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1. Introduction

The aim of this paper is to present the author’s original math-
ematical model of intensity of using motor vehicles to be applied for 
inventorying emissions from road transport. The measure of car use 
intensity, in case of quantifying the release of pollutants within one 
year, is an annual vehicle mileage. Determining the intensity of motor 
vehicle use is one of the most difficult tasks in the inventory of pollut-
ant emission from road transport.

Numerous publications, including both scientific papers [6, 7, 18, 
24, 25, 27, 31, 35] and methodological manuals, as well as reports 
from pollutant emission inventories [1, 8, 14–17, 19–21, 23, 28, 30, 
32], do not contain any models of intensity of using motor vehicles. 
In case of quantifying the emission of pollutants at local scale, as e.g. 
in urban areas, the results of empirical studies made with the use of 
sensors to identify traffic characteristics and vehicle type (among 
others: induction loops and camera systems) have often been used 
to estimate vehicle mileage [24, 25]. In the latter case, the estimation 
of traffic intensity is only correct for vehicle categories at a very el-
evated level of aggregation, e.g. for such categories as small vehicles 
(passenger cars and light duty commercial vehicles) and large vehi-
cles (heavy duty vehicles and buses). Consequently, the latter data is 
completely useless for application in the software commonly used for 

inventorying pollution from road transport, e.g. COPERT (Computer 
Programme for calculating Emissions from Road Traffic [14, 18]. The 
same is valid when traffic intensity data is applied in a local scale, 
using traffic simulators such as VISUM, VISSIM, TREM and VADIS 
[7]. Similarly, the use of complex systems, such as results of empirical 
research and vehicle traffic modelling, including neural networks [24] 
or Newell kinematic waveforms for vehicle traffic modelling [35], do 
not provide opportunities for identifying the intensity of car use, tak-
ing into account the different vehicle classification criteria, due to the 
requirements of software for emission estimation, e.g. COPERT.

Some publications, including, among others, reports from pol-
lutant emission inventories [20, 28, 30, 32], contain only qualitative 
descriptions of procedures for determining the annual mileage of cars, 
which are based on data recorded during technical inspection reviews. 
These data are used to establish the annual mileage of cumulative 
categories; these mileage are estimated as average values based on 
vehicle data. However, there are no generalizations, and even more 
so, attempts to model the intensity of use of motor vehicles. In these 
reports, there is only a qualitative assessment of motor vehicle use in-
tensity indicating, namely, that newer cars have higher average annual 
mileage than older cars, and therefore vehicles with better environ-
mental performance due to emissions are more heavily used [20, 28].
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Account taken of the above-mentioned state of knowledge, it was 
deemed purposeful, for both cognitive and practical reasons, to at-
tempt to generalize knowledge about how the intensity of motor ve-
hicle use depends on vehicle quality due to pollutant emission. The 
practical aspect of modelling the intensity of use of motor vehicles, 
according to their environmental characteristics, is unequivocal: it is 
the only possibility to provide data for the inventory of traffic pollut-
ant emissions in view of the lack of, at least in Poland, empirical data 
on annual mileage of cars of different ecological categories.

The model of intensity of motor vehicle use, developed by the 
authors, constitutes the first unique attempt on a global scale to solve 
the above important problem linked to the use of motor vehicles. The 
experience gained by both the authors [3–5] and the practitioners in 
the environmental impact assessment of road traffic, with the use of 
the developed model, make it possible to formulate positive opinions 
about its usefulness.

2. Bases for modelling the total pollutant emission from 
motor vehicles

The total pollutant emission from motor vehicles can only be 
determined through the use of emission modelling. [1, 3–8, 13–21, 
23–25, 27, 28, 30–32, 35]. The same is valid for the total energy con-
sumption by motor vehicles [13]. In case of fuel consumption, how-
ever, it is possible to estimate, or at least approximate, this amount 
[11]. This is why, it is necessary to model pollutant emissions from 
road transport in order to assess the environmental pollution by motor 
vehicles.

The model of total pollutant emission is simple: the total pollutant 
emission constitutes a superposition of emission released from indi-
vidual vehicles [3, 8, 13–19, 23]. The above is underlain by the fol-
lowing assumptions [3, 8, 13]:

the intensity of the emission of particular pollutants is an addi-•	
tive,
inventory of pollutants concerns substances in the state emitted •	
from vehicles, not the substances that are subject to environ-
mental changes.

The intensity of pollutant emissions associated with the use of 
motor vehicles with internal combustion engines is the sum of pollut-
ant emissions for the states of [3, 8, 13–19, 23]:

internal combustion engine heated to a stable temperature,•	
internal combustion engine warm up,•	
fuel evaporation from the car fuel system.•	

 x x s xh xVE E E E= + +  (1)

where: Ex – the intensity of emission of pollutant „x”,
 Exs – the intensity of pollutant emission intensity for inter-

nal combustion engine heated up to a stable temperature,
 Exh – the intensity of pollutant emission for the engine warm 

phase,
 ExV – the intensity of pollutant emission for evaporation 

from the car fuel system.

Due to the purpose of the article, further considerations will be 
made using the example of emissions from diesel engines heated to 
a stable temperature. The modelling of the structure of vehicle fleet, 
which is the subject of this work, is also applicable to the remaining 
two states of the engine [3, 8, 13–19, 23].

The most significant challenge in modelling total emissions from 
motor vehicles is model identification. Of course, it is impossible to 
model pollutant emissions from all individual vehicles. First of all, 
the concept of vehicle categories is introduced in pollution model-
ling. Category means in philosophy the concept that introduces the 

structure, and therefore the term denotes a class of objects that have 
certain characteristics and interrelated relationships. The basic criteria 
for classifying motor vehicles into respective categories include [3, 
8, 13–19, 23]:

vehicle construction purpose,•	
contractual size of vehicle or of internal combustion engine,•	
properties resulting from the construction solutions applied,•	
fuel type applied,•	
technological level, with special regard to pollutant emission.•	

Taking into account the adopted criterial characteristics, vehicles 
displaying all the above characteristics qualify to the elementary cat-
egory of motor vehicles. Whereas, the cumulated category of motor 
vehicles embraces vehicle types displaying various criterial charac-
teristics. Consequently, there exist different levels of cumulation of 
motor vehicles within individual categories.

In modelling of pollutant emission, the notion of traffic conditions 
has been introduced, characterized by the properties of vehicle traffic. 
Consequently, it is assumed, that the intensity of pollutant emission 
constitutes a superposition of emissions from individual vehicles un-
der particular traffic conditions which determine pollutant emission.

The conditions for motor vehicle traffic have been modelled, us-
ing software for emission inventory, as typical vehicle driving pat-
terns in traffic situations [3, 8, 13–19, 23]:

in cities – urban,•	
outside cities – rural,•	
on highways and expressways.•	

There is also a possibility to separate, from a model accounting 
for urban driving cycle, a segment pertaining to street congestion situ-
ations; in the latter circumstances, models accounting for urban driv-
ing cycles have been replaced by models of motor vehicle motion 
mode [9]:

in the street congestion situations,•	
in cities, disregarding the street congestion situations.•	

In modelling pollutant emission from motor vehicles, under mod-
el traffic conditions, a more specific dependence of pollutant emission 
on the velocity process is additionally considered [1, 3, 8, 13–19, 21, 
23]. Most often, the average value of velocity is assumed as the zero-
dimensional characteristics of the velocity process [1, 3, 8, 13–19, 21, 
23]. The specific distance emission – a derivative of pollutant emis-
sion (mass) with respect to the distance travelled by a vehicle – is 
utilized in modelling of the total emission of pollutants [3, 13].

Account taken of the assumptions adopted, the intensity of the 
total pollutant emission, averaged over one year, may be modelled 
for separate elementary categories, under each of the modelled traffic 
conditions, as the value proportionate to [1, 3, 8, 13–19, 23]:

the number of vehicles in a category,•	
the distance travelled by a vehicle, representative of a given cat-•	
egory, over one year, what constitutes a measure of the vehicle 
use intensity,
the characteristics of pollutants specific distance emission for a •	
vehicle representative of a category.

 ax xE N p b= ⋅ ⋅  (2)

where: N – the number of vehicles in a given category,
 p – the distance travelled by vehicle representative of a 

given category over one year,
bx	–	the	specific	distance	emission	of	pollutant	„x”.

The intensity of the total emission from motor vehicles is a su-
perposition of emissions from individual vehicle categories, under 
considered particular traffic conditions, which determine pollutant 
emissions [3, 13].
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The intensity of the total annual emission of pollutants with re-
spect to averaging over one year is called annual emission [3–5, 13], 
while in national reports on yearly emission inventories, the term: ‘na-
tional annual emission of pollutants’ is applied [3–5].

The criteria for classifying motor vehicles include [1, 3, 8, 13–19, 
21, 23]:

Vehicle purpose:1. 
passenger cars, ◦
light commercial vehicles (vans), ◦
heavy duty trucks, ◦
urban buses, ◦
coaches, ◦
motorcycles, ◦
mopeds ◦ 1.

Contractual size, properties and technical level of motor ve-2. 
hicles:
the contractual size is considered with respect to: (i) volume  ◦
of engine displacement: for passenger cars and light duty ve-
hicles as well as for motorcycles and mopeds, and (ii) maxi-
mum vehicle mass – for heavy duty trucks and buses,
the type of combustion system of internal combustion engine:  ◦
spark ignition engines and compression ignition engines,
the type of cycle: four stroke and two stroke engines, ◦
the technological level of road vehicles with regard to both:  ◦
the stage of environmental protection regulations concern-
ing effects of motor vehicle operation modes and to the date 
when the vehicle was first placed on the market,
the fuel type applied: motor gasoline, diesel, LPG – Lique- ◦
fied Petroleum Gas, natural gas (CNG – Compressed Natural 
Gas and LNG – Liquefied Natural Gas) as well as other non-
conventional fuels.

The number of vehicles in the individual elementary categories 
can be, at least approximately, determined based on the information 
on registered cars. One of the most significant challenges in identifica-
tion of models accounting for the total emission from motor vehicles 
is the assessment of the intensity of use of motor vehicles belonging 
to individual categories, and particularly to elementary categories. In 
the framework of developing software to assist with the calculation of 
road transport emission, by the end of the 20th century, there were un-
dertaken research programmes in the developed countries, aiming at 
the estimation of annual distances travelled by motor vehicles from el-
ementary categories [8, 15, 19]. Despite that large financing was dedi-
cated to these programmes, only a part of their results found reason-
able practical application, among others in Germany and Switzerland 
[8, 15, 19]. The analysis of results of study on the structure of vehicle 
fleet in Western Europe, on the basis of reports of the programme 
CORINAIR (Core Inventory of Air Emissions) [15, 19], made it pos-
sible to produce a model of the delay of the condition of motorization 
in Poland, in relation to the state of motorization in Western Europe 
[12]. This model, however, can only be used for categories at the high-
est cumulation level, e.g. passenger cars, light duty vehicles, heavy 
duty vehicles and buses, as well as motorcycles and mopeds.

The subject of modelling the intensity of use of vehicles by el-
ementary categories was undertaken in view of the lack of sufficient 
empirical material to determine the annual mileage of vehicles repre-
senting elementary categories and, in particular, in view of the techni-
cal level of cars in Poland.

1  In accordance with the Law of 20 June 1997: Act on Road Traffic (Official 
Journal of 2012, item 1137), motor vehicle means any vehicle that is motor 
powered, except mopeds and rail cars. Irrespective of the above definition, 
modelling emission from road transport also covers mopeds as elements of 
the set of motor vehicles.

3. Modelling the intensity of use of motor vehicles by 
elementary categories

Information pertaining to car registration may provide grounds to 
develop the description of the vehicle fleet structure. This concerns 
the purpose of vehicles and their contractual size. In particular, the 
environmental performance of a motor vehicle is determined by the 
date of placing the car on the market [2–5]. Of course, there are some 
difficulties in taking efficient advantage of data from bases on car 
registration, to the description of the structure of vehicle fleet, since 
the criteria for vehicle classification are sometimes very demanding 
with respect to details, as is the case with the COPERT software pro-
gramme.

Despite these difficulties, the past experience of authors suggests 
the possibility of effective use of official data on the number of ve-
hicles, contained in the databases of the Central Information System 
of Vehicles and Drivers (CEPiK) for use in the COPERT software 
programme [2–5].

The significant challenge in describing the structure of vehicle 
fleet constitute data on the annual mileage of vehicle, representative of 
individual elementary categories. Up to now, there are no information 
systems for collecting data on annual mileage travelled by particular 
vehicles, despite that such attempts have been undertaken. However, 
if such an undertaking is successful, then there will be no data on ve-
hicle mileage s in previous years, and the analysis of emission trends 
of individual pollutants plays an important role in the inventory of 
pollutant emission from motor vehicles [4, 5].

The up-to-date surveys of annual car mileage s in Poland car-
ried out on sets of vehicles with statistical inertia make it possible, 
however, to approximate the annual mileage of cumulative vehicle 
categories, describing the intended use of vehicles and, to a lesser ex-
tent, their contractual size and constructional characteristics [11]. The 
major challenge is the determination of annual mileage for elementary 
categories of vehicles due to pollutant emission. Consequently, it was 
undertaken to model the intensity of use of motor vehicles for elemen-
tary categories of vehicles due to release of pollutants.

From the information contained in the databases used in the soft-
ware build for determining vehicle emission characteristics, primarily 
from the INFRAS AG software [21], results a characteristic feature 
for the annual mileage of elementary vehicles of different emission 
classes.

These categories are described by the names of successive stages 
of motor vehicle homologation regulations with respect to the emis-
sion of pollutants [2, 33, 34]:

for cars with a maximum mass lower than 3.5 Mg •	 for Euro 1 – 4 
rules, and a reference weight of less than 2.61 Mg for Euro 5 and 
6: Pre Euro (or Conventional), Euro 1, Euro 2, Euro 3, Euro 4, 
Euro 5 and Euro 6,
for cars with a maximum mass of more than 3.5 Mg for Euro •	
I – IV, and with a reference mass greater than 2.61 Mg for Euro 
V and VI: Pre Euro (or Conventional), Euro I, Euro II, Euro III, 
Euro IV, Euro V and Euro VI.

Sometimes these categories are even more detailed, depending on 
sub-steps of further Euro regulations, e.g. Pre Euro (ECE 15/00-01, 
ECE 15/02, ECE 15/03 and ECE 15/04), Euro 5 and Euro 6 (Euro 6 
and Euro 6c).

The characteristic feature of the annual mileage of elementary 
category vehicles of different emission classes is the fact, that newer 
vehicles have recently been in use, which have a higher class with 
respect to environmental performance. This fact is also confirmed by 
the results of review studies conducted in connection with balancing 
of fuel consumption [8, 20, 21, 28, 30, 32].

The model of the intensity of using motor vehicles, for elementary 
categories of vehicles with respect to pollutant emission, was decided 
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to be adopted in the form of a growing function of the values describ-
ing successive stages of vehicle approval regulations due to emission 
of pollutants – these values are growing as more and more recent 
phases of regulations appear. The proposed model is constructed ac-
cording to the criterion of functional similarity (behavioral model) 
[10, 26].

The modeling of the intensity of use of vehicles by elementary 
environmental performance categories with respect to pollutant emis-
sion, consists of the following elements:

Arbitrary allocation of non-negative real numbers to individ-1. 
ual environmental performance categories, according to the 
principle that higher quality environmental categories corre-
spond to higher numbers. The way of assigning numbers to 
individual environmental performance categories of vehicles 
used in this work is presented in tables 1–4.

Adoption of models describing the relative intensity – k – of 2. 
using of motor vehicles belonging to elementary environmen-
tal performance categories with respect to pollutant emission, 
in the form:

Model 1 is in the form [29]:

 ( ) ( )1
1 min1 exp 1ck a x k+= − − ⋅ ⋅ −  (3)

Model 2 was adopted as a function:

( )
( ) ( ) ( )min

2 min
min

0.5 10.5 1
0.5 0.5 1

arctg d x kk k
arctg d arctg d k

  ⋅ −  +  = + ⋅ ⋅ − 
⋅ − − ⋅ −  

(4)

whereat:

 
max

yx
y

= . (5)

where:   ymax – the maximum value of numbers ‘y’ from tables 
1–4 for a given year of estimating pollutant emission.

The value kmin is the relative intensity of using motor vehicles 
belonging to the lowest category of environmental performance.
The model parameters are:

for model 1: a, c;•	
for model 2: d.•	

Scaling of the average annual mileage of motor vehicles be-3. 
longing to elementary environmental performance categories, 
with respect to pollutant emission to the average annual mile-
age of motor vehicles of cumulative categories.

In figure 1, a comparison is presented of both models for kmin = 
0.25 as well as model parameters: a = 6.908, c = 2.5 and d = 7.

Table 1. The way of assigning numbers to individual environ-
mental performance categories of passenger cars

Category y

Pre ECE 0

ECE 15/00-01 1

ECE 15/02 2

ECE 15/03 3

ECE 15/04 4

Euro 1 5

Euro 2 6

Euro 3 7

Euro 4 8

Euro 5 9

Euro 6 10

Table 2. The way of assigning numbers to individual environ-
mental performance categories of light duty vehicles

Category y

Coventional 0

Euro 1 1

Euro 2 2

Euro 3 3

Euro 4 4

Euro 5 5

Euro 6 6

Table 3. The way of assigning numbers to individual environ-
mental performance categories of heavy duty vehicles, 
urban buses and long range coaches

Category y

Conventional 0

Euro I 1

Euro II 2

Euro III 3

Euro IV 4

Euro V 5

Euro VI 6

Table 4. The way of assigning numbers to individual environmental per-
formance categories of motorcycles and mopeds

Category y

Coventional 0

Euro 1 1

Euro 2 2

Euro 3 3

Fig. 1. Models of relative intensity of use of motor vehicles belonging to elementary en-
vironmental performance categories with respect to pollutant emission
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The models were tested for their parameters. The test results are 
given in figures 2 and 3.

Model 1 is much more sensitive to parameter ‘c’. Regardless of 
the parameter, antisymmetry is significant for model 2. The existing 
knowledge, based on the authors’ own research and on data from IN-
FRAS AG software as well as from the EU Member State reports 
under the CORINAIR program, indicates that model 1 is more effec-
tive in modeling the intensity of use of motor vehicles due to their 
category of emission characteristics.

Of course, due to the lack of sufficiently rich empirical evidence, 
the major challenge is to identify the model. However, this difficulty 

is greatly mitigated by the fact, that the scope of the model parameters 
under consideration can be limited, based on the existing knowledge, 
to the limits:

for model 1: c = 1 ÷ 4;•	
for model 2: d = 7 ÷ 15;•	

while the sensitivity of the models within the scope of the above val-
ues of both parameters is not strong.

It is impossible, in practice, to apply the classic methods of identi-
fication [22] of the proposed models. Therefore, the models are tuned, 
while their verification is performed through the test of compliance of 

Fig. 2. Results of testing model 1 due to variable parameter ‘c’ Fig. 5. Average annual mileage of passenger cars with spark ignition engines and 
displacement volume contained with the limits (1.4 ÷ 2) dm3, by environ-
mental performance categories

Fig. 3. Results of testing model 2 due to variable parameter ‘d’
Fig. 6. Number of heavy duty trucks with the maximum mass contained in the 

limits (34 ÷ 40) Mg, by environmental performance categories.

Fig. 4. Number of passenger cars with spark ignition engines and displace-
ment volume contained with the limits (1.4 ÷ 2) dm3, by environmental 
performance categories Fig. 7. Average annual mileage of heavy duty trucks with the maximum mass con-

tained in the limits (34 ÷ 40) Mg, by environmental categories.
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the total annual fuel consumption by motor vehicles obtained via the 
modelling with the official data of the Central Statistical Office [3–5].

Figures 4–7 illustrate, for example, the number and annual mile-
age of vehicles of the two cumulative categories: passenger cars with 
spark ignition engines and displacement volume contained with the 
limits (1.4 ÷ 2) dm3 as well as heavy duty trucks with the maximum 
mass within the limits (34 ÷ 40) Mg, for the years 2000, 2005, 2010 
and 2015. The number of vehicles by environmental performance cat-
egories for the years 2000, 2005 and 2010 was determined on the 
basis of the data contained in CEPiK, while for the year 2015 – the 
car’s numerical structure was estimated based on the data of the Cen-
tral Statistical Office (due to lack of data from CEPiK). The Model 1 
intensity of use of vehicles with the parameters a = 6.908 and m = 2.5 
was used to determine vehicle mileage by respective environmental 
performance categories.

The results of the use of the model clearly show: increasing annual 
mileage of vehicles of higher environmental performance categories.

The use of the model 1, accounting for the intensity of using mo-
tor vehicles has made it possible to investigate the annual national 
pollutant emission from motor vehicles in Poland [3–5].

Figures 8–10 show the sample results for the years 2000–2015 – 
national annual emission – Ea oxides of nitrogen, particulates PM10 
and particulates PM2.5 for cumulative categories: all motor vehicles 
– T, passenger cars – PC, light commercial vehicles – LCV, heavy 
duty trucks – HDT, urban buses – UB, coaches – C, motorcycles – Mc 
and mopeds – Mp.

It is clear from figures 8–10 that, for example, the national annual 
emission of substances which constitute one of the most serious prob-
lems in the use of motor vehicles, have been decreasing since around 
2007, despite the fact, that the number of vehicles and the intensity 
of their use have been considerably increasing. This is the result of 
technical progress in the design of motor vehicles.

4. Recapitulation

The way of modelling the intensity of use of motor vehicles be-
longing to elementary categories with respect to pollutant emission, 
outlined in this article, is the first unique undertaking in this field on 
a global scale. The proposed models are built according to the cri-
terion of functional similarity. Tests on the models show that their 
sensitivity within the scope of real values of model parameters is not 
too large, to unable the models to be fine tuned with the use, as the 
compliance criterion, of the total fuel consumption data from models 
and those officially published. The presented results of applying one 
of the developed models are consistent with the state of the art. An 
example of practical use of one of the developed models is the inven-
tory of pollutant emission from motor vehicles in Poland in the years 
2000–2015, made using the COPERT software. These results have 
been presented in the official reports of the European Union.

Fig. 8. National annual emission of nitrogen oxides from vehicles of cumu-
lated categories.

Fig. 9. National annual emission of particulates PM10 from vehicles of cumu-
lated categories.

Fig. 10. National annual emission of particulates PM2.5 from vehicles of cu-
mulated categories.
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