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Abstract: 

The paper focuses on the analysis of the environmental impacts related to the production, operation, decommissioning 
of vehicles as well as servicing and repairs of cars in real conditions of their use. The authors’ presented mathematical 

model that was implemented in original numerical program EN-VEHICLE that enables the analysis of energy con-

sumption and emission loads related to material inputs in the entire life cycle of a passenger car. It is a tool from the 
Life Cycle Assessment category that aims at the effective inclusion of environmental impacts in the decision-making 

process. The developed program allows for a quantitative interpretation of the calculation results in terms of the 

environmental safety in each of the phases and throughout the life cycle of the vehicle, taking into account the possi-
bility of supplying the vehicle system with additional material streams derived from recycling and recovery, and in-

troduced both during the construction phase and during the car operation phase. In the presented tool, linear algebra 

and matrix analysis were used in modeling the vehicle life cycle system. The results of the implementation of the 
mathematical model were presented in the form of a regression function that allows for approximation of selected 

empirical data. The regression analysis was used to verify the material characteristics. The tool can be used for a 

comprehensive comparative assessment of the environmental impact of a passenger car from different production 
periods. In addition, it can be used to forecast the environmental effects of changes in the material structure determin-

ing the production technology and, consequently, having a significant impact on the entire life cycle of the vehicle as 

well as energy and ecological parameters. 
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1. Introduction 

Currently, road transport has a significant impact on 

the natural environment. According to estimates, it 

is responsible for 22% of human-made CO2 emis-

sions (UNECE 2021). The majority of this comes 

from passenger vehicles, contributing to 45% of 

global CO2 emissions from transport (International 

Energy Agency 2022). Cars emit 40% of nitrogen 

oxides into the atmosphere (European Environment 

Agency 2021). 

Life cycle analysis of transport means is the area of 

research related to environmental management. It al-

lows the identification of the most important envi-

ronmental aspects of the product or operation sys-

tem, both by identifying and quantifying used mate-

rials and energy and waste released into the environ-

ment, and by assessing the impact of these materials, 

energy and waste on the environment. Currently, 

there is no doubt that road transport - next to the en-

ergy sector - is one of the greatest threats to the en-

vironment, related to both the systematic increase in 

global carbon dioxide CO2 emissions and the in-

crease in the amount of waste generated during the 

production, operation and disposal of end-of-life ve-

hicles. Despite the fact that the process of using the 

car to the greatest extent pollutes the natural envi-

ronment through the consumption of primary energy 

and the emission of pollutants and CO2, the decisive 

importance for a comprehensive assessment of the 

environmental profile of the car is a vehicle impact 

on the environment throughout its whole "life". This 

means that it is not possible to focus solely on the 

assessment related to the use of the car, as the envi-

ronmental impact before and after this period can 

also be significant. The impact of the vehicle on the 

environment must be assessed on the basis of the 

balance, which includes all of the processes "from 

cradle to grave". This is possible thanks to the Life 

Cycle Assessment (LCA). This approach to environ-

mental assessment is necessary especially for the 

most complex high-tech product, such as a car. Al-

most all types of materials are used for its produc-

tion, such as metals, polymers, glass and ceramics, 

as well as fabrics and others. The production of these 

materials and then the components needed for the 

mass production of cars on an unprecedented scale 

require the use of limited natural resources and en-

ergy in production processes, which is always ac-

companied by an environmental impact. The com-

ponents are also supplied for the repair of cars in use. 

Production of these components absorb additional 

natural resources and energy. However, after a car is 

withdrawn from use, it is important whether its com-

ponents can be recycled and reused in the production 

of new cars. The aim of the article is to develop a 

reliable mathematical model of environmental im-

pacts related to the production, operation, decom-

missioning of vehicles as well as servicing and re-

pairing cars in real conditions of their use. 

The remainder of the paper is structured as follows. 

Section 2 contains a comprehensive overview of lit-

erature on the LCA methods in automotive industry. 

In section 3, the model of the life cycle of the vehicle 

divided into production, operation and decommis-

sioning is presented. Section 4 contains the mathe-

matical model of the product recycling and final 

waste subsystems and energy and material recovery 

streams, while in section 5, a numerical program im-

plementing the problem is demonstrated. The verifi-

cation of the presented life cycle model and its re-

sults for the selected cars are presented and dis-

cussed in section 6. 

 

2. Literature review 

The overwhelming majority of examples of the use 

of the LCA environmental life cycle assessment 

method in the automotive industry, published in the 

literature, relate to cases where the impact of differ-

ent technologies and environmental consequences of 

using various materials are analyzed in order to de-

termine the most favorable choice among various al-

ternatives. Most attention is paid to the environmen-

tal optimization of car design and manufacturing 

processes (Chanaron 2007). The subject of the anal-

ysis are whole cars (Finkbeiner et al. 2006; De Me-

dina 2006) or individual components or assemblies 

(Suzuki et al. 2005; Ribeiro et al. 2007; Gradin and 

Åström 2020). An example of the application of the 

LCA method to a comprehensive environmental 

analysis of a vehicle are works carried out by some 

automotive companies, including Mercedes and 

Volkswagen. The results of these works in the field 

of designing the two latest models of Mercedes cars 

(C-class and S-class) allowed to optimize signifi-

cantly both structures in terms of the environment 

(Finkbeiner et al. 2006). Other research focuses on 

the assessment of the environmental impact of bio-

fuels (Nitta 2011) or unconventional drives (Haw-

kins et al. 2013). It is important because with regard 

to electric cars, the environmental load may be 
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transferred from the stage of vehicle use to the stage 

of its production or - much more often - production 

of energy carriers (Ma et al. 2012). Among the 

works related to the environmental optimization of 

car-related manufacturing processes, the inputs of 

energy and materials used to build a car are often 

analyzed (Ribeiro et al. 2007). Currently, due to the 

increasing pressure to reduce energy demand in the 

transport, special attention is paid to issues of selec-

tion of lightweight materials and the environmental 

impacts of such changes (Mayyas et al. 2012). Quan-

tifying the impact of material substitution in car pro-

duction is a difficult task and requires assessing the 

potential for weight reduction of materials, pollutant 

emissions during their production and recycling, as 

well as the impact of the use of these materials on 

the emission of pollutants during the life of the car 

(Gradin et al. 2013). Other studies have focused on 

car design to facilitate assembly (Petrov et al. 2001). 

Some of the authors (Schmidt et al. 2004; Lewicki 

2009) focused on the environmental consequences 

of the process of managing end-of-life vehicles as a 

stage of ending the life cycle of a vehicle. The results 

of the LCA assessment were used, among others, for 

the environmental optimization of the recycling pro-

cess (Gradin et al. 2013, Merkisz-Guranowska 

2020). Such analyzes are carried out by both re-

search centers and automotive concerns. Unfortu-

nately, the obtained results are often difficult to ver-

ify and are not always consistent with each other 

(Raugei et al. 2015). This is often due to difficult ac-

cess to detailed data, which in large part is available 

to producers. Due to the lack of all the necessary data 

and the complexity of the vehicle, the LCA of a car 

is most often performed with many simplifying as-

sumptions, especially in comparative studies 

(Klocke et al. 2014, Mrozik et al. 2021). According 

to Petrov (2001), the LCA method used for compar-

ative research should be simple enough, contain 

readily available data and be convenient in practical 

application. It is therefore proposed to focus on three 

main stages: production, use and remanufacturing, 

and to take into account the most important ecolog-

ical factors, the impact on nature and people. Often 

the environmental impact is limited to energy con-

sumption and global warming (Das 2011). 

The conducted literature studies show that the envi-

ronmental assessment of the effects of material sub-

stitution in the production of cars is a particularly 

difficult task. This applies in particular to the use of 

lightweight materials, as it requires an assessment of 

the car's weight reduction potential, taking into ac-

count the emission of pollutants during the produc-

tion and recycling of materials, as well as the impact 

of the use of these materials on the emission of pol-

lutants during the life of the car. It is therefore im-

portant to be able to compare different scenarios of 

the changes, as well as similar cars made by different 

manufacturers. The results of the literature analysis 

of the most important aspects of the problem of en-

vironmental car assessment lead to the conclusion 

that the calculation methods and procedures cur-

rently used in the world do not allow for efficient 

calculations for the whole car, especially in compar-

ative studies of a large number of cars from different 

manufacturers. Difficulties in comparing the results 

of different studies are often the result of a lack of 

consistency in terms of scope, simplifying assump-

tions or methods of environmental impact assess-

ment. This is often the result of difficult access to 

detailed data, which in large part is at the disposal of 

producers. In the case of a car, the need to obtain a 

large amount of data, which is usually confidential, 

is a significant problem and greatly affects the relia-

bility of the assessment and the possibility of com-

parison with other tests. That is why LCA method 

used in comparative studies should be sufficiently 

simple and convenient in practical use, include ac-

cessible, easily verifiable data on the car and the pro-

cesses associated with it. There is therefore a need 

for a methodology that would avoid too costly and 

complicated process of data collection and at the 

same time take into account the most important fac-

tors influencing nature and people. Therefore, the 

paper presents a proposal to build an LCA model of 

a car that meets the above-mentioned criteria. 

 

3. Vehicle life cycle stages 

3.1. Division into stages 

The following period of time will be assigned to the 

life cycle of the vehicle: 𝑇𝐶 = [𝑡𝑝
𝐶 , 𝑡𝑘

𝐶]. Such a pe-

riod is expressed as a closed interval where p in sub-

script means the initial term, and k means the ending 

term. 

The following stages are distinguished in the life 

cycle of the vehicle 

− production, 

− operation, 

− decommissioning. 
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The durations of these steps are marked accordingly: 

𝑇𝐼 , 𝑇𝐼𝐼 , 𝑇𝐼𝐼𝐼 . These are the subsets of time TC and 

their set theory sum is: 

 

𝑇𝐶 = 𝑇𝐼 ∪ 𝑇𝐼𝐼 ∪ 𝑇𝐼𝐼𝐼 (1) 

 

We assume that (Figure 1): 

− the beginning of the stage production of the ve-

hicle is concurrent with the beginning of the cy-

cle of life and falls on a term equal to zero: 

𝑡𝑝
𝐶 = 𝑡𝑝

𝐼 = 0, 

− the end of the decommissioning stage is con-

current with the end of the life cycle: 𝑡𝑘
𝐶 = 𝑡𝑘

𝐼𝐼𝐼, 

− production end date and initial operation date 

and the end-of-life date and the initial decom-

missioning date coincide: 𝑡𝑘
𝐼 = 𝑡𝑝

𝐼𝐼, 𝑡𝑘
𝐼𝐼 = 𝑡𝑝

𝐼𝐼𝐼. 

In the vehicle system, there are subsystems which 

are assemblies, subassemblies and functional ele-

ments. Thus, the vehicle system consists of n sub-

systems forming a 3-level hierarchical structure. 

From the point of view of further analysis, only the 

lowest-level subsystems are relevant, the masses of 

which add up to the total mass of the vehicle. 

 

3.2. Production stage 

Each subsystem installed in a vehicle has a specific 

mass. If we distinguish n subsystems, the initial 

structure of the vehicle vector will be called:  

 

𝑧𝐼 = (
𝑧1
𝐼

⋮
𝑧𝑛
𝐼
) (2) 

 

where 𝑧𝑖
𝐼  is the mass of the i -th subsystem at the 

time of starting operation.  

The total mass of the vehicle will be then calculated 

from the dependence: 

 

𝑀 =∑𝑧𝑖
𝐼

𝑛

𝑖=1

 (3) 

 

This mass may change along with the consumption 

of e.g. operating fluids, however, it was assumed 

that keeping the vehicle in a serviceable condition 

consists in restoring its mass structure to its initial 

state. 

A thorough analysis of the vehicle's production may 

allow the identification of the dynamics of the for-

mation of the initial structure in the machining and 

assembly processes. Then the production dynamics 

function depending on time will be obtained: 

 

𝑧𝐼:ℝ+ ∪ {0} → ℝ+
𝑛,    𝑧𝐼(𝑡) = (

𝑧1
𝐼(𝑡)
⋮

𝑧𝑛
𝐼 (𝑡)

) (4) 

 

If the production dynamics function is known, then 

the components of the initial structure of the vehicle 

are the integrals of the corresponding components of 

this function over the time interval [𝑡𝑘
𝐼 , 𝑡𝑘

𝐼 ]: 
 

∀𝑖 = 1, . . . , 𝑚:   ∫ 𝑧𝑖
𝐼(𝑡)𝑑𝑡

𝑡𝑘
𝐼

𝑡𝑝
𝐼

= 𝑧𝑖
𝐼  (5) 

 

We assume that the vehicle at the moment of 𝑡𝑘
𝐼  is 

fully equipped and has all the necessary operating 

fluids, including a full fuel tank. 

Additionally, we assume that the state of the system 

at the start of its production is described by the null 

vector: 

 

𝑧𝐼(𝑡𝑝
𝐼 ) = (

0
⋮
0
) = 𝜃 (6) 

 

 
Fig. 1. Stages of the life cycle of the vehicle and marking the limiting terms 
 
 



Mrozik, M., Merkisz-Guranowska, A., 

Archives of Transport, 70(2), 117-136, 2024 

121 

 

 
 

3.3. Operation stage 

The vehicle system should maintain its initial mass 

structure 𝑧𝐼(𝑡𝑘
𝐼 ) = 𝑧𝐼(𝑡𝑝

𝐼𝐼) throughout the operation 

stage. This means that consumable subsystems are 

either supplemented (e.g. fuel) or replaced (e.g. 

tires). Consumption of subsystems can take place 

through: 

− loss in time (fuel, windshield washer fluid) or 

− deterioration of properties (engine oil, tires, 

timing belt, accident damage). 

Of course, such a sharp division into two categories 

is a simplification. For example, brake pads are re-

placed due to deterioration of their properties, but it 

is because of weight loss. Similarly corroded body 

parts lose both properties and weight at the same 

time. Both the defects filling and replacement of a 

subsystem will be referred to as the supply, while the 

quantity of the delivered subsystem will be referred 

to as the supply value. We define the following func-

tion of the dynamics of operation, analogous to (4): 

 

𝑧𝐼𝐼:ℝ+ ∪ {0} → ℝ+
𝑛,    𝑧𝐼𝐼(𝑡) = (

𝑧1
𝐼𝐼(𝑡)
⋮

𝑧𝑛
𝐼𝐼(𝑡)

) (7) 

 

where 𝑧𝑖
𝐼𝐼(𝑡) is the value of the supply of the i-th 

subsystem at the moment of t. 

Very often, the exact date of the subsystem supply 

cannot be determined because the assembly process 

takes a certain time. The final date of the assembly 

time is then assumed. Similarly, when we assume 

the vector of the initial structure of the vehicle (2) 

instead of the production dynamics function (4). 

The dynamics of operation takes the form of pairs: 

(supply value, term). In general, the number of such 

pairs for any subsystem is not limited. The following 

typical methods of supplying subsystems during the 

vehicle operation can be distinguished: 

1. zero power supply - no power supply through-

out the operation stage, 

2. cyclic power supply - constant power supply 

values at a fixed time cycle, 

3. accidental power supply - a one-time power 

supply with a variable value and time (results 

of random failures, accidents). 

In practice, the subsystems are powered in many 

other ways, but the above-mentioned situations are 

the most typical. 

Allocation of the subsystem to one of the above cat-

egories can be done ex post or on the basis of fore-

casts. Collecting a reliable statistical sample may al-

low for the identification of subsystems that we will 

assign with an acceptable probability to the non-sup-

plied group. These can include some interior parts of 

the body, engine block, crankshaft, etc. Such subsys-

tems can be assigned a zero operation dynamics 

function: 𝑧𝑖
𝐼𝐼(𝑡𝑝

𝐼𝐼 ≤ 𝑡 ≤ 𝑡𝑘
𝐼𝐼) = 0, ∀𝑖 = 1, . . . , 𝑛. 

Cyclically powered subsystems can be assigned the 

following functions: 

 

𝑧𝑖
𝐼𝐼(𝑡) = {

�̂�𝑖
𝐼𝐼 , 𝑤ℎ𝑒𝑛 𝑡 = 𝛥𝑖

𝐼𝐼 ⋅ 𝑘

0   , 𝑤ℎ𝑒𝑛 𝑡 ≠ 𝛥𝑖
𝐼𝐼 ⋅ 𝑘

,   

                  𝑘 ∈ ℕ ∩ (0,
𝑇𝐼𝐼

𝛥𝑖
𝐼𝐼) 

(8) 

 

where �̂�𝑖
𝐸 is the power value of the i-th subsystem, 

𝛥𝑖
𝐸 is the time at which the power is supplied (the 

length of a power cycle). 

The value of the cycling power and the length of the 

cycle may be determined on the basis of the tech-

nical characteristics of the given vehicle or the sta-

tistical analysis of a random sample. Such a sample 

should contain information on the age of the vehicle, 

in which the worn-out subsystems had to be re-

placed. 

Accidental power supply can only be estimated on 

the basis of a statistical analysis of the consequences 

of accidents. Forecasts of total random supplies can 

be made in this way, but the estimation of dates is 

pointless here. An accident causing damage to a spe-

cific subsystem can occur at any time during the op-

erational phase. 

 

3.4. Decommissioning stage 

The beginning of the decommissioning phase means 

that the vehicle's subsystems are no longer powered. 

So there is: 

 

𝑧𝐼𝐼𝐼(𝑡) = (
0
⋮
0
) = 𝜃,   𝑡𝑝

𝐼𝐼𝐼 ≤ 𝑡 ≤ 𝑡𝑘
𝐼𝐼𝐼 (9) 

 

The division of the life cycle into three stages is not 

very precise, especially as regards the operational 

stage. It may last several dozen years. For this rea-

son, we will divide it into time intervals of equal 
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length equal to the interval τ. We assume that the 

data is: 

− initial term 𝑡𝑝
𝐼𝐼 and the operational time of the 

vehicle TII, 

− initial production date 𝑡𝑝
𝐼 , 

− the length of the time interval τ such that 
𝑇𝐼𝐼

𝜏
∈  ℕ, 

− functions of dynamics of production and oper-

ation (4), (7). 

Despite defining the functions of production and op-

eration dynamics as specified on the set of non-neg-

ative real numbers, in practice they are defined on 

non-negative rational numbers. This is due to the 

natural discretization of time by measuring it in 

fixed units. The detail of the analysis, of course, de-

pends on the units adopted, but formally important 

is the fact that we deal with time as a countable var-

iable, after which we can sum up the values of the 

function. 

We consider a sequence of terms: 

 

�̂� = (�̂�𝑗)𝑗=1
𝑞
,    𝑞 =

𝑇𝐼𝐼

𝜏
+ 2,    

�̂�𝑗 = {
𝑡𝑝
𝐼𝐼 + (𝑗 − 1)𝜏, 𝑤ℎ𝑒𝑛 𝑗 < 𝑞

𝑡𝑘
𝐶 , 𝑤ℎ𝑒𝑛 𝑗 = 𝑞

 

(10) 

 

As a result we obtain: �̂� = (𝑡𝑝
𝐼𝐼 , 𝑡𝑝

𝐼𝐼 + 𝜏, 𝑡𝑝
𝐼𝐼 +

2𝜏, 𝑡𝑝
𝐼𝐼 + 3𝜏, . . . , 𝑡𝑝

𝐼𝐼 + 𝑇𝐼𝐼 − 𝜏, 𝑡𝑝
𝐼𝐼 + 𝑇𝐼𝐼 , 𝑡𝑘

𝐶). 

The power supply matrix of the system is called the 

matrix: 

 

𝑍 = (𝑧𝑖𝑗)𝑛×𝑞
   (11) 

 

whose components are determined as follows: 

 

∀𝑖 = 1,… , 𝑛: 

  𝑧𝑖𝑗 = {

∑ 𝑧𝑖
𝐼(𝑡)𝑡∈[𝑡𝑝

𝑃,𝑡𝑝
𝐸] , 𝑤ℎ𝑒𝑛 𝑗 = 1

∑ 𝑧𝑖
𝐼𝐼(𝑡)𝑡∈(�̂�𝑗−1,�̂�𝑗]

, 𝑤ℎ𝑒𝑛 𝑗 = 2,3, . . . , 𝑞 − 1

0, 𝑤ℎ𝑒𝑛 𝑗 = 𝑞

        
(12) 

 

The first column of the Z matrix contains the initial 

numbers of subsystems that constitute the structure 

of the vehicle commencing operation. These quanti-

ties can also be determined on the basis of a contin-

uous function of the production dynamics using the 

integral (5) or they can be defined immediately as 

the initial structure of the vehicle (2). 

In the following columns of the Z matrix (for 

j=2,...,q-1) each component 𝑧𝑖𝑗  is the amount of the 

i-th subsystem that is delivered to the vehicle in the 

time interval (�̂�𝑗−1, �̂�𝑗]. 

The last column represents the vehicle liquidation 

stage. The system is not powered then, so this col-

umn is zero. We introduce it to simplify further cal-

culations. Finally, the supply matrix is as follows 

(below the timeline shows the stages to which each 

column relates):

 

 

(13) 
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The size of the interval τ determines the number of 

columns in the supply matrix and, consequently, the 

detail of the analysis. In practice, a period from one 

to several years is assumed as τ. In extreme cases, it 

can be assumed 𝜏 = 𝑇𝐼𝐼 , which means to collec-

tively capture the system's power supplies during 

operation and assign these values to a term𝑡𝑘
𝐼𝐼 =

𝑡𝑝
𝐼𝐼 + 𝑇𝐼𝐼 . The supply matrix in this extreme case 

will be a three-column one. 

 

4. Recycling processes 

4.1. Types of forms of vehicle elements develop-

ment 

Recycling is understood as separating and pro-

cessing one of the vehicle's subsystems for further 

use. This use may take place in the same vehicle, 

different vehicles, or in a completely different sys-

tem. It is worth noting that recycling begins during 

the production of the vehicle. Processing into useful 

raw materials is subject, among others, to material 

waste generated during production, recycling can 

also be subjected to packaging, used tools, etc. 

There are three types of recovery of the subsystem 

dismounted from the vehicle: 

1. rebuilding to original operational properties 

(remanufacturing)- product recycling, 

2. processing into raw materials or materials - ma-

terial recycling, 

3. thermal energy recovery - energy recovery. 

The six distinguished forms of development differ 

from the point of view of their share in the balance 

of raw materials and energy of the vehicle system. 

The recycling demand for energy and possible addi-

tional raw materials should be included in the input 

streams of the P system. At the same time, recovered 

raw materials, materials and energy are the compo-

nents of the system's output streams. 

When considering the life cycle of a vehicle in a 

wider population of vehicles in the context of the 

long-term functioning of the automotive industry, 

two cycles will be noticed: product and energy-ma-

terial (Figure 2). 

 

4.2. Product recycling 

Remanufacturing of the subsystem may be aimed at 

producing a replacement part for a vehicle or a pre-

fabricated element for the production process of 

both the vehicle and other products. Product recy-

cling also includes the re-use of the subsystem 

without undergoing remanufacturing. The need for a 

remanufacturing may be dependent on the demands 

on the properties of the subsystem. For example, the 

subsystem re-use in the same vehicle will require a 

remanufacturing (mechanical repair, improvement 

of the appearance) but not necessarily in another ve-

hicle (if the subsystem is fit for further use). 

The standards of vehicle supply in subsystems re-

covered without being processed from other vehicles 

or after the remanufacturing process will be marked 

as: 𝑍𝑅�̂�. The standards for the production and oper-

ation stages will be considered separately: 𝑍𝑅�̂�𝐼 , 

𝑍𝑅�̂�𝐼𝐼. They can differ significantly because 𝑍𝑅�̂�𝐼 
is determined by manufacturers of the car subsys-

tems in the form of a long-term recycling policy, 

while 𝑍𝑅�̂�𝐼𝐼 is often determined individually by ve-

hicle owners who use components obtained from 

damaged vehicles on their own. Both  𝑍𝑅�̂�𝐼 and 

𝑍𝑅�̂�𝐼𝐼 take the form of an n-element vector (n types 

of subsystems): 

 

𝑍𝑅�̂�𝐼 =

(

 

𝑧𝑟�̂�1
𝐼

𝑧𝑟�̂�2
𝐼

⋮
𝑧𝑟�̂�𝑛

𝐼)

 ,   𝑍𝑅�̂�𝐼𝐼 =

(

 

𝑧𝑟�̂�1
𝐼𝐼

𝑧𝑟�̂�2
𝐼𝐼

⋮
𝑧𝑟�̂�𝑛

𝐼𝐼)

    (14) 

 

where 𝑧𝑟�̂�𝑖
𝐼 is the quantity of the i-th subsystem that 

is installed to the vehicle during production but 

comes from product recycling while 𝑧𝑟�̂�𝑖
𝐼𝐼  is the 

amount of the same subsystem derived from product 

recycling mounted as a complement to the amount 

consumed, damaged, etc. at the stage of life. 

On the basis of the standards (14) and streams of to-

tal supplies (matrix (13)) the streams of total system 

supplies from product recycling are obtained: 

 

𝑍𝑅𝑃 = (

𝑧𝑟𝑝1,1 … 𝑧𝑟𝑝1,𝑞
⋮ ⋱ ⋮

𝑧𝑟𝑝𝑛,1 ⋯ 𝑧𝑟𝑝𝑛,𝑞
) = 

= (𝑑𝑖𝑎𝑔(𝑧𝑟�̂�1
𝐼 , … , 𝑧𝑟�̂�𝑛

𝐼 ) ⋅ 𝑍⟨1⟩ ⬚ 

       𝑑𝑖𝑎𝑔(𝑧𝑟�̂�1
𝐼𝐼 , . . . , 𝑧𝑟�̂�𝑛

𝐼𝐼) ⋅ 𝑍⟨2,...,𝑞⟩) 

(15) 

 

where 𝑑𝑖𝑎𝑔(… ) denotes a diagonal matrix whose 

diagonal is formed by the elements in brackets. 

Of course, the last column of the matrix (15) is zero, 

which results from the lack of power to the system 

at the stage of decommissioning. 
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Table 1. Classification of forms of development of vehicle subsystems 

No. Processing method Process effect Purpose 

1 lack 
replacement part 

another vehicle 

2 remanufacturing the same or a different vehicle 

3 lack 
prefabricated element 

production of a new product 

(e.g. vehicle) 

4 remanufacturing 

5 processing raw material or production material 

6 energy recovery thermal energy 

 

 
Fig. 2. Product and energy and material cycle 

 

It is also worth noting that the value of the supply 

stream from product recycling of each subsystem 

may not be greater than the total sum of supplies, so 

the following conditions must be met: 

 

∀𝑖 = 1, . . . , 𝑛;  𝑗 = 1, . . . , 𝑞:    0 ≤ 𝑧𝑟𝑝𝑖,𝑗 ≤ 𝑧𝑖,𝑗   (16) 

 

Standard coefficients of product recycling of vehicle 

subsystems 

Standards for the number of subsystems intended for 

product recycling during operation constitute a cer-

tain proportion of mass units of the subsystems dis-

mantled from the vehicle after use. The standards for 

the decommissioning stage of the vehicle will be re-

lated to its initial structure (2): 

 

𝑅�̂�𝐼𝐼 =

(

 

𝑟�̂�1
𝐼𝐼

𝑟�̂�2
𝐼𝐼

⋮
𝑟�̂�𝑛

𝐼𝐼)

 ,   𝑅�̂�𝐼𝐼𝐼 =

(

 

𝑟�̂�1
𝐼𝐼𝐼

𝑟�̂�2
𝐼𝐼𝐼

⋮
𝑟�̂�𝑛

𝐼𝐼𝐼)

    (17) 

 

The coefficients of supplies from product recycling 

and from recycling of used subsystems assume val-

ues from the range of [0,1]. They can be expressed 

as a percentage. 

In practice, there may be a situation where product 

recycling during the life cycle of a vehicle will be 

imposed in the form of coefficients by applicable 

law or it will be a forecast based on a statistical anal-

ysis of a sufficiently large sample of vehicle life cy-

cles. 
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Discrete streams of product recycling of vehicle sub-

systems 

The quantities of vehicle subsystems directed after 

use (or during the use) for product recycling will be 

presented as discrete streams: 

 

𝑅𝑃 = (

𝑟𝑝1,1 … 𝑟𝑝1,𝑞
⋮ ⋱ ⋮

𝑟𝑝𝑛,1 ⋯ 𝑟𝑝𝑛,𝑞
) = 

= (
0
⋮
0

𝑑𝑖𝑎𝑔(𝑟�̂�1
𝐼𝐼 , … , 𝑟�̂�𝑛

𝐼𝐼) ⋅ 𝑍⟨2,…,𝑞−1⟩ ⬚ 

               𝑑𝑖𝑎𝑔(𝑟�̂�1
𝐼𝐼𝐼 , . . . , 𝑟�̂�𝑛

𝐼𝐼𝐼) ⋅ 𝑍⟨1⟩)   

(18) 

 

Wherein the following conditions are met: 

 

∀𝑖 = 1, . . . , 𝑛;  𝑗 = 1, . . . , 𝑞:    0 ≤ 𝑟𝑝𝑖,𝑗 ≤ 𝑧𝑖,𝑗   (19) 

 

which show that: 

− during operation, product recycling may in-

clude such numbers of subsystems that will be 

delivered to it in a given period of time (as part 

of maintaining the initial structure of the sys-

tem), 

− during decommissioning, only the quantities 

constituting the initial structure can be recy-

cled. 

Knowing the appropriate values of the matrices (15) 

and (18), we can determine for each subsystem the 

value of the product recycling balance: 

 

𝐵𝑅𝑃 = (𝑏𝑟𝑝𝑖)𝑖=1
𝑛 = (

∑ (𝑧𝑟𝑝𝑖𝑗 − 𝑟𝑝𝑖𝑗)
𝑞
𝑗=1

∑ 𝑧𝑖𝑗
𝑞
𝑗=1

)

𝑖=1

𝑛

   (20) 

 

Since for each i and j 𝑧𝑟𝑝𝑖𝑗 , 𝑟𝑝𝑖𝑗  take the values 

from the interval [0, 𝑧𝑖𝑗]so the numerator of the quo-

tient (20) always belongs to the range 

[−∑ 𝑧𝑖𝑗
𝑞
𝑗=1 , ∑ 𝑧𝑖𝑗

𝑞
𝑗=1 ] . Ultimately every indicator 

𝑏𝑟𝑝𝑖  takes values from the interval [−1,1]wherein 

the following properties occur: 

1. If
 
𝑏𝑟𝑝𝑖 = −1 then: 

a. the entire mass of the i-th subsystem sup-

plied to the vehicle is a new product, i.e.: 

∑ 𝑧𝑟𝑝𝑖𝑗
𝑞
𝑗=1 = 0 and 

b. the entire mass of the i-th subsystem leav-

ing the system is subject to product recy-

cling, i.e.: ∑ 𝑟𝑝𝑖𝑗
𝑞
𝑗=1 = ∑ 𝑧𝑖𝑗

𝑞
𝑗=1 . 

Considering the global car industry in the long run, 

we notice that it is impossible to maintain the brp 

index at the level of positive values in the subse-

quent life cycles of vehicles. The advantage of the 

remanufactured amount of the subsystem installed in 

vehicles over the amount directed for remanufactur-

ing will result in the depletion of the resources of the 

previously produced subsystems and, consequently, 

the necessity to: 

− increasing the production of new subsystems 

and/or 

− increasing product recycling of scrapped sub-

systems. 

From the point of view of energy and material recy-

cling analysis, it is important to identify the actual 

quantities of the subsystems that are produced and 

scrapped. The production of subsystems concerns 

both the vehicle production and operation stages, 

while the scrapping of subsystems takes place at the 

operational and decommissioning stages of the ve-

hicle (Figure 3). 

The actual production volumes of the subsystems 

will be determined as the amount of supplies minus 

the amounts of product recycling: 

 

𝑃𝑟𝑜𝑑 = (

𝑝𝑟𝑜𝑑1,1 … 𝑝𝑟𝑜𝑑1,𝑞
⋮ ⋱ ⋮

𝑝𝑟𝑜𝑑𝑛,1 ⋯ 𝑝𝑟𝑜𝑑𝑛,𝑞

) 

            = 𝑍 − 𝑍𝑅𝑃   

(21) 

 

where 𝑍  – system supply matrix (formulas (11) - 

(13)), ZRP – matrix of product recycling streams 

feeding the production of subsystems (formula 

(15)). Certainly, there is: 𝑃𝑟𝑜𝑑⟨𝑞⟩ = (0)𝑛×1.  

The actual amounts of subsystem scrapping are the 

difference between the amount of total feeds and the 

amounts directed for product recycling (for-

mula  18): 

− the number of scrapped subsystems at the vehi-

cle production stage is assumed to be zero: 

𝑍𝑙𝑜𝑚⟨1⟩ = (0)𝑛×1   (22) 
 

− the amount of scrapped subsystems at the oper-

ational stage of the vehicle: 

𝑍𝑙𝑜𝑚⟨2,...,𝑞−1⟩ = 𝑍⟨2,...,𝑞−1⟩ − 𝑅𝑃⟨2,...,𝑞−1⟩   (23) 
 

− the number of scrapped subsystems at the stage 

of vehicle decommissioning: 

𝑍𝑙𝑜𝑚⟨𝑞⟩ = 𝑍⟨1⟩ − 𝑅𝑃⟨𝑞⟩   (24) 
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Fig. 3. Processes realized during the life cycle of the vehicle 

 

4.3. Energy and material recovery 

End-of-life vehicle subsystems are subject to energy 

and material recycling (hereinafter the collective 

term was used: energy and material recycling). As a 

result, the so-called output factors are recovered. 

During the production and operation stages, waste 

generated in the processes of subsystem production 

may be subjected to energy and material recycling. 

If we distinguish m factors, the values of factor re-

covery can be determined in relation to the unit pro-

duction of the subsystems: 

 

�̂�𝐼,𝐼𝐼 = (

�̂�1,1
𝐼,𝐼𝐼 … �̂�1,𝑛

𝐼,𝐼𝐼

⋮ ⋱ ⋮

�̂�𝑚,1
𝐼,𝐼𝐼 ⋯ �̂�𝑚,𝑛

𝐼,𝐼𝐼
) (25) 

 

where �̂�𝑖,𝑗
𝐼,𝐼𝐼

 is the amount of the i-th factor recovered 

during the production of the mass unit of the j-th 

subsystem.  

It should be remembered that standards (29) may 

change with the development of production optimi-

zation methods, which lead, inter alia, to a better use 

of production materials. 

For the operation and decommissioning stages, the 

following matrix of standards for energy and mate-

rial recycling will be created: 

 

�̂�𝐼𝐼,𝐼𝐼𝐼 = (

�̂�1,1
𝐼𝐼,𝐼𝐼𝐼 … �̂�1,𝑛

𝐼𝐼,𝐼𝐼𝐼

⋮ ⋱ ⋮

�̂�𝑚,1
𝐼𝐼,𝐼𝐼𝐼 ⋯ �̂�𝑚,𝑛

𝐼𝐼,𝐼𝐼𝐼
) (26) 

where �̂�𝑖,𝑗
𝐼𝐼,𝐼𝐼𝐼

 is the amount of the i-th factor recov-

ered in the process of energy and material recycling 

from the used mass unit of the j-th subsystem. 

Based on the matrix of standards (30) and (29), the 

recycling flows for a specific vehicle system with a 

fixed feed matrix can be determined (see formulas 

(11) - (13)). 

For a fixed factor, the recycling flow will be pre-

sented as a p-element sequence of its amounts as-

signed to the life cycle stages. The operation stage 

will be assigned separate values for successive time 

intervals with the length of the interval τ. 

Energy and material recycling streams will be writ-

ten as rows of the matrix: 

 

𝑅 = (

𝑟1,1 … 𝑟1,𝑞
⋮ ⋱ ⋮
𝑟𝑚,1 ⋯ 𝑟𝑚,𝑞

) (27) 

 

where the first column contains the amount of fac-

tors recovered during the production of the vehicle, 

the columns: 2, ..., q-1 contain the amounts of factors 

recovered during operation, while the last column 

contains the amounts of factors recovered during ve-

hicle decommissioning.  

Individual columns of the matrix R, are determined 

as follows (see formulas (25) - (30)): 

 

∀𝑗 = 1,… , 𝑞:    

𝑅⟨𝑗⟩ = �̂�𝐼,𝐼𝐼 ⋅ 𝑃𝑟𝑜𝑑⟨𝑗⟩ + �̂�𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑍𝑙𝑜𝑚⟨𝑗⟩ 
(28) 
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For the operation stage, there is information about 

the distribution of power into individual time inter-

vals with the length of the time interval τ. Each in-

terval is assigned a corresponding column of matrix 

Z. Thus, it is also possible to determine the factor 

recovery streams for any j-th period of time. 

For the production and decommissioning stages (the 

first and the q-th columns of the matrix R, respec-

tively), formula (32) is reduced by one of the sum 

components. This is due to the fact that the last col-

umn of the matrix Prod and the first column of the 

matrix Zlom are zero. 

As a result, it is possible to write a method of calcu-

lating any matrix element R (i=1,...,m; j=1,…,q): 
 

𝑟𝑖,𝑗 = �̂�𝑖,1
𝐼,𝐼𝐼 ⋅ 𝑝𝑟𝑜𝑑1,𝑗 + �̂�𝑖,2

𝐼𝐼 ⋅ 𝑝𝑟𝑜𝑑2,𝑗 +⋯+ 

       + �̂�𝑖,𝑛
𝐼𝐼 ⋅ 𝑝𝑟𝑜𝑑𝑛,𝑗 + �̂�𝑖,1

𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑧𝑙𝑜𝑚1,𝑗 + 

       +�̂�𝑖,2
𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑧𝑙𝑜𝑚2,𝑗+. . . +�̂�𝑖,𝑛

𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑧𝑙𝑜𝑚𝑛,𝑗 

(29) 

 

(𝜌𝐼 𝜌𝐼𝐼 𝜌𝐼𝐼𝐼) will denote the matrix with three 

rows and m columns, where each column consists of 

the total amounts of factors recovered in the follow-

ing stages of the vehicle's life cycle: 
 

∀𝑖 = 1, . . . , 𝑚:

{
 
 

 
 

𝜌𝑖
𝐼 = 𝑟𝑖,1

𝜌𝑖
𝐼𝐼 =∑𝑟𝑖,𝑗

𝑞−1

𝑗=2

𝜌𝑖
𝐼𝐼𝐼 = 𝑟𝑖,𝑞

 (30) 

 

The amounts of factors that are recovered in the pro-

cesses of energy and material recycling from a vehi-

cle during the entire life cycle will be determined as 

follows: 
 

∀𝑖 = 1, . . . , 𝑚:   𝜌𝑖 = 𝜌𝑖
𝐼 + 𝜌𝑖

𝐼𝐼 + 𝜌𝑖
𝐼𝐼𝐼 =∑𝑟𝑖,𝑗

𝑞

𝑗=1

 (31) 

 

4.4. Final waste 

Some of the vehicle's subsystems are not recycled 

after their end of life, but are stored or released to 

the environment as final waste. Final waste is also 

generated during the production of subsystems in the 

form of unused materials, spent fuels, etc. From an 

ecological point of view, the content of certain types 

of materials, raw materials and forms of energy in 

waste is important. If m factors are distinguished and 

their amounts constituting waste per unit of mass of 

each manufactured and dismantled subsystem are 

known, then the following matrices of standards can 

be created: 

1. production waste: 

�̂�𝐼,𝐼𝐼 = (

�̂�1,1
𝐼,𝐼𝐼 … �̂�1,𝑛

𝐼,𝐼𝐼

⋮ ⋱ ⋮

�̂�𝑚,1
𝐼,𝐼𝐼 ⋯ �̂�𝑚,𝑛

𝐼,𝐼𝐼
) (32) 

 

where �̂�𝑖,𝑗
𝐼,𝐼𝐼

 is the amount of i-th factor con-

tained in waste generated during production of 

mass unit of j-th subsystem. These standards 

also apply to the operational phase when re-

placement subsystems are manufactured, 

2. scrapping waste: 

�̂�𝐼𝐼,𝐼𝐼𝐼 = (

�̂�1,1
𝐼𝐼,𝐼𝐼𝐼 … �̂�1,𝑛

𝐼𝐼,𝐼𝐼𝐼

⋮ ⋱ ⋮

�̂�𝑚,1
𝐼𝐼,𝐼𝐼𝐼 ⋯ �̂�𝑚,𝑛

𝐼𝐼,𝐼𝐼𝐼
) (33) 

 

where �̂�𝑖,𝑗
𝐼𝐼,𝐼𝐼𝐼

 is the amount of i-th factor re-

leased as waste due to wear of the subsystem 

(e.g. fuel combustion) and storage in whole or 

in part of the subsystem removed from the ve-

hicle as used or damaged. 

The above standards do not take into account waste 

generated during the product and energy and mate-

rial recycling processes. The waste streams leaving 

the system will be presented analogously to the re-

cycling streams (see matrix (31)) in the form of the 

final waste matrix: 

 

𝑂 = (

𝑜1,1 … 𝑜1,𝑞
⋮ ⋱ ⋮

𝑜𝑚,1 ⋯ 𝑜𝑚,𝑞
) (34) 

 

where individual columns are determined according 

to the following formulas (similar to the formula 

28): 

 

∀𝑗 = 1,… , 𝑞:    

𝑂⟨𝑗⟩ = �̂�𝐼,𝐼𝐼 ⋅ 𝑃𝑟𝑜𝑑⟨𝑗⟩ + �̂�𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑍𝑙𝑜𝑚⟨𝑗⟩ 
(35) 

 

As a result, it is possible to describe the method of 

calculating any element of the final waste matrix 

(i=1,...,m; j=1,…,q): 

 

𝑜𝑖,𝑗 = �̂�𝑖,1
𝐼,𝐼𝐼 ⋅ 𝑝𝑟𝑜𝑑1,𝑗 + �̂�𝑖,2

𝐼𝐼 ⋅ 𝑝𝑟𝑜𝑑2,𝑗 +⋯+ 

            +�̂�𝑖,𝑛
𝐼𝐼 ⋅ 𝑝𝑟𝑜𝑑𝑛,𝑗 + �̂�𝑖,1

𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑧𝑙𝑜𝑚1,𝑗 + 

            +�̂�𝑖,2
𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑧𝑙𝑜𝑚2,𝑗+. . . +�̂�𝑖,𝑛

𝐼𝐼,𝐼𝐼𝐼 ⋅ 𝑧𝑙𝑜𝑚𝑛,𝑗  

(36) 
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For the i-th factor, the total amount of waste during 

vehicle operation can be determined by adding up 

after the i-th row of the waste matrix:  

 

𝜃𝑖
𝐼𝐼 = ∑𝑜𝑖,𝑗

𝑞−1

𝑗=2

 (37) 

 

Performing analogous summations over the full 

range of variability j allows to obtain information 

about the number of factors that are absorbed or 

emitted by the system during the entire life cycle: 

 

∀𝑖 = 1, . . . , 𝑚:  𝜃𝑖 = 𝜃𝑖
𝐼 + 𝜃𝑖

𝐼𝐼 + 𝜃𝑖
𝐼𝐼𝐼 =∑𝑜𝑖,𝑗

𝑞

𝑗=1

 (38) 

 
(𝜃𝐼 𝜃𝐼𝐼 𝜃𝐼𝐼𝐼)  will denote the matrix of total 

amounts of factors recovered in successive stages of 

the vehicle life cycle:  

 

∀𝑖 = 1, . . . , 𝑚:

{
 
 

 
 

𝜃𝑖
𝐼 = 𝑜𝑖,1

𝜃𝑖
𝐼𝐼 =∑𝑜𝑖,𝑗

𝑞−1

𝑗=2

𝜃𝑖
𝐼𝐼𝐼 = 𝑜𝑖,𝑞

 (39) 

 

The amount of factors which is the final waste leav-

ing the vehicle system during the entire life cycle 

will be determined as follows: 

 

∀𝑖 = 1, . . . , 𝑚: 𝜃𝑖 = 𝜃𝑖
𝐼 + 𝜃𝑖

𝐼𝐼 + 𝜃𝑖
𝐼𝐼𝐼 =∑𝑜𝑖,𝑗

𝑞

𝑗=1

 (40) 

 

The amount of any waste factor can be related to the 

weight of the vehicle: 

 

𝜃𝑖
𝑀
=
∑ 𝑜𝑖,𝑗
𝑞
𝑗=1

∑ 𝑧𝑖
𝐼𝑛

𝑖=1

 (41) 

 

5. Description of the numerical program 

The mathematical model was implemented in the 

EN-VEHICLE program. The structure of the EN-

VEHICLE program fully reflects the structure of the 

material and energy-ecological assessment model of 

motor vehicles, considering their entire life cycle. It 

consists of six subprograms representing individual 

blocks vehicle, as listed below: 

− Subprogram EN-VEHICLE-PP - block PP; 

− Subprogram EN-VEHICLE-WP - block WP; 

− Subprogram EN-VEHICLE-EP - block EP; 

− Subprogram EN-VEHICLE-RP - block RP; 

− Subprogram EN-VEHICLE-OS - block OS; 

− Subprogram EN-VEHICLE-UT - block UT. 

Similar to the assessment model, the individual sub-

programs are interconnected through mathemati-

cally and informatively represented streams of en-

ergy, production resources, as well as environmental 

loads and waste. 

The EN-VEHICLE program is written in the Java 

language and is built of a set of "objects" (elements 

that combine data and methods) communicating 

with each other to perform and visualize calcula-

tions. During the implementation of the developed 

model, efforts were made to utilize as many object-

oriented criteria as possible. The program's input 

data regarding streams and cumulative energy ex-

penditures and environmental loads are stored using 

XML (Extensible Markup Language) technology. 

XML is an extensible markup language created to 

provide flexibility in data formatting. Elements are 

organized into a hierarchical tree structure, where in-

dividual elements are "nested" within previous ones. 

This organization is achieved through tags and at-

tributes. Each element consists of a start tag, content, 

and an end tag. Tags are the basic component of 

XML, characterized by two features: attributes and 

content. Attributes are "name-value" pairs found in-

side start tags after the element's name. Content is 

placed between the opening and closing tags and can 

include nested elements or character data. Each at-

tribute and content must meet specific requirements 

for the document to be correctly validated against 

the standard. 

To run the EN-VEHICLE program, the Java Virtual 

Machine (JVM) is required and must be installed on 

the computer. Necessary software and information 

about installing the virtual machine on different op-

erating systems are available on the Sun company's 

website: http://java.sun.com. 

After entering input data files in the appropriate di-

rectories, the program can be launched. Since the 

program is designed to automatically perform com-

putational procedures upon startup, the duration of 

this operation depends on the computational capa-

bilities of the computer and may take from several 

seconds to several minutes. Upon running, the EN-

VEHICLE program creates an object of the 

http://java.sun.com/
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"Vehicle" class. Data for this object is then loaded 

from input files, which contain mass streams (con-

struction phase, operation, scrapping). The program 

also loads data related to databases of cumulative en-

ergy expenditures and environmental loads. After 

the data loading and grouping stage, the program 

calculates energy expenditure and emission streams 

for all phases of the vehicle's life. Subsequently, cal-

culations of indicators are performed, and the results 

are exported to output files. The final stage involves 

presenting the calculation results in numerical val-

ues grouped in appropriate tables, which can be cop-

ied to a spreadsheet. 

The program window consists of two main panels. 

The left panel displays the tree structure of the vehi-

cle model (its elements and sub-elements). The main 

panel contains the program's calculation results, in-

cluding cumulative energy expenditures, cumulative 

material expenditures, and cumulative environmen-

tal loads. 

Tree structures are commonly used in computer sci-

ence, naturally representing data hierarchies (physi-

cal and abstract objects, concepts, etc.) and are 

mainly used for this purpose. Trees facilitate and ac-

celerate searches and allow for easy manipulation of 

sorted data. They are well-suited for representing fi-

nite sets, which are typically created in computer ap-

plications by adding, removing, and checking if an 

element is in the set (typical database operations). 

A special element of the tree is the root (an element 

without a parent or superior element). Additional 

concepts related to the tree include leaves (elements 

without children), node degree (the number of a 

node's descendants), and sibling elements (elements 

sharing the same parent as a given node). The key 

properties of a node include storing data, having a 

reference to its parent node (in the case of the root, 

this value is zero), and having a list of its children (a 

list of references to nodes that are its descendants). 

The figure 4 depicts a graphical representation of the 

EN-VEHICLE program. 

 

 

 

Fig. 4. Graphic illustration of the program 
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6. Life cycle model verification  

The verification of the mass structure model of ve-

hicles during the vehicle construction phase, whose 

coefficients were determined in the identification 

process based on empirical data encompassing 33 

vehicles from various manufacturers belonging to 

segments B and C, produced between 1984 and 

2013, was brought to a comparison with the course 

of determined approximation functions (33), (35), 

(37), (39) with data specifying the percentage shares 

of analysed material groups. Subsequently, to verify 

whether the model can be applied to vehicles from 

other segments, the results were examined for four 

vehicles belonging to segments A, D, E, and F: Mer-

cedes-Benz A 140 (segment A), Ford Mondeo Mk3 

1.8 (segment D), Citroën C6 3.0i V6 (segment E), 

and BMW 7 Series (E23) 732i (segment F). Data re-

lated to the weight of the vehicles and the share of 

materials were collected during the disassembly of 

the vehicles at the dismantling station. The neces-

sary characteristics for the analysis of material 

groups and their environmental impacts were ob-

tained from available databases: Gemis and LCA 

Plastics Europe Report, as well as from supporting 

computational software: SimaPro and Greet. 

The accuracy of the model was evaluated based on 

the maximum values of the percentage difference in 

the share of selected materials described by regres-

sion functions and determined from empirical data 

for these four vehicles. The graphical illustration of 

the results obtained using the model is presented in 

Figure 5-8. 

The relative differences in the results of this compar-

ison in the examined vehicle production periods 

have been estimated as follows: 

1. When determining the average percentage 

share of steel, cast iron, and iron mass in motor 

vehicles (material group M1) – 𝛥𝑀1 ≤ 1%; 

2. When determining the average percentage 

share of aluminum and its alloys mass in motor 

vehicles (material group M2) – 𝛥𝑀2 ≤ 2%; 

3. When determining the average percentage 

share of plastics and rubber mass in motor ve-

hicles (material group M3:M13, M16) – 

𝛥(𝑀3:𝑀13 𝑀16) ≤ 1%; 

4. When determining the average percentage 

share of non-ferrous metals: copper, zinc, tin, 

nickel, magnesium mass in motor vehicles (ma-

terial group M17) – 𝛥𝑀17 ≤ 2%. 

 

 
Fig. 5. The share of steel, cast iron, and ductile iron in analysed passenger cars in successive production 

periods 
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Fig. 6. The share of aluminum and its alloys in the analysed passenger cars in successive production periods 

 

 
Fig. 7. The share of plastics and rubber in the analysed passenger cars in successive production periods 
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Fig. 8. The share of non-ferrous metals in the analysed passenger cars in successive production periods 

 

Additionally, the model describing the changes in 

vehicle mass in successive production periods was 

verified. For this purpose, the relationship curve (31) 

was compared with the curve of the approximation 

function for the mass of the BMW 7 Series with a 

gasoline engine, belonging to segment F. The mass 

of vehicles of this brand in successive production 

years was as follows: 

− Model E23 732i, production years: 1979–1986, 

mass: 1540 kg; 

− Model E32 730i, production years: 1986–1994, 

mass: 1600 kg; 

− Model E38 730i, production years: 1994–1998, 

mass: 1725 kg; 

− Model E65 730i, production years: 2003–2005, 

mass: 1790 kg; 

− Model F01 730i, production years: from 2009, 

mass: 1860 kg. 

The following model representing the changes in ve-

hicle mass in successive production periods along 

with the estimation errors was obtained:  

 

𝑀𝑎𝑠𝑠 = 13,0 ∙ 𝑌𝑒𝑎𝑟𝑠 − 24336,7   [kg]  

                 (2,0)                   (3995,0) 
(42) 

The mass of BMW 7 Series vehicles increases on 

average by about 13±2.0 kg each year. 

Graphical illustration of the verification of the mod-

els for changes in vehicle mass is presented in Figure 

9. It can be noticed that there is a significant similar-

ity between the regression function curves deter-

mined for the BMW 7 Series vehicle (segment F) 

and for vehicles belonging to segments B and C. The 

relative changes in mass for these groups of vehicles 

in successive production periods are at a similar 

level. This is confirmed by the similar value of the 

regression models' direction coefficients (14.3 for 

vehicles from segments B and C, and 13.0 for the 

BMW car from segment F). 

The presented verification results confirm that the 

determined regression models describing changes in 

mass (31), (40), and material structure (33), (35), 

(37), (39) accurately reflect the state of development 

and qualitative changes in the construction of pas-

senger cars belonging to different segments and 

manufactured by various producers from 1984 to 

2013. The general nature of the obtained mathemat-

ical description indicates the possibility of forecast-

ing changes in the material structure of vehicles in-

dependently of their total mass in the subsequent 
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years of production, provided that there is no signif-

icant change in their manufacturing technology. 

 

7. Conclusions 

The main goal of the paper was to develop a propri-

etary numerical program enabling the analysis of en-

ergy consumption and emission loads associated 

with material inputs across the entire life cycle of a 

passenger car. This developed program facilitates a 

quantitative interpretation of calculation results con-

cerning environmental safety in each phase and 

throughout the vehicle's life cycle, considering the 

potential incorporation of additional material 

streams from recycling and recovery during both the 

construction and operational phases of the car. 

The developed tool employs matrix calculus and re-

gression function analysis to establish relationships. 

Specifically, the regression functions depict the 

correlation between a vehicle's production year and 

its mass. This model and numerical program can be 

used for comparative analyses of the environmental 

impacts of various vehicles manufactured over the 

years. The determined characteristics of changes in 

the ecological profile of vehicles stem from altera-

tions in their material structure. 

However, achieving such analytical capability ne-

cessitates the development of an extensive database 

comprising technical and material characteristics of 

vehicles, as well as statistics on their defects. There-

fore, in subsequent studies, the model presented in 

the article can also forecast the environmental ef-

fects of changes in the material structure influencing 

production technology. Consequently, these 

changes significantly impact the entire life cycle of 

the vehicle and its energy and ecological parameters. 

 

 
Fig. 9. Weight of passenger cars from segments B, C, and F in relation to their production years 
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Nomenclature 

𝐼, 𝐼𝐼, 𝐼𝐼𝐼 − designation of the next stages of the vehicle life cycle, 

𝐵𝑅𝑃 = (𝑏𝑟𝑝𝑖)𝑖=1
𝑛  − vector of subsystem product recycling balance, 

M − total mass of the vehicle, 

m − number of distinguished energy and material factors used/recov-

ered during the production/recycling of subsystems, 

n − number of subsystems in the vehicle, 

�̂�𝐼,𝐼𝐼 = (�̂�𝑖,𝑗
𝐼,𝐼𝐼)

𝑚×𝑛
, �̂�𝐼𝐼,𝐼𝐼𝐼 = (�̂�𝑖,𝑗

𝐼𝐼,𝐼𝐼𝐼)
𝑚×𝑛

 − matrices of final waste standards during the production and de-

commissioning of subsystems, respectively, 

𝑂 = (𝑜𝑖,𝑗)𝑚×𝑞
 − final waste stream matrix, 

q − number of time intervals distinguished in the life cycle of the ve-

hicle, 

𝑃𝑟𝑜𝑑 = (𝑝𝑟𝑜𝑑𝑖,𝑗)𝑛×𝑞
 − matrix of production streams of new subsystems (𝑝𝑟𝑜𝑑𝑖,𝑗 – supply 

of the i-th vehicle subsystem in the j-th time interval of the life 

cycle), 

�̂�𝐼,𝐼𝐼 = (�̂�𝑖,𝑗
𝐼,𝐼𝐼)

𝑚×𝑛
, �̂�𝐼𝐼,𝐼𝐼𝐼 = (�̂�𝑖,𝑗

𝐼𝐼,𝐼𝐼𝐼)
𝑚×𝑛

 − matrices of energy and material recycling standards during the 

production and decommissioning of subsystems, respectively, 

𝑅 = (𝑟𝑖,𝑗)𝑚×𝑞
 − matrix of energy and material recycling streams, 

𝑅�̂�𝐼𝐼 = (𝑟�̂�𝑖
𝐼𝐼)

𝑛×1
, 𝑅�̂�𝐼𝐼𝐼 = (𝑟�̂�𝑖

𝐼𝐼𝐼)
𝑛×1

 − subsystem mass standards, which are routed after consumption for 

product recycling during the use and decommissioning phase, re-

spectively, 

𝑅𝑃 = (𝑟𝑝𝑖,𝑗)𝑛×𝑞
 − matrix of subsystem streams directed to product recycling after 

consumption, 

𝑇𝐼 , 𝑇𝐼𝐼 , 𝑇𝐼𝐼𝐼 − duration of stages, 

(�̂�𝑗)𝑗=1
𝑞

 − a sequence of terms assigned to the appropriate (j-th) columns of 

the discrete flux matrix (including Z, Prod, RP, O, ...), 

𝑡𝑘
𝐼 , 𝑡𝑘

𝐼𝐼 , 𝑡𝑘
𝐼𝐼𝐼 − final terms of stages, 

𝑧𝑖
𝐼(𝑡), 𝑧𝑖

𝐼𝐼(𝑡), 𝑧𝑖
𝐼𝐼𝐼(𝑡) − power supply of the i-th vehicle subsystem in successive stages as 

a function of time, 

𝑍 = (𝑧𝑖,𝑗)𝑛×𝑞
 − matrix of system supply streams (𝑧𝑖,𝑗 – supply of the i-th vehicle 

subsystem in the j-th time interval of the life cycle), 

𝑍𝑙𝑜𝑚 = (𝑧𝑙𝑜𝑚𝑖,𝑗)𝑛×𝑞
 − matrix of subsystem decommissioning streams ( 𝑧𝑙𝑜𝑚𝑖,𝑗  – 

scrapped quantity of the i-th vehicle subsystem in the j-th time in-

terval of the life cycle), 

𝑍𝑅�̂�𝐼 = (𝑧𝑟�̂�𝑖
𝐼)
𝑛×1

, 𝑍𝑅�̂�𝐼𝐼

= (𝑧𝑟�̂�𝑖
𝐼𝐼)

𝑛×1
 

− mass standards vectors of subsystems that are fitted to a vehicle 

during the production and operational stages respectively, but 

come from product recycling, 

𝑍𝑅𝑃 = (𝑧𝑟𝑝𝑖,𝑗)𝑛×𝑞
 − matrix of supply streams for the production of subsystems from 

product recycling, 

𝜃𝐼 = (𝜃𝑖
𝐼)
𝑚×1

, 𝜃𝐼𝐼 , 𝜃𝐼𝐼𝐼  − vectors of the total quantity of factors scrapped as final waste in 

the next stages of the vehicle life cycle, 

𝜃 = (𝜃𝑖)𝑚×1 − vectors of the total amounts of factors scrapped as final waste over 

the entire life cycle of the vehicle, 

𝜌𝐼 = (𝜌𝑖
𝐼)
𝑚×1

, 𝜌𝐼𝐼 , 𝜌𝐼𝐼𝐼 − vectors of the total amount of factors recovered in the successive 

stages of the life cycle of the vehicle, 

𝜌 = (𝜌𝑖)𝑚×1 − vectors of the total amounts of factors recovered over the entire 

life cycle of the vehicle, 

τ − length of time interval of the operational phase of the vehicle. 
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