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Life cycle assessment of a car with
compression-ignition engine due to the fuel used

Abstract: The paper presents life cycle assessment (LCA) of motor vehicles with compression ignition
engines powered with diesel oil, methyl esters of palm, rape, and soybean oils and methyl esters of used
vegetable oil. The scope of the analysis included the environmental impact of the processes related to fuel
preparation as well as to vehicle manufacturing, operation and disposal when worn out. A balance of the
emission of greenhouse gases (GHG) and the consumption of energy obtained from non-renewable sources was
compiled. The environmental impact was assessed with the use of the Eco—indicator 99 method. The results
obtained have revealed significant differences in environmental loading by specific fuels. In the case of biofuels,
a key role is played by the type of the biomass used for the production of fuel, especially by the method
of cultivation of the plants to be used as the biomass.
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Ocena cyklu istnienia samochodu z silnikiem o zaplonie samoczynnym
ze wzgledu na stosowane paliwa

Streszczenie: W pracy przedstawiono oceng cyklu istnienia samochodu z silnikiem o zaplonie samoczynnym
zasilanym olejem napedowym, estrami metylowymi olejow: palmowego, rzepakowego i sojowego oraz estrami
metylowymi zuzytego oleju roslinnego. W analizie uwzgledniono miedzy innymi oddzialywanie na srodowisko
procesow  zwigzanych z  przygotowaniem paliwa, wytwarzaniem samochodu, jego eksploatacjg
i zagospodarowaniem po zuzyciu. Zbilansowano emisje gazoéw cieplarnianych i zuzycie energii ze Zrodel
nieodnawialnych. Oceny wplywu dokonano metodq Eco—indicator 99. Otrzymane wyniki pozwalajq stwierdzi¢
znaczne roznice w obcigzeniu Srodowiska dla poszczegolnych paliw. Kluczowg role w przypadku biopaliw
odgrywa rodzaj biomasy wykorzystywanej do wytwarzania paliwa, a w szczegolnosci sposob jej uprawy.

Stowa kluczowe: ocena cyklu istnienia (LCA), silniki o zaplonie samoczynnym, estry olejow roslinnych,

biodiesel

1. Introduction national economies on crude oil supplies, diversify
. ] the energy sources available, and stimulate the

Motor vehicles exert an impact on the natural development of local agriculture [4, 8]; moreover,
environment for the whole period of their existence, the use of such fuels results in abatement of the
from designing through manufacturing and opera- emissions of some toxic substances [1, 4, 8]. The
tion to disposal when worn out [6, 22]. In the case most strongly emphasized ecological aspects of the
of a motor vehicle with a combustion engine, an use of biofuels are their renewability and the possi-
important facto_r that causes th!s impact is fuel. The bility of reduction of CO, emission, while this gas
environmental impact of fuel is related not only to fosters the intensification of the greenhouse effect
the pollutant emissions resulting from engine opera- in the atmosphere [4, 5, 8]. Obviously, the use of
tion but also to various impacts of the fuel prepara- biofuels as such does not directly cause carbon
tion process [5, 15]. In consequence, the type of the dioxide abatement; nevertheless, the production of
fuel used may determine to a significant extent the raw materials for these renewable fuels entails the
ecologlgal vehicle properties considered in a com- absorption of this gas from the atmosphere. In con-
prehensive way. ) sequence, a significant reduction in the global emis-
The classic fuels used to power automotive sion of fossil carbon dioxide becomes thus possible.
combustion engines are petrol and diesel oil. How- Among the biofuels available, those arousing
ever, growing interest in unconventional fuels, the greatest hopes are fatty acid alkyl esters, com-
including biofuels i.e. fuels made by biomass pro- monly known as biodiesel and used to power com-
cessing, has been observed in the recent decades pression ignition engines. Such a fuel is obtained by
[1,4]. _ _ _ transesterification of vegetable oils or animal fats
Biofuels obtained from materials of agricultural with the use of alcohol, usually methanol or etha-
origin have many good points, both ecological and nol. Based on the origin of the biomass used in the
economic: they help to control the global depletion production process, the fatty acid esters are conven-

of fossil fuel resources, reduce the dependence of
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tionally divided into two generations [1-5, 15, 24,

17, 20]:

— Esters of the first generation, obtained from raw
materials usable in the food industry; the most
popular materials used for this purpose are rape
oil in Europe, soybean oil in the USA and Bra-
zil, palm oil in Asia, as well as sunflower, corn,
coconut, sesame, peanut, and cotton-seed oil;

— Esters of the second generation, obtained from
inedible or waste materials, chiefly used fryer
oil and marine algae.

In this study, an attempt was made to carry out
comprehensive assessment of the environmental
impact of a motor vehicle with a compression igni-
tion engine fuelled with diesel oil or methyl esters
of various oils of vegetable origin. This was done
with the use of the life cycle assessment (LCA)
method. For the assessment of the environmental
properties of individual fuels to be as objective as
possible, the total environmental load caused by a
specific fuel during the whole conventional cycle of
production, distribution, and use of the fuel was
taken into account (according to the “Well-to-
Wheel” or “WtW” method [5]). Based on this, the
share of fuel preparation processes in the total envi-
ronmental load caused by the motor vehicle was
determined. The analysis results obtained for spe-
cific fuels were compared with each other and the
fuels were indicated the use of which to power
compression ignition engines would be most advis-
able, from the environmental protection point of
view.

2. The life cycle assessment method

The life cycle assessment (LCA) method is an
analytical tool for quantitative determining of the
potential environmental impact of the processes
related to the whole conventional period of exist-
ence (“life cycle”) of a specific object [6, 16, 18,
19]. General guidelines concerning the LCA, inter-
pretation of results, and models of the documents
required have been provided in 1ISO standards of the
14000 series, with the most important being those
numbered as 14040 and 14044. According to them,
the investigations carried out with the use of the
LCA method should consist of four phases:

— Goal and scope definition;

— Life cycle inventory, LCI;

— Life cycle impact assessment, LCIA,;
— Interpretation.

During the first phase, the boundaries of the
scope of the analysis are determined. The life cycle
of the object under consideration is presented in the
form of a system of interrelated unitary processes
for which sets of input and output quantities and
their units of measure are established. A “functional
unit,” i.e. a unit of measure which will then be used
to quantify the final results of the analysis, is also
defined.

The second phase consists in the collection of
numerical data on all the input and output quanti-
ties. Based on this information, material and energy
balances are compiled.

In the third phase of the analysis, potential envi-
ronmental impacts are assigned to the results of the
said balances. The impacts are classified according
to the potential effect they might have on the envi-
ronment. For these purposes, the environmental
impacts have been divided by convention into spe-
cific impact categories, such as climate change;
ozone layer depletion; eutrophication; acidification;
smog formation; damage to ecosystem quality;
damage to human health; depletion of fossil fuel,
mineral raw material, and water resources; or
changes to areas with natural ecosystems [6, 16, 18,
19]. The environmental impact of an object may
also be assessed in terms of the impact on specific
areas of protection (AoP), where such areas are
combinations of several impact categories. Accord-
ing to I1SO, there are three major types of the areas
of protection, i.e. human health, ecosystem quality,
and resources [16, 18, 19]. To calculate the envi-
ronmental impact category indicators from the
results of balance of the input and output quantities,
a number of impact assessment methods may be
used, such as: CML 2002, Eco-indicator 99, EDIP,
EPS2000, Impact 2002+, LIME, LUCAS, MEEup,
ReCiPe, Swiss Ecological Scarcity, TRACI, or
USEtox [6, 16, 18, 19].

The fourth phase of the LCA analysis is a reca-
pitulation of the whole analysis and includes com-
ments to the results obtained and conclusions con-
cerning the three preceding phases.

3. Assumptions and input data

The LCA analysis was carried out to compare
the environmental impacts of a motor vehicle with a
compression ignition engine fuelled with diesel oil
and five types of vegetable oils methyl esters (pure
biofuel — B100).

The following symbols have been adopted:

— PO MY - palm oil methyl esters, produced in

Malaysia;

— RO UE - rape oil methyl esters, produced in the

EU;

— SO BR - soybean oil methyl esters, produced in

Brazil,;

— SO US - soybean oil methyl esters, produced in
the USA;

— UO FR — used vegetable oil methyl esters, pro-
duced in France;

— ON —diesel ail.

The scope of the LCA analysis, presented in the
form of a diagram in Fig. 1, included:
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Fig. 1. The vehicle life cycle as considered in this study

— Vehicle manufacturing: extraction of raw mate-
rials, production and transport of materials and
blanks, making of vehicle parts, assembling of
the vehicle, construction and operation of pro-
duction infrastructure;

— Fuel production: acquisition of raw materials
(plant cultivation or crude oil extraction), pro-
duction processes, and transport of the fuel to
Europe and fuel distribution;

— Vehicle use: pollutant emissions from the com-
bustion engine, dust emissions from the braking
system, tyres, and road surface;

— Vehicle maintenance: inspections,
(with parts replacement), and washing;

— Road infrastructure: construction, operation, and
waste management;

— Vehicle end-of-life: waste landfilling, material
recycling, waste-to-energy conversion.

The functional unit was assumed as a distance
of 1 km travelled by the motor vehicle. The average
period of existence of a passenger car with a com-
pression ignition engine in Poland and the number
of kilometres annually travelled by such a car were
assumed as 15.5 years [12] and 12 000 km [23],
respectively.

The quantitative data to be taken for the analysis
were obtained from the Swiss Ecoinvent database
[15, 22]. In geographic terms, these data were ap-
plicable, first of all, to the EU area (vehicle manu-
facturing, maintenance, and disposal processes) and
to the selected countries of origin of the fuels taken
into consideration in this study (plant cultivation
methods and ester production technologies). The
time span of the applicability of these data covered
the years from 2000 to 2005.

Numerous investigations were carried out to ex-
plore the impact of combustion engine fuelling with
esters of vegetable oils on pollutant emissions;

servicing

results of such works have been extensively dis-
cussed in the literature [1-4, 8, 9, 11, 17, 20, 24].
However, detailed numerical data concerning this
issue show significant scatter because of different
objects tested (engines, complete motor vehicles),
test conditions (static and dynamic tests), and fuels
used (made from different feedstock, having differ-
ent composition defined by the volumetric share of
esters in the mixture with diesel oil). In a substan-
tial majority of tests, the use of such fuels resulted
in reduced carbon monoxide, hydrocarbon, and
particulate matter emissions and increased nitrogen
oxides emissions in comparison with the figures
recorded when the engines were fuelled with diesel
oil.

The analysis described herein was carried out on
an average passenger car with a compression igni-
tion engine. Therefore, it was based on data appli-
cable to the average passenger car used in the Eu-
ropean Union in 2010 and concerning the pollutant
emissions from an engine fuelled with diesel oil and
the fuel consumption of such an engine [22]; origi-
nally, these data were obtained from simulations
carried out with the use of the COPERT 4 model
[7]. The assumptions concerning the pollutant
emissions from an engine fuelled with methyl esters
of vegetable oils and the fuel consumption of such
an engine were made on the grounds of literature
data [2, 3, 17, 20, 24], with taking into account
differences in the properties of fuels obtained from
different feedstock.

The combustion engine is not the only source of
the pollutant emissions that take place when the
motor vehicle is used. The wear of friction pairs in
the braking system of an average car results in the
emission of about 0.5 kg of dust a year. This dust
contains a large amount of heavy metals, which are
extremely harmful to human health.
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The data were inventoried and the life cycle im-
pact was assessed with the use of the SimaPro
computer software [13].

The greenhouse gas (GHG) emissions for the
whole period of existence of a motor vehicle were
calculated as the equivalent carbon dioxide emis-
sion in accordance with the IPCC method [21] and
the total consumption of energy obtained from non-
renewable sources was determined with the use of
the Cumulative Energy Demand method [10].

The life cycle impact assessment was carried
out with the use of the Eco-indicator 99 (H/A)
method [14]. The impact categories and areas of
protection have been specified in a table 1. The
values of individual impact category indicators
have been combined together into a single indicator
(“Eco-indicator”) in accordance with the assump-
tions dictated by the hierarchist approach. This
indicator is measured in points per the functional
unit, which is 1 kilometer in this case, i.e. the unit
of measure is pt/km.

Table 1. Impact categories and areas of protection in the Eco-indicator 99 method [14]

Impact category

Area of protection

Indicator unit

Carcinogenic effects

Respiratory effects (organics)

Respiratory effects (inorganics)

Climate change

Human health DALY

Radiation

Ozone layer depletion

Ecotoxicity

Acidification / eutrophication

Ecosystem quality

Land use

PDF-m?-yr

Minerals

Fossil fuels

Resources M\Jsurplus

4. Results of the LCA analysis

For the investigation results to be appropriately
presented and analysed, the life cycle of a motor
vehicle was divided into three general areas (cf.
Fig. 1):

1) Motor vehicle and road infrastructure (this co-
vers the processes of vehicle manufacturing,
maintenance, and disposal when worn out and
the road infrastructure);

2) Fuel preparation (the stage referred to as “Well-
to-Tank” or “WtT”);

3) Vehicle use (the stage referred to as “Tank-to
Wheel” or “TtW?).

This division has simplified the interpretation of
the analysis results, because an assumption may be
made that the environmental load caused by the
“vehicle and infrastructure” area does not directly
depend on the type of the fuel used.

The greenhouse gas emissions in the life cycle
of a motor vehicle per 1 km of the distance trav-
elled by the vehicle have been presented in Figs. 2
and 3. In the former, individual areas of the life
cycle have been shown separately, while the latter
shows the total emission values.

A predominating source of the GHG emissions
in the life cycle of a motor vehicle was found to be
the vehicle use (chiefly the fuel combustion), alt-
hough the investigation results obtained differed

from each other depending on the fuel type. This is
due to differences in the elemental composition of
the fuels under investigation. Obviously, the calo-
rific value of esters, which contain oxygen, is lower
than that of diesel oil. The esters obtained from
different raw materials also differ from each other
in the proportion between the numbers of atoms of
hydrogen and carbon and such differences affect
the carbon dioxide emission, too.

® Vehicleand infrastructure O Fuel preparation | Vehicleuse

ON

PO MY

ROUE
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Deozeq [97km]

Fig. 2. GHG emissions in the three general areas
of the life cycle of a motor vehicle with a compression
ignition engine
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Fig. 3. Total GHG emissions in the life cycle of a motor
vehicle with a compression ignition engine

The emission of greenhouse gases from the pro-
cesses related to road infrastructure and to the man-
ufacturing, maintenance, and and disposal of vehi-
cles was definitely lower than that caused by the
vehicle use. The value of this emission is constant
by assumption, regardless of the type of the fuel
used.

The greatest differences in the GHG emissions
occurred in the fuel preparation processes. A char-
acteristic good point of biofuels in respect to the
balancing of carbon dioxide emissions is the fact
that the mass of carbon dioxide absorbed during the
plant growth process may be considered negative
(Fig. 2). Unfortunately, it frequently happens that
the plant cultivation methods and the plant-to-
biofuel processing technology result in high GHG
emissions.

The lowest value of the total greenhouse gas
emissions in the life cycle of a motor vehicle
(Fig. 3) was obtained for the biofuel made from
used vegetable oil. The next positions in the feed-
stock ranking list in this respect are occupied, in
succession, by esters of US soybean oil, esters of
Malaysian palm oil, esters of rape oil, diesel oil,
and, at the end, esters of Brazilian soybean oil. The
result obtained for the rape oil is only slightly better
than that for the diesel oil; on the other hand, the
esters of soybean oil of Brazil were found to be
much worse.

According to expectations, the used vegetable
oil was found to be the most favourable feedstock
in terms of GHG emissions, as the environmental
load related to plant cultivation is not taken into
account for this material, which is a waste product.
The high GHG emissions at the production of soy-
bean oil in Brazil and palm oil in Malaysia arise
from the conversion of tropical forests into fields
under cultivation. For the rape oil of the European
Union, a key role is played by intensive land im-
provement through the application of nitrogenous
fertilizers. Such fertilizers are a source of the emis-
sion of dinitrogen monoxide, whose potential in
building the greenhouse effect is almost three hun-
dred times as high as that of carbon dioxide. Addi-
tionally, high consumption of fossil fuels by agri-

cultural machinery is taken into account. A similar
situation takes place in the USA, but there the agri-
culture is more productive than that in Europe,
chiefly due to very advanced specialization and
large areas under cultivation.

The consumption of non-renewable energy as-
signable to the fuels under investigation per 1 km of
the distance travelled by the motor vehicle has been
presented in Fig. 4.

mVehicleand infrastructure @ Fuel preparation
I ] I
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WE [MJ/km]
Fig. 4. Consumption of non-renewable energy in the life
cycle of a motor vehicle with a compression ignition
engine

The consumption of non-renewable energy in
the life cycle of a motor vehicle powered with bio-
fuels is much lower than that observed in the case
of diesel oil being used as a fuel. This is because of
high energy intensity of crude oil processing. The
best result was obtained for esters of used vegetable
oil. The second best position is occupied by esters
of palm oil and soybean oil, whether the latter are
produced in the USA or Brazil. Esters of rape oil
have the worst properties in this respect, chiefly
because of the high consumption of fossil fuels by
the agricultural machinery as mentioned above and
the significant degree of farm fragmentation in
Europe.

The nitrogen oxides and particulate matter
emissions for the fuels under investigation per 1 km
of the distance travelled by the motor vehicle have
been shown in Figs. 5 and 6, respectively.

m Vehicle use

mVehicleand infrastructure O Fuel preparation

ONi
POMYi
ROUEi
SOBRi

SOuUsS

UOFR

0 0,2 04 0,6 0,8 1 1,2 1,4
box [9/km]

Fig. 5. Nitrogen oxides emissions in the life cycle of
a motor vehicle with a compression ignition engine
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Fig. 6. Particulate matter emissions in the life cycle
of a motor vehicle with a compression ignition engine

For a motor vehicle with a compression ignition
engine, a key role in the emissions of nitrogen ox-
ides, which are very harmful to human health, is
played by the vehicle use. Esters of vegetable oils
are inferior in this respect to diesel oil. Moreover,
they are also susceptible to the fuel preparation
process. Only for the esters of used vegetable ail,
the emission of nitrogen oxides is close to that for
diesel oil.

The investigation results regarding the particula-
te matter emissions are irregular to some extent.
Extremely high values of this indicator were obta-
ined for the fuels from Brazil and Malaysia, which
is a consequence of converting rainforests into
agricultural land. Two of the biofuels under investi-
gation, i.e. esters of used vegetable oil and US ma-
de esters of soybean oil, show particulate matter
emission properties being better than those of diesel
oil.

Results of the motor vehicle life cycle impact
assessment carried out in accordance with the Eco-
indicator 99 method have been presented in Figs. 7
and 8. The former one shows the environmental
load in terms of the general areas of the life cycle of
the motor vehicle as adopted for this study; the
environmental load presented in the latter graph has
been shown in terms of the three standardized areas
of protection, i.e. human health, ecosystem quality,
and resources, according to 1SO.

B Vehicle use
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Fig. 7. Environmental impact of a motor vehicle with
a compression ignition engine, shown in terms
of the general areas of the vehicle life cycle

B Human health @ Ecosystem quality B Resources

ON

PO MY

ROUE

sobR 7

sous

UOFR

- - P
T

0 0,62 0,64 0,66 0,08 0‘,1 0,‘12 0,‘14
Eco-indicator [pt/km]
Fig. 8. Environmental impact of a motor vehicle with
a compression ignition engine, shown in terms of the
areas of protection

Based on results of the comprehensive assess-
ment of the environmental impact of the motor
vehicle, obtained with the use of the Eco-indicator
99 method, a statement may be made that the fuel-
ling of compression ignition engines with methyl
esters of vegetable oils of the first generation is not
an advisable solution. This is chiefly a consequence
of high environmental load caused by the current
biomass acquisition and processing methods. In
comparison with them, the diesel oil production
technology, having been improved for many years,
has much better ecological properties. Only the
esters of used vegetable oil, i.e. a biofuel of the
second generation made from waste materials,
whose total environmental impact is estimated at
about a half of that of diesel oil, make an exception
to this finding.

An analysis of the results presented in Fig. 8 re-
veals differences in the nature of the environmental
impact of the fuels under investigation. For the
diesel oil, the highest environmental load is obvi-
ously related to the depletion of resources. The
human health has been placed on the second posi-
tion of this ranking list and the ecosystem quality
has been found to be an issue of minor importance.
For the biofuels of the first generation, the ecosys-
tem quality has been found to be the most important
area of protection (where the hazard is chiefly relat-
ed to the plant cultivation); the second one is the
human health (where the nitrogen oxides emissions
are of significant importance); the depletion of
resources has only been placed third. For the biofu-
el of the second generation, the most important
areas of protection are the human health and the
resources, according to the analysis results, with no
significant hazard being posed by this fuel to the
ecosystem quality.

The results of the life cycle impact assessment
should be interpreted with bearing in mind the sig-
nificant stress being put in the Eco-indicator 99
(H/A) method on the “land use” impact category,
counted within the “ecosystem quality” area of
protection. Hence, the results obtained for the fuels
under investigation have been determined to a con-
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siderable extent by the indicator value for this im-
pact category (see Fig. 9).

ROUE
SOBR
SO us

UOFR
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T f T f
0,04 0,06 0,08 0,1

Eco-indicator [pt/km]

f
0 0,02

Fig. 9. Environmental impact of a motor vehicle with
a compression ignition engine in the “land use” impact

category according to the Eco-indicator 99 method

5. Conclusions

Based on the investigations carried out, the fol-

lowing conclusions can be formulated:
1) An important role in the life cycle assessment of

a motor vehicle is played by the type of the fuel
used, especially the technology and materials
employed for the fuel production. Therefore, the
powering of combustion engines with uncon-
ventional fuels, e.g. biofuels, may be an effec-

tive method to reduce the harmful environmen-
tal impact of motor vehicles.

2) The biofuels of the first generation used for
powering compression ignition engines, with es-
ters of vegetable oils such as rape oil, soybean
oil, and palm oil being now the most popular
among them, are characterized by high envi-
ronmental load caused by the plant cultivation
and processing into fuel. A comprehensive as-
sessment of the ecological properties of a motor
vehicle provides grounds for a statement that the
use of biofuels of the first generation is inferior
to the use of diesel oil as a fuel.

3) In the case of biofuels of the second generation,
obtained from waste materials, e.g. used vegeta-
ble oil, the environmental impact of the biomass
acquisition processes is not taken into account;
therefore, the use of such biofuels to power
compression ignition engines is beneficial for
the ecological properties of motor vehicles.

4) The investigations carried out with the use of
the LCA method should be considered very
prudently. In particular, the results of such anal-
yses should be interpreted with taking into con-
sideration the assumptions made. The results
obtained with the use of different impact as-
sessment methods, which were based on differ-
ent assumptions, cannot be compared with each
other, either.

Nomenclature/Skroty i oznaczenia

LCA

LCI

Life Cycle Assessment/ocena cyklu
istnienia
Life Cycle Inventory/analiza zbioru

LCIA Life Cycle Impact Assessment/ocena

ON

wplywu cyklu istnienia
diesel oil/olej napedowy

PO MY palm oil methyl ester from Malaysia/estry

metylowe oleju palmowego z Malezji

RO UE rape oil methyl ester from European Union

[estry metylowe oleju rzepakowego z Unii
Europejskiej

SO BR soybean oil methyl ester from Brasil/estry

metylowe oleju sojowego z Brazylii

SO US soybean oil methyl ester from United States
of America/estry metylowe oleju sojowego
ze Stanow Zjednoczonych Ameryki

TtW  Tank-to—Wheel/od zbiornika (paliwa) do
kota (pojazdu)

UO FR used oil methyl ester from France/estry
metylowe zuzytego oleju roslinnego z
Francji

WIT  Well-to-Tank/od Zrédta (pozyskiwania
nosnika energii) do zbiornika (paliwa)

WtW  Well-to-Wheel/od Zrédia (pozyskiwania
Nosnika energii) do kota (pojazdu)

ZS compression ignition engine/silnik o za-

plonie samoczynnym
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