in the first phase of the LCA for the analysed
vehicle was CM = 1023.24 (kJ) = 0.28 (kWh). Fuel emissions during material extraction and
processing were found to contribute more to this process than energy emissions.
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Table 4. Carbon dioxide emissions from the extraction and processing of materials for an electric vehicle.

Material Cx,f Cx,e CM

Steel 653.98 0.09 654.07
Iron 1.16 0.00 1.16

Aluminium 17.08 0.01 17.10
Copper 231.46 0.19 231.65
Glass 8.77 0.01 8.78
Plastic 10.22 0.00 10.22
Rubber 76.60 0.02 76.62

Where Cx, f —carbon dioxide emissions from fuel consumption during material production, Cx,e—carbon dioxide
emissions from electricity consumption during material production, and CM—carbon emissions from extraction
and processing of the material.

Phase 2. Production of the vehicle and its components

The emissions generated during the processing and assembly of the main components
were calculated. Based on the GREET model and a review of the literature on the sub-
ject [65,69], it was assumed that the electricity consumption during assembly of the main
components of the vehicle (without batteries) is 862 (MJ). According to the literature on
the subject [80], energy consumption and carbon dioxide emissions were determined for
other vehicle production processes. The main processes include material transformation,
machining, vehicle painting, HVAC and lighting, heating, material handling, welding, and
compressed air (Table 5).

Table 5. Energy consumption and carbon dioxide emissions for vehicle production processes.

Vehicle Production Process Energy (MJ) CO2 (kg)

Total 33,924 2013

Material transformation 19,340 1065
Machining 982 56

Vehicle painting 4167 268
HVAC and lighting 3335 225

Heating 3110 195
Material handling 690 46

Welding 920 62
Compressed air 1380 93

Based on the developed data and using Equation (8), the total emissions during
the production of the vehicle and its components were calculated. This was equal to
CVA = 35,947.24 (MJ) = 9985.34 (kWh).

Phase 3. Vehicle use

Energy consumption and carbon emissions during vehicle use were calculated. In the
case of electric vehicles, carbon emissions come primarily from the generation of electricity.
On the basis of the data characterising the selected reference vehicle, it was possible to
determine the emissions when using electric vehicles of a similar type. It was assumed that:

• Electricity consumption per 100 km by an electric vehicle is PE = 17.28 kWh/km;
• The total driving distance of an electric vehicle is d = 531 km;
• The charging efficiency is CE = 0.94 (94%).

Using Equation (9), it was estimated that energy consumption and carbon emissions
during one complete trip are CVU = 97.62 kWh. The mileage of a passenger vehicle in
its life cycle was assumed to be 150,000 passenger km. Throughout the life cycle of the
electric vehicle, energy consumption and carbon emissions during its useful life are equal to
CVU = 27,574.45 kWh. The value obtained also proves that this is a current research problem
due to the large number of electric cars currently in use.
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Phase 4. Vehicle recycling

Then, the emissions during recycling of the selected vehicle components (without the
battery) were calculated. In this phase, vehicle components are dismantled, separated,
cleaned, recycled, disposed of, and reused [69]. Based on data from the literature review,
the report, and the GREET model data, emissions during EV recycling were determined, as
shown in Table 6.

Table 6. Energy consumption in the recycling phase of an electric vehicle.

Vehicle Production Process Electricity (kWh) Natural Gas (kWh) Coal (kg)

Vehicle assembly 627.3 - -
Non-battery parts 1114 83.36 9.79

Using Equation (10), it was estimated that the carbon dioxide emission in the vehicle
recycling phase is CRE = 1760.22 kWh (excluding the battery).

It was observed that the use phase dominates the environmental impact cycle. How-
ever, it has been observed that the production phase of the vehicle and its components is
also significant. Similar conclusions are presented by the authors of other articles, e.g., [76].
In turn, the phase of extraction and processing of materials has the lowest environmen-
tal impact. This is due to the small share of electricity in this process. Finally, using
Equation (6), the total carbon dioxide emissions in all phases of the LCA were calculated
for the reference electric vehicle, i.e., CVre f = 39,320.29 (kWh).

Step 5.2. Life cycle assessment of an alternative vehicle

According to the LCA results of the reference electric vehicle (BEV), the LCA results of
alternative vehicles (i.e., modified with respect to quality criteria) were predicted. Accord-
ing to the adopted methodology, the result of the life cycle assessment was predicted for
each level of vehicle quality (resulting from the modification of the quality criteria). This
was performed as part of a simplified model of the change in the LCA value corresponding
to the change in the vehicle quality level, which was made according to the Pareto–Lorenz
principle (20/80). Equation (6) is used for this purpose. The results are recorded in Table 7.

Table 7. Quality level of the reference vehicle variants and expected changes in LCA values.

Vehicle Variant RCi = Qi CV

Current status 0.69 39,320.29
Modification 1 0.62 47,184.35
Modification 2 0.56 56,621.22
Modification 3 0.40 31,456.23
Modification 4 0.15 25,164.99

The result from this stage of the model was used to predict a satisfactory vehicle
variant. This represents the last stage of the model.

Stage 6. Predicting a satisfactory vehicle variant

At this stage, the values of the total carbon dioxide emission indicator over the vehicle
life cycle CV were combined with the vehicle quality level indicator Qi. Indicators were
combined for the corresponding vehicle alternatives (modifications). For this purpose, the
QLCAi index was calculated for each alternative vehicle. According to the proposed model,
it was necessary to determine the importance of quality and its environmental impact
for the customer throughout its life cycle. According to the assumptions, the validity is
determined by the entity (expert) after consulting with the client. The importance of the
vehicle’s quality level was determined with a weight of 0.75, while the importance of
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the vehicle’s environmental impact was determined with a weight of 0.25. The assess-
ment of the environmental quality level in the context of LCA for the reference vehicle’s
variants/alternative was estimated using Equation (11). The result is shown in Table 8.

Table 8. Predicted satisfaction with reference electric vehicle variants.

Vehicle Variant RCi = Qi CV/105

QLCA Ranking
Weight 0.75 0.25

Current status 0.69 0.39 0.62 1
Modification 1 0.62 0.47 0.58 2
Modification 2 0.56 0.57 0.56 3
Modification 3 0.40 0.31 0.38 4
Modification 4 0.15 0.25 0.18 5

It was observed that the current reference vehicle is the most satisfactory for the
customer (QLCA = 0.62). Although its impact on the environment during its life cycle is
not the least harmful, it is characterised by the highest level of quality. In this case, the
quality level was definitely more important to the customer, and the life cycle assessment
of this vehicle was ranked third. Therefore, this determines the final position of the current
vehicle as the most favourable to the customer. Relatively similar dependencies occur, for
example, for modification 1 and modification 2, for which the QLCA index values reached
0.58 and 0.56, respectively. Therefore, it is possible to consider possible design changes
to the vehicle according to modifications 1 and 2. These changes may be more beneficial
from an environmental or qualitative point of view; therefore, they may also be financially
profitable for the manufacturer. In turn, the worst variant of the vehicle is modification
4, which, despite the expected least harmful impact on the environment, has the lowest
quality index. In this case, the ranking was influenced by the importance of the level of
quality and the environmental impact for the customer. However, it should be remembered
that the results obtained constitute an analysis of the expectations of an individual customer.
Therefore, it is possible to obtain different results, which largely depend on the customer’s
expectations and, therefore, on the analysed reference vehicle. Therefore, the final decision
to choose a vehicle variant depends on the customer. Furthermore, based on the results
obtained, it is possible to consider design changes for the current reference vehicle. These
decisions are made by the vehicle manufacturer depending on preferences and expectations.
However, to undertake design activities for new vehicle variants produced on a large scale,
it is necessary to increase the research sample.

The originality of this study refers to simultaneously analysing the quality level of the
vehicle and its environmental impact during its life cycle. Hence, the developed model
allows for assessment of the vehicle’s quality level according to the current vehicle’s criteria
and modified criteria. Additionality, it is possible to predict changes in the environmental
impact throughout the entire life cycle of the vehicle from resulting changes in the quali-
tative criteria. The obtained ranking could be used to select satisfactory alternatives for
reference vehicles, which will result simultaneously from a beneficial quality level for the
customer and the environmental impact of the whole life cycle. On this basis, it is possible
to undertake design activities within the customers’ expectations and in the context of
sustainable development.

4. Discussion

The rapid development of the automotive industry has resulted in vehicle production
reaching nearly 100 million vehicles per year in recent years. This generates approximately
6 million tonnes of carbon dioxide from the manufacturing sector, which is one third of
the carbon dioxide emissions resulting from energy [76–79]. Therefore, various types of
vehicles are being created to reduce CO2 emissions, with electric vehicles being one of the
most popular. The analysis of the environmental impact of vehicles is carried out according
to the life cycle assessment (LCA). Although these analyses have already been carried out
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in a variety of applications, e.g., [16,33,35,46], no research has been found that would allow
one to predict the vehicle modification that will be the most satisfactory for the customer
in terms of quality (vehicle performance criteria) and, at the same time, in terms of the
environmental impact throughout the life cycle (LCA) [80–82].

Therefore, the objective of this investigation was to develop a model that supports
the prediction of vehicle alternatives according to the combined life cycle assessment
and quality level. The model test was carried out for an electric vehicle (BEV). The test
results showed that based on various modifications of the vehicle’s quality level and the
corresponding environmental impacts throughout its life cycle, it is possible to predict
the vehicle variant that will be most satisfactory for the customer and, at the same time,
environmentally friendly. In this case, the current reference vehicle was shown to be the
most satisfactory for the customer (QLCA = 0.62). The result obtained was influenced by the
weight (importance) of the vehicle’s quality level and its environmental impact throughout
the vehicle’s life cycle. Therefore, differences in model results due to the introduction of
different weights for indicators were checked. This is shown in Figure 4.
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(b) 0.20:0.80, (c) 0.40:0.60, (d) 0.60:0.40, (e) 0.80:0.20, (f) 0.50:0.50.

Based on the analysis of the impact of vehicle quality level weights and environmental
impact throughout the entire life cycle, it was concluded that:

• Weights affect the final model result if the indicator values differ in a relatively notice-
able way;

• The greater the weight of the indicator, the greater its impact on the final result of
the model;
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• Small disproportions in indicator weights have a relatively small impact on the final
model result.

At the same time, the final result of the model depends on the individual preferences
of the client. Therefore, the final results of the model should be interpreted depending on
the needs of the entity that uses it. The advantages of the proposed model include:

• Estimation of the current level of the vehicle’s quality due to the expectations of an
individual customer;

• Estimation of the environmental impact of the vehicle throughout its life cycle for any
reference vehicles;

• Inclusion of the share of customer expectations in the entire decision-making process
regarding the selection of the most advantageous vehicle variant;

• Predicting customer satisfaction with vehicle variants based on current quality levels
and environmental impact throughout the life cycle;

• The possibility of designing or improving vehicles by taking into account their quality
level and, at the same time, their environmental impact during the life cycle (LCA).

However, the disadvantages of the model include the possibility of designing a vehicle
for an individual customer and the lack of rules developed to take into account analyses
dedicated to the vehicle’s battery.

Therefore, future research will focus on extending the model to analyse the expecta-
tions of a larger number of customers and ensuring that the results of the vehicle battery
quality level, its alternatives, and their corresponding environmental impacts throughout
the life cycle are taken into account. In future research, it is planned to realise the model as
part of a statistical analysis to support the prediction results and verify the proposed model.

5. Conclusions

The need to reduce carbon dioxide emissions generated in the transport sector results
in the search for new vehicle design solutions. However, in accordance with the principles
of sustainable development, design solutions should not only ensure protection of the
natural environment but should also enable meeting customer expectations. Therefore,
the objective of this investigation was to develop a model that supports the prediction
of vehicle alternatives according to the combined life cycle assessment and quality level.
The model test was performed for an electric vehicle (BEV). The model was developed
in six main stages and adapted to analyse any type of vehicle. On the basis of the model
results, its variants (design alternatives) will be predicted, which are assessed by the client
in terms of the level of quality and environmental impact throughout the entire life cycle.
The functioning of the model is supported by various techniques, including, for example,
TOPSIS, LCA, SMARTER, the Pareto–Lorenz rule, the principle of decision support 7 ± 2,
and others. The model test was carried out for an electric vehicle (BEV) from one of the
key manufacturers of this type of vehicle. The model test showed that, based on various
modifications of the vehicle’s quality level and the corresponding environmental impacts
throughout its life cycle, it is possible to predict the vehicle variant that will be the most
satisfying for the customer and, at the same time, environmentally friendly.

The originality of the model lies in assessing the vehicle’s life cycle and predicting
the change in the environmental impact resulting from a change in its quality criteria. The
novelty of the model is its capacity to support the prediction of a satisfactory alternative to
the reference vehicle, which will result simultaneously from a level of quality beneficial to
the customer and the environmental impact throughout the entire life cycle.

This model can be used by manufacturers or dealers to select a vehicle that satisfies
the customer or to undertake vehicle design activities to meet the customer’s expectations.
Used in this way, the model can support the sustainable design of vehicles by taking into
account their quality level and environmental impact during the life cycle (LCA); therefore,
it is up to date from the point of view of sustainable development.



Energies 2023, 16, 8122 20 of 23

Author Contributions: Conceptualisation, R.U., A.P. and D.S.; methodology, A.P. and D.S.; software,
D.S.; validation, R.U.; formal analysis, R.U. and A.P.; investigation, D.S.; resources, D.S.; data curation,
A.P. and D.S.; writing—original draft preparation, R.U., A.P. and D.S.; writing—review and editing,
A.P. and D.S.; visualisation, D.S.; supervision, R.U. and A.P.; project administration, R.U. and A.P.;
funding acquisition, R.U. All authors have read and agreed to the published version of the manuscript.

Funding: Publication financed by the statutory research fund of the Czestochowa University of
Technology SPB-600/3016/2023.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Decision matrix with assessments of the state of vehicle criteria.

Vehicle Variant C1 C2 C3 C4 C5 C6 C7 C8 C9

Current status 5 3 5 5 4 7 5 7 5
Modification 1 6 6 6 6 6 5 7 2 6
Modification 2 5 3 7 7 7 4 7 5 2
Modification 3 4 4 4 4 3 2 3 3 6
Modification 4 2 3 3 3 2 2 2 4 1

Where C1–C9—as in Table 1.

Table A2. Standardised decision matrix.

Vehicle Variant C1 C2 C3 C4 C5 C6 C7 C8 C9

Current status 0.49 0.34 0.43 0.43 0.37 0.71 0.43 0.69 0.50
Modification 1 0.58 0.68 0.52 0.52 0.56 0.51 0.60 0.20 0.59
Modification 2 0.49 0.34 0.60 0.60 0.66 0.40 0.60 0.49 0.20
Modification 3 0.39 0.45 0.34 0.34 0.28 0.20 0.26 0.30 0.59
Modification 4 0.19 0.34 0.26 0.26 0.19 0.20 0.17 0.39 0.10

Where C1–C9—as in Table 1.

Table A3. Weighted normalised decision matrix.

Vehicle Variant C1 C2 C3 C4 C5 C6 C7 C8 C9

Criteria weights 0.55 0.45 0.70 0.35 0.65 0.80 0.50 0.70 0.75
Current status 0.27 0.15 0.30 0.15 0.24 0.57 0.21 0.48 0.37
Modification 1 0.32 0.30 0.36 0.18 0.37 0.40 0.30 0.14 0.45
Modification 2 0.27 0.15 0.42 0.21 0.43 0.32 0.30 0.34 0.15
Modification 3 0.21 0.20 0.24 0.12 0.18 0.16 0.13 0.21 0.45
Modification 4 0.11 0.15 0.18 0.09 0.12 0.16 0.09 0.28 0.07

Where C1–C9—as in Table 1.

Table A4. Positive and negative solutions.

Solutions C1 C2 C3 C4 C5 C6 C7 C8 C9

A+ 0.32 0.30 0.42 0.21 0.43 0.57 0.30 0.48 0.45
A− 0.11 0.15 0.18 0.09 0.12 0.16 0.09 0.14 0.07

Where C1–C9—as in Table 1.

Table A5. Quality level of the electric car and its modifications.

Vehicle Variant d+ d− RCi = Qi Ranking

Current status 0.30 0.67 0.69 1
Modification 1 0.39 0.64 0.62 2
Modification 2 0.44 0.56 0.56 3
Modification 3 0.62 0.41 0.40 4
Modification 4 0.79 0.14 0.15 5
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