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1. Introduction

Preliminary note
Nowadays one of the most important elements of economic and social
lives is motorization. Its development is most of all accompanied by
increasing the use of various means of transport, especially motor
vehicles. Such a significant increase in the amount of vehicles produced
can be implemented by the global use of productive materials and energy
carriers, which is increasingly higher each year. Operating a higher
number of vehicles causes an increase in environment pollution, not only
by deleterious substance emissions, being the effect of fuel combustion, or
implementation of production processes in the automotive industry, but
also by a growing amount of exchanged parts and sub-assemblies and,
mostly, by the rapid growth of vehicles that are withdrawn from traffic
and subjected to car breaking.
The article presents a material-energy model of a motor car life cycle that
can be helpful in determining the type and size of the expenditure of
material and energy as well as emission loading in particular phases and
the whole life cycle of a vehicle. Based on the input data contained in [9]
analysis of the results of calculations related to examples of the material
structure of the model vehicle from 1990 and 2000 and the impact of these
changes on energy consumption and emission levels were presented.

Materijalno-energetski model Zivotnog ciklusa motornog vozila *

Prethodno priopéenje
Jedan od najvaznijih elemenata ekonomskog i druStvenog Zivota u
danasnje vrijeme je motorizacija. Njen razvoj je u najvecoj mjeri popracen
poveéanim uporabom prijevoznih sredstava, posebice motornih vozila.
Takvo znacajno povecanje koli¢ine proizvedenih vozila provodi se zbog
globalne uporabe proizvodnih materijala i nositelja energije iz godine u
godinu je sve veca i veca. Veci broj vozila u pogonu povecava zagadenje
okolisa, ne samo emisijama Stetnih tvari u okoli$, koje su posljedica
izgaranja goriva, ili izvodenje procesa proizvodnje u automobilskoj
industriji, ve¢ 1 zbog porasta koli¢ine promjenljivih dijelova i
podsklopova, a ponajvise zbog ubrzanog rasta broja vozila koja se povuku
iz prometa i rastavljaju.
Clanak predstavlja materijalno-energetski model Zivotnog vijeka
motornog vozila koji uvelike moZze pomodi prilikom odredivanja vrste i
veli¢ine troskova materijala i energije, kao i ispuStanja emisija u
odredenim fazama i cjelokupnog Zivotnog vijeka vozila. Na temelju
ulaznih podataka koji se nalaze u [9] predstavljena je analiza rezultata
proracuna koji se odnosi na primjere strukture materijala modela vozila od
1990. i 2000. i utjecaja na promjene u potrodnji energije i emisiji Stetnih
plinova.

accelerating rate, environmental pollution, not only by

Industrial development of mankind and civilization of ~ the emission of harmful substances resulting from fuel

recent decades is accompanied by the increasing use of
various means of transport, particularly cars. This
movement each year is accompanied by a significant
increase in the generation of cars that is achieved by
increasing the global consumption of raw materials
production, energy, and the need to build new vehicle
assembly plants. The exploitation of an increasing
number of vehicles powered by conventional and
unconventional fuels is also related to, increasing at an

combustion or manufacturing processes in the
automotive industry, but also by an increasing number
of parts and components that need to be exchanged, and
above all the rapidly growing number of vehicles out of
service and undergoing the process of scrapping.
Moreover, due to legal regulations in EU countries
connected with the end of life of wvehicles and
dismantling centers [19, 20], the vehicle parts should be
recycled.
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As it can be seen, the concept of environmental
protection and the ecology concept has existed in the
automotive industry for decades. Given the increasing
pace of technological progress in the world, the aspects
of reduction in environmental pollution in the
production, operation and decommissioning of the

vehicle are very important. A perfect solution to this
problem is the LCA method, which is used not only to
perform the analysis of products produced in the
automotive industry but can also be used in many
industries.

Symbols/Oznake
- material inputs
Ml . . .
- ulazni podaci o materijalu
- - energy inputs
- ulazni podaci o energiji
- environmental load
EL o o
- opterecenje okolisa
- mass of the vehicle, kg
m .
- masa vozila, kg
- individual values of energy inputs, MJ
ei - pojedinacne vrijednosti ulaznih podataka o
energiji, MJ
- individual emissions, kg/kg
em - pojedinacne emisije, kg/kg
- cumulative energy inputs
CEl - . .
- kumulativni ulazni podaci o energiji
m - mass of the particular material, kg
i/FB - masa odredenog materijala, kg

- individual energy inputs for the
ei particular material, MJ/kg
! - pojedinacni ulazni podaci o energiji za
svaki odredeni materijal, MJ/kg
- individual emissions of CoO,
respectively for the particular material,
emi/co2 kg/kg
- pojedinatne emisije CO, koje se

odnose na odredeni materijal, kg/kg
- individual emissions of SO,
respectively for the particular material,
€My 5o, kg/kg
- pojedinaéne emisije SO, koje se odnose
na odredeni materijal, kg/kg
- individual emissions  of NO,
respectively for the particular material,
kag/kg
- pojedinatne emisije NO, koje se
odnose na odredeni materijal, kg/kg

€Mi/no,

Subscripts/Indeksi

- materials
i - materijali
- construction phase
- fazaizrade

The first attempts to use Life Cycle Assessment (LCA)
were taken in the 70s of the 20th century. This method
was initiated at the same time in four different
countries: Sweden, Great Britain, Switzerland and the
United States of America [1]. One of the pioneers in this
issue was Harold Smith who in 1963 at the World
Energy Conference presented the results of research on
the consequences of the production on the environment
of various types of energy in some chemical processes.
The analysis covered the period of life of the process
from the extraction of raw materials to the final product
[6,7]. In the following years there were more similar
reports; it was the effect of the rising energy crisis. At
that time, modeling methods were quite simple and they
focused mainly on the analysis of energy consumption
and the final waste production. The objects of that
analysis were mainly household products such as
beverage containers. The LCA notion appeared in the
80's. It was then that the need to define the functional
unit that allows comparisons of different products
appeared [1]. In the 90s of the 20th century, the

International Standards Organization (ISO) developed
the first 1ISO 14040 series of standards on life cycle
assessment (LCA). Initially, four standards were
created: 14040, 14041, 14042 and 14043, which in 2006
were revised and consolidated into two: 14040 and
14044 [1,2,3]. The authors of the first works, devoted to
aspects of life cycle analysis of vehicles formed in the
second half of 1970s of the last century, were H.-H.
Braess, L. Hamm and W. Finkenauer [5,6,7], who
should be regarded as the pioneers of this subject. This
topic was continued in the 90s of the last century and
the first years of this century, i.e. by M. Schuckert, R.
Eberle, M. Delluchi, Sullivan, J. L. and Kobayashi, O.
[8,9,10,12,13,14]. In the 90s last century, great attention
was paid to the energy input needed to produce a
vehicle, which was manifested in the works f.e.
Sullivan, J. L., et. al. Kobayashi, O., Maclean, H.L., et.
al. [12,13,14,15]. Works published in recent years are
devoted to the input of materials and energy necessary
to produce the vehicle and its impact on the
environment [16,17,18]. In Poland, work related to
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energy and environmental life cycle assessment of
vehicles has been carried out by the authors of this
paper for two years [4].

2. Model Description

The model of material-economic analysis of the power
technologies life cycle presented in the paper is based
on the analysis of LCA according to the ISO 14040 and
ISO 14044 standards. Life Cycle Assessment (LCA) is a
technique that aims to assess the environmental risks
associated with the product or process, either through
the identification and quantification of waste materials
and forms of energy or waste discharged into the
environment, and assessment of the impact of these
materials, energy and waste on the environment. The
life cycle of a given technology is a concept known
since the 70s of the 20th century. In recent years, a
continuous increase in the demand for fuel and raw
materials production can be observed. This is connected
primarily with the increase in the number of vehicles on
the road. There are fewer and fewer natural resources
and the requirements for theenvironmental protection
for the whole area of vehicle technology are growing.
This applies not only to fuel consumption and spare
parts, but the whole process from production to the
scrapping of the vehicle.
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Figure 1. Block diagram of the vehicle life cycle

Slika 1. Blok shema Zivotnog vijek vozila

Figure 1 shows the block diagram of the life cycle of the
vehicle where: Ml is material inputs, El- energy inputs
and EL — environmental load.

The model shown in Fig. 1 consists of the following
areas:
— | area - vehicle production;
— Il area — vehicle operation;
— 11l area — vehicle scrapping.
The primary objective of the model is to provide an
analysis of energy consumption and emission for the
construction phase of cars, in this case related only to
the material inputs. The first step in this method is the
analysis of materials in which the basic assumptions are
listed below.
The established methods of material analysis of a motor
vehicle were presented in Figure 2 and include the
divisions at the following levels of decomposition:
— the area of the vehicle assemblies (e.g., car body,
chassis, etc),
— the area of the vehicle components (e.g. body,
windows, etc.) and
— the area of the materials (e.g. high-alloy steel,
aluminum, rubber, plastic materials, etc.) which
is the lowest level of the vehicle decomposition.
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Figure 2. Motor vehicle decomposition

Slika 2. Rastavljanje motornih vozila

After the decomposition of materials, it is possible to
create a mass balance equation according to the
mathematical writing given below. The mass of the
vehicle can be calculated as the sum of the masses of all
the materials used:

m=m +m,+m,+..+m,, (1)

m:imi : )

The levels of decomposition were determined with
Greek numerals. The mass of the material, occurring
within each level of decomposition of the vehicle, can
be determined according to the following relationships:

m,=m,,+m+m +.+m,K, @)
K

m,= Z m - (4)
k=1

The total mass of the material appearing in all levels of
decomposition of the vehicle can be determined by the
following equations:

ml = ml,l + m1,2 + m1,3 +..+ ml,N ' (5)
N N Kp

ml = Z ml,n = Z ml,n,k 1 (6)
n=1 n=1 k=1

m=y>Ym,, )

| | material/materijal I11,7
| material/materijal 11,6 |

3. Selected example of the materials

structure

Table 1, based on data contained in [9], presents a
comparison of the percentage of individual types of
materials in the structure of a passenger car from 1990
and 2000. While on its basis, taking into account the
average passenger vehicle mass at the level of 1200 kg,
the consumption of individual materials in the
construction phase for the sample car given above were
obtained and presented in Table 2.

Table 1. Percentage of material in the structure for the
example of the passenger car from 1990 and 2000
[l

Tablica 1. Udio materijala u strukturi primjerka osobnog
vozila iz 1990. i 2000. [9]

Percentage of the material | 1990 | 2000

/Udio materijala

Change/Promjena

steel, cast steel, cast iron
[%]/Celik, lijevani &elik, | 67 60 -7
lijevano Zeljezo [%]

aluminum and its alloys
[%]/aluminij i  njegove| 5 7 +2
legure [%]

other non-ferrous metals
(zinc, copper, magnesium)
[%]/ostali neobojeni metali
(cink, bakar, magnezij) [%]

plastic materials and rubber
[%]/plasticni  materijali 1| 10 15 +5
guma[%]

other materials (including
consumables) [%]/ostali | 15 15 0
materijali (ukljuéujuéi
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| potrodne materijale) [%] | | |

Table 2. Percentage material mass for the example of the
passenger car from 1990 and 2000 [9]

Tablica 2. Udio mase materijala primjerka osobnog vozila iz
1990. i 2000. [9]

Material mass/Masa | 1990 | 2000

materijala

Change/Promjena

steel, cast steel, cast iron
[kg]/ celik, lijevani celik,
lijevano Zeljezo [kg]

804 | 720 -84

aluminum and its alloys
[kg]/ aluminij i njegove
legure [kg]

60 84 +24

other non-ferrous metals
(zinc, copper, magnesium)
[kgl/  ostali  neobojeni
metali (cink, bakar,
magnezij) [kg]

36 36 0

plastic materials and rubber
[kgl/ plastiéni materijali i
gumalkg]

120 | 180 + 60

other materials (including
consumables) [%]/ostali
materijali (ukljucujuéi
potrodne materijale) [kg]

180 | 180 0

Tables 1 and 2 show that the main materials that are
used to build vehicles include: carbon and high alloy
steels and materials from cast iron and cast steel (such
as forgings, castings), light metals (mainly aluminum
alloys), other non-ferrous metals (e.g. zinc, copper,
magnesium, etc.), metals and special alloys, plastics
(polyurethanes, polypropylenes, polyethylenes, etc.) and
rubber and other materials (including so called
composite materials), components and electrical and
electronic components as well as consumables and
auxiliaries (e.g. brake fluid, oil, etc.). The analysis of
material inputs was based on the statement of the mass
of individual materials that the vehicle consists of.

The tables above also show that between 1990 and 2000
changes in the use of such materials as steel, cast steel,
cast iron, aluminum and its alloys and within the use of
plastics occurred.

4. Selected example of energy

consumption and emission level analysis
In the considered model, the value of specific energy
inputs for particular materials and the specific emissions
related to them take into account (in compliance with
data contained in 11) the whole inputs including the
extraction of raw materials and their processing (during

the entire processing) to the form of the finished
product. This model does not take into account inputs
associated with the activities of workers who perform
the assembly.

The basis for making the analysis of energy
consumption and emission for the construction phase of
a motor car is determining its initial material structure,
that is the mass summary of individual materials that the
particular vehicle consists of after its construction and
the individual values of energy inputs (ei), and also the
individual emissions (em) for the particular type of
material. This way, the volume of cumulative energy
inputs (CEI) may be calculated according to the relation
below:

CElg = zmi/FB € (8)
i=L

where: FB — construction phase, m,, - mass of the

particular material in kg, and ei; - individual energy
inputs for the particular material in MJ/kg.

Whereas, levels of cumulative emissions (CE) for the
particular types of emission loads can be calculated
according to the following relations:

n

CEFB/COZ = Zmi/FB “€Mijco, | 9)
i-1
n

CEFB/SOZ = Zmi/FB €M;so, (10)
i=1
n

CEFB/NOX = Zmi/FB “€Mi/no, (11)

i=1

where: em; .. , em,s, , em,, are the individual

emissions of CO,, SO, and NO, respectively for the
particular material in kg emission/kg material.

Unit values of energy inputs and unit values of harmful
substances emissions associated with the production of
various types of materials used in the automotive
industry were taken from [9].

Figures 3 to 6 present data on the cumulative energy
inputs and the cumulative emissions of CO,, SO, and
NO,. Calculations of cumulative energy inputs and
cumulative emissions have been done using the
EN_VEHICLE program [the authors’ own program].
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— O Other materiale/O=stali materijali
g / O Plastic materials and rubber/Plastiéni materijali i guma
= 4810 1 i O Other non-ferrous metals/Ostali necbojeni metali
o
% / O Aluminum and itz alloysdAluminij | njegove legure
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a motor car in 1950/ a motor car in 2000/
motarno vozio iz 1990. motorno vozilo iz 2000.
Figure 3. Cumulative energy inputs (CEI) appearing in the construction phase for an example of a motor car in 1990 and 2000
Slika 3. Ukupni ulazni podaci o energiji (CEI) koji se pojavljuju u fazi izrade za primjerak motornog vozila iz 1990. i 2000.
4000 /
O Other materials/Cstali materijali
1500 / O Plastic materials and rubber/Plastidni materijali i guma
3 N O Other non-ferrous metalz/Ostali neobojeni metali
Er_: 3000 / O Aluminum and itz alloysfAluminij | njegove legure
E O Steel, cast steel cast irond lf.elik, lijewani celik, ljgvano
= / Zeligzo
w3500
2000 /
1500 T 1
a motor car in 1590/ a motor car in 2000/
moterno vozilo iz 19%0.  motorno vozilo iz 2000.

Figure 4. CO2 cumulative emissions appearing in the construction phase for an example of a motor car in 1990 and 2000

Slika 4.

Ukupne emisije CO2 koje se pojavljuju u fazi izrade za primjerak motornog vozila iz 1990. i 2000.
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Figure 5. SO, cumulative emissions appearing in the construction phase for an example of a motor car in 1990 and 2000

Slika 5.  Ukupne emisije SO, koje se pojavljuju u fazi izrade za primjerak motornog vozila iz 1990. i 2000.
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O Other materials/O=tali materijali
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a motor car in 1590/ a motor car in 2000/
motorno vozilo iz 1990.  motorno vozilo iz 2000.
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Figure 6. NOx cumulative emissions appearing in the construction phase for an example of a motor car in 1990 and 2000

Slika 6.  Ukupne emisije NOx koje se pojavljuju u fazi izrade za primjerak motornog vozila iz 1990. i 2000.
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1. CONCLUSIONS

On the basis of these studies and their analysis it was
found that:

— cars contains many different materials and their
composition and the mass percentage of scrapped
cars influences recycling and its costs, and hence
the profitability and the consequences for the
environment;

— changes in the materials used in the construction
of cars are especially visible in the case of the
data contained in Table 2, covering the period
from 1990 to 2000;

— asignificant reduction of materials such as steel,
cast steel and cast iron (reduction by more than
10%), for materials such as aluminum and its
alloys (an increase of 40%), or plastic and rubber
(an increase of 50%) can be seen here;

— we have to manage with the opposite tendency in
the case of existing emission levels (see Figures
4, 5 and 6). CO, emissions rose by 4.13%, SO2
emissions increased by 10.84% (mainly through
the increased participation of plastics), and the
level of NO, emissions rose by 28.46%, which
is also associated with more than a 50% increase
of plastic percentage within the overall mass
balance of the construction phase of cars within a
ten-year period between 1990 and 2000.

In conclusion, the changes that have occurred in the
structure of consumption of materials in the phase of
construction of passenger cars during the past two
decades, on the one hand led to a reduction in the
related cumulative energy inputs, but on the other hand
led to a significant increase in harmful substances
emissions into the atmosphere.

Acknowledgements
This article was a research project no. NN509517240
funded by the National Science Centre.

REFERENCES

[1] UDO DE HAES, H. A,; HEIJUNGS R.: Life-cycle
assessment for energy analysis and management. Applied
energy 84 (2007), pp. 817-827.

[2] GORALCZYK, M.; KULCZYCKA J.: Ekologiczna
ocena cyklu zycia (LCA) - nowg normq z rodziny 1SO
14000. Problemy ekologii nr 4, 2001.

[3] GORALCZYK, M.: Life-cycle assessment in the
renewable sector energy. Applied Energy, nr 75 (2003),
pp. 205-211.

[4] MROZIK, M.; ELIASZ, J.; TERELAK-TYMCZYNA,
A.: Material-energy model of motor vehicle life cycle.
Faculty of Mechanical Engineering and Naval
Architecture. Zagreb, 2011.

[6] BRAESS, H.-H.; FINKENAUER, W.; HAMM, L;
ROTBERG, B. V., WEBER, R.;WILLEKE, R;
BELLMANN, K.: Lebensdauer, Recycling,
Ressourcenschonung, Entwicklungstrends Grundlagen
und Probleme bei der Konzipierung gesamtwirtschaftlich
optimaler Personenkraftwagen®, Entwicklungslinien in
der Kraftfahrzeugtechnik, 4, Statusseminar

.Kraftfahrzeug- und StraBenverkehrstechnik®,
Bundesministerium fir Forschung und Technologie,
Verlag TUV Rheinland, 1976.

[6] BRAESS, H.-H.; FINKENAUER, W.; HAMM, L.
Energieverbrauch von der Herstellung bis zum Recycling
Wichtige Gesichtspunkte bei der werkstoffmaRigen
Auslegung kunftiger Personenwagen, XVIL.
Internationaler FISITA-KongreR, Band |, Budapest, 4.
Bis 10. Juni 1978.

[71 BRAESS, H.-H.; HAMM, L.. Forschungsprojekt
Langzeitauto Wie lange sollen Autos leben?, Bild der
Wissenschaft, 3, 1978.

[8] SCHUCKERT, M.: Ganzheitliche Bilanzierung — vom
Bauteil zum System am Beispiel von Verkehrstragern,
Universitat Stuttgart, Institut fir Kunststoffprifung und
Kunststoffkunde, Dissertation, 1996.

[9] EBERLE, R.: Methodik zur ganzheitlichen Bilanzierung
im Automobilbau, Technische Universitat Berlin, Instytut
fur StraBen- und Schienenverkehr; Dissertation, Berlin,
2000.

[10] DELUCCHI, M.: A life cycle emissions model (LEM):
life cycle emissions from transportation fuels, motor
vehicles, transportation modes ..., Report No. UCD-ITS-
RR-03-17, Institute of Transportation Study, University
of California, 2003.

[11] CORRADINI, R.; HUTTER, C.; KOHLER D.
Ganzheitliche Bilanzierung von Grundstoffen und
Halbzeugen. Bericht Nr. 065.1/KEA, Forschungstelle fir
Energiewirtschaft, Minchen, 2009.

[12] SULLIVAN, J. L; HU, J.: Life Cycle Energy Analysis for
Vehicles, Proceeding of the 1995 Total Life Cycle
Meeting, SAE Technical Paper 951829, 1995.

[13] SULLIVAN, J. L.; WILLIAMS, R. L.; YESTER, S;
COBAS-FLORES, E.; CHUBBS, S. T.; HENTGES, S.
G.; POMPER, S. D.: Life Cycle Inventory of a Generic
U.S. Family Sedan Overview of Results USCAR AMP
Project, The Proceeding of the Total Life Cycle Meeting,
SAE Technical Paper 982160, 1998.

[14] KOBAYASHI, O.: Car Life Cycle Inventory Assessment,
SAE Technical Paper 971199, 1997.

[15] MACLEAN, H. L.; LAVE, L.B.: A life cycle model of an
automobile, Environmental Science & Technology No.
32/3 (1998), pp. 322A-330A.

[16] CHANARON J-J.: Life cycle assessment practices:
Benchmarking selected European Automobile
Manufactures, International Journal of Product Lifecycle
Management 2, 3 (2007), pp. 290-311

[17] RIBEIRO, C.; FERREIRA, J. V.; PARTIDARIO, P.: Life
Cycle Assessment of a Multi-Material Car Component,
Int J LCA 12 (5) (2007),pp. 336 — 345

[18] FINKBEINER, M.; HOFFMANN, R.; RUHLAND, K,
LIEBHART, D.; STARK, B.: Application of Life Cycle
Assessment for the Environmental Certificate of the
Mercedes-Benz S-Class. Int J LCA 11 (4) (2006), pp. 240
—246

[19] ELV (2000): End-of-Life Vehicles Directive 2000/53/EC
of the European Parliament and of the Council of 18
September 2000. Official Journal of the EU, L269,
21.10.2000, pp. 34-42.

[20] PAVLOVIC, A.; TADIC, D.; ARSOVSKI S.; KOKIC
A.; JEVTIC D.: Network Design for the Dismantling
Centers of the End-of-Life Vehicles Under Uncertainties:
A Case Study. Strojarstvo Vol. 53 No. 5, 2011.



	1. Introduction
	2. Model Description
	3. Selected example of the materials structure
	4. Selected example of energy consumption and emission level analysis
	1. CONCLUSIONS

	Acknowledgements

