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Highlights:
= the study analysed 460000 Slovak passenger cars from technical inspection stations;
= 2 statistical methods (BMA and WALS) ensured the robustness of the results;
= WLTP testing disrupted traditional relationships between vehicle characteristics;
= actual emission measurements differ significantly from manufacturer technical certificates;
= maximum engine power and the latest emission standards can be used as a design element for taxation.
Article History: Abstract. The aim of this article is to identify the factors that influence the evolution of CO, emissions in gasoline
» submitted 20 July 2022; passenger cars. Specifically, the factors that can be obtained during emission measurements at technical inspection
= resubmitted 10 May 2023; stations are analysed. This identification is used to determine the factors obtained by measurements at the techni-
= accepted 3 August 2023. cal inspection stations that should be used as a design element for the taxation of petrol road vehicles in order

to reduce CO, emissions. The underlying source was data recorded by the vehicle technical inspection stations in
2019 and worked with passenger petrol cars of category M1. In total, almost 460000 passenger cars were analysed.
12 factors were used for each car, from which 7 variables were identified through 2 methods (BMA and WALS) as
likely to have a statistically significant effect on the magnitude of CO, emissions. Subsequently, the effect of each
factor was determined by OLS with robust Std. Err. Our results show that the maximum engine power and the latest
emission standards can be used as design element for the taxation of gasoline road vehicles, as a positive relation-
ship between the growth of this factor and the magnitude of CO, emissions of gasoline vehicles has been demon-

strated.
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Notations
Abbreviations: Variables and functions:
BMA — Bayesian model averaging; Age - age of the vehicle relative to 2019;
BP/CW - the Breusch—-Pagan/Cook-Weisberg test for het- Catalyst — catalyst type expressed as dummy (1 —
eroscedasticity; petrol engine with lambda-probe con-
Coef. — regression coefficient; trolled catalytic converter; 0 — petrol
NEDC — new European driving cycle; engine with lambda-probe controlled
OLS - ordinary least-squares; catalytic converter and OBD system);
PIP — posterior inclusion probability; CO; gverage — the average of all four measurements
RDE - real driving emission; of CO,;
Std. Err. — standard error; CO; first — the first measured value of CO,;
WALS - weighted-average least-squares; CO; min — the lowest measured value of CO,;
WLTP — worldwide harmonised light vehicles test pro- Emission
cedure. Standards 2 to 6 — highest emission standard the car meets

expressed as dummy;
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Gearbox — gearbox type expressed as dummy (1 -
manual; 0 — automatic);

Intercept — the predicted value of the dependent
variable when the independent varia-
bles are zero;

Power — maximum power of the vehicle in loga-
rithmic functional form;
Proxies — list of independent variables (Age, Cata-
lyst, Emission Standards 2 to 6, Gearbox,
Power, Speedometer, Volume, Weight);
Speedometer — number of kilometres travelled in loga-
rithmic functional form;
Volume — engine volume in logarithmic function-
al form;
Weight — maximum permissible total weight in
logarithmic functional form;
CO,; — designation for individual dependent
variables (CO;_averager CO2 _firstr CO2_min)i
p(M,) — the prior probability of model M;
p(y|M,) — the posterior probability for model M;;
p(M;) — the prior probability of model M;;
p(y|M;) - the posterior probability for model M;

A; — posterior inclusion probability;

€; — error term;

Bo — intercept in the regression model;

Bx — regression beta coefficients for inde-
pendent variables (Age, Catalyst, Emis-
sion Standards 2 to 6, Gearbox, Power,
Speedometer, Volume, Weight).

1. Introduction

The problem of studying and identifying the volume of
production of harmful substances (emissions), or their im-
pact on the environment, human health, but also the re-
duction of negative climate change is dealt with in the in-
ternational environment, for example, the United Nations,
the EU, but also the states as individuals individually. One
of the most significant global agreements related to cli-
mate change is the 2015 Paris Agreement, which, accord-
ing to the United Nations Framework Convention on Cli-
mate Change website, has been ratified by 190 countries
to date (UN 2026), which speaks volumes about its im-
portance In line with the goals of the Paris Agreement on
climate neutrality, the latest proposed targets of the Eu-
ropean Council, which emerged from the October 2020
EU leaders' meeting, are also in line with the goals of the
Paris Agreement on climate neutrality. In its conclusions,
the European Council proposes a 55% reduction in emis-
sions (European Council 2020). Regulations already adopt-
ed in the EU regulating emissions from motor vehicles are
Regulation (EC) 2007/715 (EP, CEU 2007), which sets emis-
sion standards under EURO 5 and EURO 6 for light pas-
senger and commercial vehicles, as well as Regulation (EU)
2019/631 (EP, CEU 2019), which sets CO, limits for new
passenger cars and light commercial vehicles.

Currently, the most recent developments in the EU are
the fit for 55 packages introduced on 14 July 2021, which

consists of an overarching Communication from the Com-
mission on meeting the 2030 climate target towards cli-
mate neutrality — COM/2021/556 and 17 legislative and
other proposals (EP, CEU 2021a). The package fulfils the
Green Deal for Europe (the EU's decarbonisation policy
framework presented in December 2019) and builds on
the EU's 2030 Climate Target Plan and its impact assess-
ment (September 2020). Legally, the Fit for 55 package ful-
fils the binding objectives of the European Climate Legal
Framework — Regulation (EU) 2021/1119 (EP, CEU 2021b)
to reduce greenhouse gas emissions by 55% by 2030 and
to achieve emission neutrality by 2050. The interlinkages
between instruments and policies can be identified, for ex-
ample, Regulation (EU) 2019/631 (EP, CEU 2019) as regards
the tightening of CO, emission performance standards
for new passenger cars and new light commercial vehi-
cles in line with the EU's more ambitious climate targets —
COM/2021/556 (EP, CEU 2021a) and the links between CO,
emission standards for light commercial vehicles and other
instruments, most of which are either directly amended by
the fit for 55 package or are expected to be proposed for
amendment in 2021 (EURO 7 emission standard). The stat-
ed concrete efforts, even at the legislative level in the field
of the European Union, aim to reduce CO, emissions pro-
duced by transport. However, it is clear that from a global
point of view it is not sufficient to reduce the total volume
of emissions produced by regulating only road transport.
However, the elimination of this negative externality will
definitely contribute to the volume of emissions produced
in transport. The authors are also aware of the fact that
the reduction of CO, emissions in transport may not be
directly proportional to the improvement of the quality of
the environment due to the existence of other transport
emissions of air pollutants.

In addition to these legislative standards affecting new-
ly manufactured road motor vehicles, EU Member States
seek to control and subsequently exclude non-compliant
older vehicles from road use, for example, through emis-
sion control stations, where an assessment is made as to
whether or not a road motor vehicle is fit to continue to
operate on the road. As the global economy grows, there
is a natural increase in the demand for vehicles wheth-
er personal, commercial or other. There is no doubt that
the size of the global fleet is increasing, because if we
look only at the EU, the difference in the number of vehi-
cles in use between 2014 and 2018 is an increase of 8.3%,
which is approximately 23.5 million vehicles (ACEA 2019).
In the case of the Slovakia, there has been an increase of
20.6% in registered vehicles between 2014 and 2019, that
is 560711 vehicles (Ministerstvo vnutra Slovenskej repub-
liky 2026). This article focuses specifically on the negative
externalities in the form of CO, emissions from passenger
road transport, which are contained in the exhaust gases
of passenger cars.

According to Parry et al. (2007) noise, road congestion,
accidents and, last but not least, the harmful impact on the
environment, which includes air pollution, which will be
discussed next. As Fiorito (2017) states in his article, there
is an increase in greenhouse gases from transport due to



the ever-increasing use of motor vehicles. As Cechovi¢ &
Kendra (2019) report, in Slovakia the share of transport in
total emissions is steadily increasing (16.44% in 2016), and
the same is true for the EU as a whole (21.71% in 2016).
Looking only at the transport sector in Slovakia, passen-
ger vehicles are the highest emitters (48.54% in 2016), fol-
lowed by trucks and buses (45.14% in 2016), according to
Cechovi¢ & Kendra (2019). It is thus evident that the road
transport sector is a significant contributor to environmen-
tal pollution, air pollution.

Transport externalities and their minimisation are an
important point of European policy and many Member
States try to include these costs in their tax systems or in
various forms of charges. An important aspect of tax and
fee design in the EU should be that it removes the user-
pays and polluter-pays externalities created as efficiently
and effectively as possible, while at the same time incenti-
vising their reduction. This principle was defined by Direc-
tive 2006/38/EC (EP, CEU 2006). These principles on trans-
port taxation and charging aim to internalise negative ex-
ternalities by including their amount in the taxes and road
charges paid. The tax system of Slovakia applies a road tax
for personal vehicles, the design parameter of which is the
engine capacity and the higher the engine capacity, the
higher the rate of taxation. In addition, a registration fee
is collected for vehicle registration. The rate of the fee is
based on the engine power in [kW], which is subsequently
reduced according to the age of the vehicle.

The volume of emissions measured depends on var-
ious factors, one of which is the measurement method
used. In order to harmonise the way emissions and con-
sumption are measured, in 2017 the EU adopted Commis-
sion Regulation (EU) 2017/1151 (EC 2017), which adopted
a test procedure WLTP applicable to new passenger cars
and light commercial vehicles, replacing the then NEDC.
The aim of this new method is to provide a more faithful
representation of the actual emissions produced by ve-
hicles in normal operation. In addition to the change in
framework conditions, the driving cycle called WLTC, which
falls under WLTP, has also changed (Pavlovic et al. 2018).
The main difference between the 2 methods is that in the
case of the NEDC these were measurements under labora-
tory conditions, whereas the WLTP is enriched by the RDE
test. Since the earliest references to the change in emis-
sion and consumption measurement procedures, many
studies have looked at the differences in emission meas-
urements using the old and new methods (Bielaczyc et al.
2016; Marotta et al. 2015). Based on the change in driving
cycle and conditions, a change in the magnitude of emis-
sions and consumption was expected, namely WLTP shows
higher values, which corresponds with the studies of Fon-
taras et al. (2017) and Pavlovic et al. (2016).

One of the important and often used tools for reduc-
ing CO, emissions in transport is the introduction of en-
vironmental charges or taxes. The aim of the article is to
identify the factors influencing the development of CO,
emissions of gasoline passenger cars in Slovakia. This
identification is used to determine the factors obtained
by measurements at the technical inspection stations that
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should be used as a design element for the taxation of
petrol road vehicles in order to reduce CO, emissions.
The article is structured as follows:

= current (Section 1) — an introduction;

= the literature review dealing with factors affecting CO,
is provided in Section 2;

= the methodological framework is introduced in Sec-
tion 3;

= in the Section 4, the empirical findings are presented
and recommendations for adjusting the existing taxa-
tion of petrol vehicles are proposed;

= the concluding remarks are described in the Section 5.

2. Factors affecting CO, emissions

This section deals with the identification of potential fac-
tors that may influence the magnitude of CO, emissions
from petrol road vehicles. Specifically, it deals with the
technical characteristics of road motor vehicles, such as
mainly engine-related characteristics, vehicle appearance
and construction, and other selected technical character-
istics. Petrol engines generally emit more CO, than diesel
engines (EEA 2017; Tanaka et al. 2012). This is due to the
generally higher fuel consumption of petrol vehicles (Wal-
dron et al. 2006).

According to the existing literature, the key areas that
have been shown to influence the amount of CO, emis-
sions include fuel type and composition, engine charac-
teristics (such as engine weight and volume, number of
cylinders, but also the start-stop system) and its optimum
performance, combustion process and improvements in
engine technology, transmission efficiency and type, ve-
hicle weight, rolling resistance, vehicle design and aero-
dynamic properties, and finally vehicle age and associated
EURO emission standards (SRU 2005; Tsalikidis et al. 2020;
Zachariadis et al. 2001; Ciuffo et al. 2016).

Tsalikidis et al. (2020) in their study describing the de-
velopment of CO, emissions in newly registered vehicles
between 2010 and 2018, stress and highlight the impor-
tance of these specific areas in particular, that is combus-
tion technology and the engine technology itself leading
to cleaner and also more efficient combustion, the appro-
priate type of transmission and improved design, includ-
ing vehicle aerodynamics. These factors have been shown
to influence the level of CO, emissions over the period
studied, with improvements in conventional engines and
on-road vehicle design highlighted as a primary point. On
the other hand, according to the German Advisory Council
of the Environment (SRU 2005), the greatest potential to
reduce petrol consumption and thus CO, emissions lies in
the weight of the vehicle.

For petrol engines, there is a direct proportionality be-
tween the amount of fuel consumed and CO, emissions,
so a reduction in fuel consumption in the case of a con-
ventional petrol engine would have the effective output of
a reduction in CO, emissions (SRU 2005; Kropiwnicki, Kne-
ba 2013). It is therefore important to note that all of these
factors are often associated with the consumption of pet-
rol itself. Although there are already alternative fuels and
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drives (hydrogen, electric current, CNG, etc.) helping to re-
duce CO, emissions, it is still necessary to think about con-
ventional engines and their technological aspects affecting
CO, emissions. Because they now represent an increasing-
ly high percentage of new petrol vehicles and ways must
be found to influence their fuel consumption. As these al-
ternative fuels are a longer-term issue and the current de-
pendence on fossil fuels is crucial (SRU 2005).

Closely related to the engine characteristics is a specif-
ic factor that directly influences CO, emissions, namely the
engine’s volume and weight. Smaller, more compact (both
in terms of weight and cylinder volume) but equally pow-
erful engines compared to larger engines can bring posi-
tive benefits in the form of a reduction in fuel consump-
tion, resulting in a reduction in generated CO, emissions
due to the direct correlation of generated CO, emissions
to the amount of gasoline burned. But one of the reasons
is also the number of cylinders, which is related to the
lower displacement of the engine and the decrease in fric-
tion between the pistons, which is eliminated due to the
smaller cylinder volume (Patil et al. 2017; Tsalikidis et al.
2020). Which is in line with the claim of Mickanaitis et al.
(2007) who point precisely to the relationship between in-
creasing engine displacement and increasing CO, emis-
sions. Similarly, a smaller engine size without as many cyl-
inders is lighter in weight, leading to lower engine loads,
better performance and, again, lower CO, emissions (Patil
et al. 2017; Tsalikidis et al. 2020). Patil et al. (2017) conclud-
ed that this way can lead to a decrease in fuel consump-
tion in the range of 10 to 30% depending on the type of
combustion, which is of course associated with a relative
decrease in CO, emissions.

Engine power itself, including maximum engine pow-
er, is also a factor in the amount of CO, emissions gener-
ated. This is a rather crucial aspect, which is closely linked
to petrol consumption and thus CO, emissions, as increas-
ing engine power is directly related to increasing fuel con-
sumption. There has also been a gradual increase in the
average [kW] output of newly registered vehicles over the
years, which may be a potential problem in future reduc-
tion efforts (SRU 2005; Grelier 2018).

In terms of combustion technology and innovative en-
gine technology, conventional engines differentiate be-
tween diesel and petrol engines. In the case of petrol en-
gines, there are relatively significant combustion losses
due to the effect of fuel injection and certain valve pres-
sures resulting in higher petrol consumption. Compared to
diesel engines, it can be shown how the better pressure
ratio and direct fuel injection into the combustion cham-
ber of each cylinder in diesel engines leads to lower diesel
consumption and therefore lower CO, emissions, as dem-
onstrated by the German Advisory Council of the Environ-
ment (SRU 2005). However, in recent years, direct injection
has also started to be used more and more in petrol en-
gines, taking advantage of better combustion control and
increased fuel efficiency. There is therefore considerable
room for improvement even within petrol engines (Tsa-
likidis et al. 2020).

Typically for petrol engines, one of the engine technol-
ogies is variable valve actuation. Specifically, either varia-
ble valve timing or variable valve timing including stroke.
This technology, which helps to improve engine efficiency
and exhaust gas recirculation, enables optimum valve tim-
ing (intake, exhaust), which results in the control of resid-
ual exhaust gases, including CO,. It is therefore a means
of improving engine performance and reducing fuel con-
sumption (Posada, Facanha 2015).

Another factor is the quality and type of gearbox.
Again, the amount of fuel used can be influenced, as with
the other factors mentioned. It is about streamlining the
process during the transmission system and thus reduc-
ing mechanical losses. It depends on whether it is a man-
ual or automatic transmission, but also on the number
of gears. The increasing number of gears contributes to
more efficient operation and maximum efficiency (US EPA
2021; Tsalikidis et al. 2020). This is also linked to the fact
that greater efficiency and more efficient operation, in-
cluding lower fuel consumption and CO, emissions, are
achieved with automatic transmissions compared to man-
ual transmissions. Although the mechanical efficiency is
similar to that of a manual gearbox, an automatic gear-
box is associated with better optimisation of engine speed,
as well as avoiding the internal resistance that arises with
a manual gearbox (Tsalikidis et al. 2020). However, we also
find the opposite claim, as evidenced by Mickanaitis et al.
(2007) whose research shows that automatic transmis-
sions, on the other hand, consume more fuel and emit
more CO,. This contrary view can be explained by the link
to the more complex mechanism and components that
are used in the case of an automatic transmission for its
proper functioning, such as sensors or electronic control
units, which cause the vehicle to weigh more and therefore
produce more emissions (Grelier 2018). It follows that even
efforts in the context of technological progress to reduce
emissions can ultimately have the opposite effect.

With all the technical aspects of the vehicle, such as
the size and weight of the engine, the tank, the individual
vehicle components, the equipment or materials used are
closely related to another crucial factor, which is the total
(operating) weight of the vehicle. The operating weight ac-
cording to Ciuffo et al (2016) consists specifically of sev-
eral parts. The 1st component is the weight of the vehicle
itself; the 2nd component is the amount of fuel in the tank
and finally the weight and number of passengers, which
means that it is possible to influence the individual weight
components separately.

Vehicle weight is important for conventional engines,
that is also for petrol engines, and is related to the amount
of CO, emitted (Grelier 2018). In the examined sample of
the time series comprising 16 years (2001 to 2016), an in-
creasing trend in the average weight of new vehicles can
be seen for all major manufacturers in the automotive in-
dustry — Skoda, Volkswagen, Audi, Ford, BWM and others.
This trend can be explained by the increasing demand for
comfort, vehicle versatility, higher performance and also
safety, which in most cases will require more powerful and



heavier engines, possibly together with a larger fuel tank
capacity, which will result in a higher overall vehicle weight
(SRU 2005; Grelier 2018). Light weighting vehicles with ap-
propriate materials, along with other design optimizations,
would therefore contribute to better CO, emissions in the
form of these innovations, which would break the vicious
cycle of increasing vehicle weight due to the constant de-
mand for improvements and better features mentioned
above (SRU 2005; Grelier 2018). Concrete evidence of this
phenomenon may be the result of the growing popular-
ity of SUVs and hence the greater number of these vehi-
cles on the road, which are heavier than conventional pas-
senger vehicles and hence have different emission levels.
These larger and heavier vehicles produce an average of
132 g CO,/km compared to the average mid-range vehi-
cle, which produces 118 g CO,/km (Grelier 2018). Or this
fact is further illustrated by Kok (2013) using the example
of consumer behaviour favouring smaller and lighter ve-
hicles resulting in lower CO, emissions. It is clear from the
research carried out that more powerful and heavier vehi-
cles have an impact on fuel consumption, which translates
into a larger and more significant carbon footprint.

Another factor that is often given attention is the age
of the vehicle, including another related factor, the EURO
emission standards, as older vehicles generate more pol-
lutants in general. As a general rule, the older the vehi-
cle, the lower the EURO emission standard, which sets less
stringent limits on the emission parameters of road vehi-
cles. This link between vehicle age and the amount of pol-
lutants is generally confirmed by many expert studies, as
shown for example, by Andrlik (2013) or Zachariadis et al.
(2001). Older vehicles therefore meet less stringent EURO
emission standards and, as Paltsev et al. (2015) demon-
strates, stricter EURO standards have been shown to re-
duce pollutant emissions.

3. Methodology

The source of the input data set is the company respon-
sible for the operation of emission control stations S-EKA,
Ltd (S-EKA 2026). The input file contains data on vehi-
cles of categories M, N and T from emission control sta-
tions in Slovakia for the year 2019. It contains a total of
1219398 vehicle records, which means that the emission
control was carried out for 38% of the Slovak vehicle fleet
(3169187 vehicles were registered in 2019 — CEIC 2026).
Input data set provides 20 different technical information
related to them (for example engine capacity, category,
mileage), if recorded in the system. Part of this input set
are also real measured values of emissions of CO, CO,, HC
in the conditions of idle engine speed (hereinafter IS) as
well as high engine speed (hereinafter HS), which serve as
the main basis for further processing of the cell. Thus, the
examination outputs of this article are based on the actual
measured values during the emission control and not on
the values stated in the technical certificate, which are set
by the vehicle manufacturer.
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M1 category vehicles with petrol engine were selected
from the input set, provided that the condition of contain-
ing HS CO, data was met. The M1 category was chosen
because it is the most common type of vehicle in Slovakia
(955853 out of 1219398 vehicle records in 2019, it means
78.4%). Petrol vehicles were selected here for 2 reasons:
1st, they account for a dominant share of the Slovak car
market (diesel vehicles have only an 8% share, other types
have a marginal share; EEA 2019) and 2nd, the analysed
set contains CO, emissions measurements for petrol ve-
hicles only. Such a narrowed data set, containing M1 and
petrol-powered vehicles with the HS CO, condition met
(458954 vehicles), serves as a basis for further analysis.

The article focuses on CO, emissions, specifically those
produced at higher speeds. Vehicle Technical Inspection
takes a total of 4 measurements. 3 expressions were cre-
ated from these 4 measurements, CO,_gyerqger CO2_first and
CO,_in- The use of 3 different measurements should en-
sure the robustness of the results.

The regression model contains twelve explanatory fac-
tors. These variables are selected based on 2 criteria, sig-
nificance in explaining the evolution of CO, emissions
and data availability. Specifically, the variables Age, Power,
Weight, Volume, Speedometer, Gearbox, Catalyst, and Emis-
sion Standards 2 to 6. These variables were used by Ger-
man Advisory Council of the Environment (SRU 2005), Gre-
lier (2018), Tsalikidis et al. (2020), Zachariadis et al. (2001)
and Ciuffo et al. (2016). They use logarithmic functional
forms for most variables, except for dummy variables, is
because of the structure of the data. Descriptive statistics
for the individual variables are presented in Table 1. We
should also mention that the level of emissions also de-
pends on factors for which we do not have available data,
namely the use of the start-stop system in the engine (Tsa-
likidis et al. 2020), exhaust gas recirculation system (Mossa
et al. 2019), adding ethanol to the fuel (Park et al. 2010;
Ciuffo et al. 2016), quality of tyres (Ciuffo et al. 2016) and
vehicle aerodynamics (Chowdhury et al. 2012).

The relationship between the level of emissions and
the individual factors can be formally written in the fol-
lowing regression equation:

CO,; =By + Z(Bk -Proxies)i +€;. (M

We employ a BMA estimator introduced by Magnus
et al. (2010) to fit a classical linear regression model with
uncertainty about the choice of the explanatory variables.

This technique includes 2 types of variables, factories
that are theoretically supposed to be in the model and
factories for which there is uncertainty about their inclu-
sion. In this article, we consider a constant as the 1st type
of factor, while the other variables will be assumed to have
some degree of uncertainty. This method estimates mod-
els M; for all combinations of regressors, j = 1, .., 112 (that
is 4096 models) and then the model with the highest like-
lihood is selected.
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Table 1. Descriptive statistics

Variable Observations Mean
CO2_qverage 458954 14.80
COo_first 458954 14.80
COy_min 458954 14.80
Age 458954 13.37
log Power 458893 4.16
log Weight 458954 7.38
log Volume 458954 7.25
log Speedometer 458954 11.64
Gearbox 455735 0.89
Catalyst 458954 0.41
Emission Standard 2 458954 0.16
Emission Standard 3 458954 0.23
Emission Standard 4 458954 0.22
Emission Standard 5 458954 0.28
Emission Standard 6 458954 0.09

Source: own calculations based on data from S-EKA (2026).

BMA provides a coherent method of inference on the
regression parameters of interest by taking explicit ac-
count of the uncertainty due to both the estimation and
the model selection steps. This Bayesian estimator uses
conventional noninformative priors on the focus param-
eters and the error variance, and a multivariate Gaussian
prior on the auxiliary parameters. The unconditional BMA
estimates are obtained as a weighted-average of the es-
timates from each of the possible models in the model
space with weights proportional to the marginal likelihood
of dependent variable in each model (De Luca, Magnus
2011).

The significance of each variable is determined by the
PIPs, which can be calculated using the following equation
(Magnus et al. 2010). Let us add that variables whose PIP
value is greater than 0.8 should be included in the model.

 plM)ely M)

| ZP(MJ)"’<Y|MJ)
J

Following Magnus et al. (2010), the BMA method is
complemented by the WALS technique. WALS uses the
weighted-average least-squares estimator introduced by
Magnus et al. (2010) to fit a classical linear regression
model with uncertainty about the choice of the explana-
tory variables. This method has the same characteristics
as BMA, but has 2 advantages over the above method, its
computational burden is trivial and it is based on a trans-
parent definition of prior ignorance (Einmahl et al. 2011;
Magnus et al. 2010). The combination of these 2 methods
is chosen to ensure the robustness of the results.

Based on these techniques, the variables most likely
to affect CO, emissions are selected. These selected varia-
bles will then be tested through OLS estimation. Given the
structure of the data, it was tested whether the variance of
the values is homogeneous (BP/CW).

@)

Standard deviation Min Max
0.65 0.01 62.36
0.65 0.004 62.36
0.65 0.01 62.36
5.66 1.00 52.00
0.33 2.64 6.78
0.12 6.21 9.64
0.22 139 11.12
0.69 139 18.87
0.31 0 1
0.49 0 1
0.37 0 1
0.42 0 1
0.42 0 1
0.45 0 1
0.28 0 1

4. Results

This section has 2 parts. 1st, statistically significant vari-
ables are identified through BMA and WALS and 2nd, re-
gression analysis is performed through OLS model with
robust Std. Err. (the reason is the presence of heterosce-
dasticity). The OLS analysis serves as a robustness check.

The Table 2 represents, which variables are most likely
to be statistically significant. In the case of BMA, we can
consider factors whose PIPs are greater than 0.8, while for
WALS, if the t-statistic is greater than 1.78. Based on the
results, we can assume that the age and weight of the
vehicle (Age and Weight), the maximum power and en-
gine capacity (Power and Volume), the number of kilome-
tres travelled (Speedometer) and compliance with Emis-
sion Standards 5 and 6 have a statistically significant ef-
fect. This finding is consistent with the empirical literature
(SRU 2005; Tsalikidis et al. 2020; Zachariadis et al. 2001;
Ciuffo et al. 2016).

In the following section, the influence of these factors
is identified through an OLS regression model. It should
also be mentioned that gearbox type (Gearbox), catalyt-
ic converter type (Catalyst) and older Emission Standards
(2 to 4) are unlikely to have an effect and are therefore
not dealt with further. In the case of transmission type,
the ambiguous effect is consistent with the literature, as
on the one hand there is the view that automatic trans-
missions improve vehicle smoothness, which is associated
with lower emissions (US EPA 2021; Tsalikidis et al. 2020),
while, on the other hand, automatic transmissions are as-
sociated with a more complex system that can increase
emissions (Grelier 2018).

The results of the OLS models (Table 3) confirm pre-
vious findings, that CO, emissions from petrol engines
depend on the age and weight of the vehicle (Age and
Weight), the maximum power and volume of the engine
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Table 2. Influence of individual factors on CO, emissions (BMA and WALS methods)

BMA COZ—average Coz_ﬁrst CO2_min

Coef. Std. Err. PIP Coef. Std. Err. PIP Coef. Std. Err. PIP
Intercept 17.143 0.083 1.00 17.139 0.084 1.00 17.144 0.083 1.00
Age -0.017 0.000 1.00 -0.017 0.001 1.00 -0.017 0.000 1.00
log Power 0.113 0.006 1.00 0.112 0.006 1.00 0.113 0.006 1.00
log Weight -0.149 0.014 1.00 -0.145 0.014 1.00 -0.152 0.014 1.00
log Volume -0.108 0.009 1.00 -0.111 0.009 1.00 -0.105 0.009 1.00
log Speedometer -0.059 0.002 1.00 -0.059 0.002 1.00 -0.059 0.002 1.00
Gearbox -0.001 0.004 0.15 -0.002 0.004 0.20 -0.001 0.003 0.12
Catalyst 0.000 0.002 0.01 0.000 0.003 0.01 0.000 0.002 0.01
Emission Standard 2 0.000 0.001 0.01 0.000 0.001 0.01 0.000 0.001 0.01
Emission Standard 3 0.004 0.005 0.42 0.004 0.005 0.36 0.005 0.005 0.47
Emission Standard 4 0.000 0.004 0.07 0.000 0.005 0.07 0.000 0.004 0.07
Emission Standard 5 -0.025 0.007 0.96 -0.024 0.008 0.95 -0.025 0.007 0.97
Emission Standard 6 -0.119 0.009 1.00 -0.118 0.010 1.00 -0.119 0.009 1.00

WALS CoZ—average COZ—ﬁrst CO2—min

Coef. Std. Err. | t-statistics Coef. Std. Err. | t-statistics Coef. Std. Err. | t-statistics
Intercept 17.037 0.084 201.84 17.037 0.084 202.68 17.035 0.085 201.35
Age -0.016 0.001 -20.81 -0.016 0.001 -20.61 -0.016 0.001 -20.96
log Power 0.108 0.006 17.91 0.107 0.006 17.75 0.109 0.006 18.01
log Weight -0.134 0.013 -9.98 -0.131 0.013 -9.83 -0.137 0.014 -10.13
log Volume -0.107 0.009 -12.11 -0.111 0.009 -12.49 -0.105 0.009 -11.8
log Speedometer -0.058 0.002 -32.59 -0.058 0.002 -32.45 -0.058 0.002 -32.67
Gearbox -0.009 0.003 -2.94 -0.010 0.003 -3.05 -0.009 0.003 -2.86
Catalyst -0.038 0.013 -2.87 -0.042 0.013 -3.14 -0.035 0.013 -2.66
Emission Standard 2 0.015 0.008 1.84 0.015 0.008 1.82 0.015 0.008 1.87
Emission Standard 3 0.026 0.010 2.63 0.026 0.010 2.64 0.026 0.010 2.63
Emission Standard 4 -0.012 0.018 -0.7 -0.015 0.018 -0.86 -0.010 0.018 -0.58
Emission Standard 5 -0.031 0.019 -1.58 -0.033 0.019 -1.69 -0.029 0.019 -15
Emission Standard 6 -0.116 0.022 -5.37 -0.118 0.022 -5.43 -0.115 0.022 -5.32

Source: own calculations based on data from S-EKA (2026).

(Power and Volume), the number of kilometres travelled
(Speedometer) and compliance with Emission Standards
5 and 6.

Taking a closer look, we can see that the predicted ef-
fect is for vehicles with higher maximum engine power
and Emission Standards 5 and 6. Thus, higher CO, emis-
sions were measured for petrol cars with higher maximum
power (SRU 2005; Grelier 2018) and at the same time it can
be argued that vehicles with the latest emission standards
achieve significantly lower emissions (Paltsev et al. 2015).

On the other hand, for the other variables we can ob-
serve the opposite, unexpected, effect. Specifically, low-
er emissions have been measured for petrol cars that are
older, have a higher maximum permissible weight, a larg-
er engine capacity and a higher mileage. Which is contra-
ry to the literature, whether in the case of engine volume
(Mickanaitis et al. 2007; Patil et al. 2017; Tsalikidis et al.
2020) or the age of the vehicle (Andrlik 2013; Zachariadis
et al. 2001). The indirect relationship between engine ca-
pacity and CO, consumption can be explained by the fact
that the NEDC method of measuring emissions under lab-

oratory conditions showed lower values of emissions pro-
duced by road vehicles. As demonstrated by the litera-
ture review (Fontaras et al. 2017; Pavlovic et al. 2016), the
change of the emission measurement method from NEDC
to WLTP has included the element of normal operation in
the measurement of emission parameters of road vehi-
cles. This has significantly increased the reported values
of emission parameters including CO,. The declared direct
dependence between the reduction of engine volume and
the reduction of CO, emissions was therefore valid for the
NEDC method, whereas the linkage may not occur in the
case of WLTP (Mock et al. 2014).

A comparison of the impact of each factor is shown in
the following graph. The X-axis shows the effect of each
statistically significant variable, with the values indicating
the standardized coefficient of determination. The Y-axis
includes the individual variables. The effect is expressed in
terms of average CO, emissions. The most significant im-
pact is the age of the vehicle, where an increase in vehicle
age by one year leads to a 0.15 reduction in CO, emis-
sions, while for the other factors an increase of 100% leads
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Table 3. Influence of selected factors on CO, emissions (regression results)

Factor COZ_ave,age

Intercept 17.09" (195.57)
Age -0.02"" (-43.74)
log Power 0.1 (17.47)
log Weight -0.14™ (-10.33)
log Volume -0.11"™ (-11.92)
log Speedometer -0.06™" (-31.05)
Emission Standard 5 -0.02™" (-8.26)
Emission Standard 6 —-0.12™" (-24.06)
Observations 458893

Adjusted R? 0.029
BP/CW 0.00 (87889.02)

Notes:

* kk

Coz_ﬁrst

17.09"" (193.42)
-0.02™" (-43.52)
0.11"" (17.09)

CO2_min

17.09" (196.24)
-0.02™" (-43.84)
0.11"" (17.6)

dekk

-0.17"" (-9.9) -0.14"™" (-10.56)
-0.11"™ (=11.91) 0.1 (-11.74)
-0.06™" (-30.81) -0.06™" (=31.15)

-0.03"" (-8.06) -0.03"" (-8.39)
-0.12™" (-23.77) -0.12"" (-24.21)

458893 458893
0.029 0.029

0.00 (87872.16) 0.00 (87862.24)

= ", and ™ denote significance at 10%, 5% and 1% level, respectively;

= t-statistics are reported in parentheses;
= all regression models include robust Std. Err.;
= source: own calculations based on data from S-EKA (2026).

to a 0.06 increase (maximum vehicle power) or decrease
(maximum permissible vehicle weight, engine capacity,
mileage) in emissions. In the case of emission standards,
it is assumed that cars meeting Emission Standard 6 have
lower emissions than other cars. The same is true for Emis-
sion Standard 5, but with the expected result that the dif-
ference with other emission standards is not so great.

If we link the OLS model results to the graphical out-
put (Figure), we then conclude that the maximum engine
power and the latest emission standards can be used as
a design element for the taxation of petrol road vehicles,
as a positive relationship between the growth of this fac-
tor and the magnitude of CO, emissions of petrol vehicles
has been demonstrated. Other examined factors recorded
in the context of the implementation of regular vehicle
technical inspections cannot be used as a relevant factor
for taxation, as there is no positive relationship between
the measured factor (age and weight of the vehicle, engine
capacity, mileage) and CO, emissions or a statistically sig-
nificant effect could not be demonstrated (type of gearbox
and type of catalytic converter).

The taxation of passenger road vehicles in EU Member
States is based on 2 basic views, the acquisition and own-
ership/operation of a passenger road vehicle. Specifically,
we focus on tax design features that our results suggest
have the potential to reduce negative externalities in the
form of emissions from road motor transport.

For the taxation of the purchase of a passenger road
motor vehicle, according to European Automobile Man-
ufacturers' Association (ACEA 2021), the most important
design elements for taxation are CO, emissions (14 coun-
tries), maximum engine power (5 countries) and the EURO
emission standard (4 countries). The basic formula for tax-
ation is the higher the CO, emissions or maximum en-
gine power and the older the EURO emission standard,
the higher the taxation is applied. Other elements affecting

the charging obligation are the age of the vehicle, differ-
entiation by vehicle fuel and NO, emissions. Some coun-
tries even have a combination of CO, emission factor and
maximum engine power (France and lItaly) or CO, emis-
sions and EURO emission standards (Belgium). The specific
case is Slovenia, which applies all 3 of these parameters to
determine the final tax liability. The 2nd view is the taxa-
tion of the ownership and operation of passenger road ve-
hicles. The most important design features of this type of
tax are again CO, emissions (15 countries), maximum en-
gine power (5 countries) and the EURO emission standard
(4 countries). Other elements affecting the tax liability are
the age of the vehicle, fuel, engine capacity, weight and
number of axles. Again, there are several countries that
use a combination of the 2 elements highlighted, namely
Bulgaria, Italy and Hungary, or a combination of CO, and
emission standards (Belgium) or in combination with en-
gine power (Austria).

Age

log Power .

log Weight .

log Volume .

log Speedometer .

Emission Standard 5 d

Emission Standard 6 .

T T T T
-0.15 -0.10 -0.05 0 0.05

Figure. Standardised effect of individual factors on average
CO, emissions; source: own calculations based on data from
S-EKA (2026)



From the above overview of the situation in the EU
and the results obtained, the authors conclude that in or-
der to achieve reductions in CO, emissions from passen-
ger road transport, it is necessary for most EU countries to
focus on greater consideration of maximum engine power
and emission standards when setting tax obligations. Es-
pecially in the case of Slovakia, where these design ele-
ments are minimally taken into account.

5. Conclusions

The aim of the article was to identify the factors that influ-
ence the development of CO, emissions of gasoline pas-
senger cars in Slovakia. Specifically, the article focuses on
the factors that can be obtained when measuring emissions
as part of the vehicle control at the technical inspection
station. The underlying source was data for the year 2019
provided by S-EKA (2026), the company that provides ve-
hicle control at the technical inspection station. From this
dataset, all passenger petrol cars of the M1 category were
used, that is almost 460000 passenger cars were analysed.
12 factors were used for each car, from which 7 variables
were identified through 2 methods (BMA and WALS) as
likely to have a statistically significant effect on the mag-
nitude of CO, emissions. Subsequently, the effect of each
factor was determined by OLS with robust Std. Err. This
identification was used to determine the factors derived
from the measurements at the technical inspection stations
that should be used as a design element for the taxation
of petrol road vehicles in order to reduce CO, emissions
and thus comply as much as possible with the set reduc-
tions in transport emissions in a Europe-wide framework.

Our results show that the maximum engine power and
the latest emission standards can be used as a design ele-
ment for the taxation of gasoline road vehicles, as a posi-
tive relationship between the growth of this factor and
the magnitude of CO, emissions of gasoline vehicles has
been demonstrated. These elements, in various combina-
tions with the magnitude of CO, emissions, are already
incorporated in several EU Member States, notably in the
taxation of the acquisition of a passenger road motor ve-
hicle (Belgium, France, Italy and Slovenia) or in the taxation
of the ownership and operation of a passenger road mo-
tor vehicle (Belgium, Bulgaria, Italy, Hungary and Austria).
Other factors examined (age and weight of the vehicle, en-
gine capacity, mileage, type of gearbox and type of cata-
lytic converter), recorded as part of the implementation of
regular technical inspections, cannot, according to the re-
sults obtained, be used as a relevant factor for the taxation
of motor vehicles, although they are used by a number of
EU Member States (for example, higher vehicle age leads
to higher tax liability in the Czechia or Slovakia). From this
perspective, it is in these 2 countries that a change in the
design of the road tax base should be made, with an em-
phasis on the link to the CO, reduction element.

At the same time, it should be added that it was not
possible to work with all relevant variables because some
of the relevant factors are not measured during the ve-
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hicle tests at the technical inspection station. Specifically,
changes in fuel composition, combustion technology, en-
gine start-stop system, exhaust gas recirculation system,
tyre rolling resistance and vehicle aerodynamics. With re-
gard to the changes in fuel composition, the use of fuels
with a higher proportion of biobased components (for ex-
ample, ethanol E10) reduces fuel consumption (Al-Hasan
2003) and produces fewer CO, emissions (Park et al. 2010;
Ciuffo et al. 2016). At the same time, the extension of
gasoline direct injection technology is improving engine
performance and reducing fuel consumption (Posada, Fa-
¢anha 2015). The engine with start-stop system leads to
a reduction in fuel consumption in urban traffic of be-
tween 11 and 15% (Merkisz et al. 2011). The use of ex-
haust gas recirculation not only reduces NO, emissions
(Zheng et al. 2004), but can also lead to lower CO, emis-
sions (Mossa et al. 2019). Low rolling resistance tyres have
also been shown to reduce petrol consumption and thus
CO, emissions (SRU 2005; Ciuffo et al. 2016). Finally, lower
CO, emissions can be observed in vehicles that have bet-
ter aerodynamic design elements (Chowdhury et al. 2012;
Crolla 2009). Therefore, for further research, he proposes
to link measurements at the technical inspection stations
with other databases in order to take these factors into ac-
count when constructing road taxes. For this purpose of
setting tax obligations, it would be appropriate to specify
more precisely the range of the above-mentioned parame-
ters at the technical control stations, so that the independ-
ent database reflecting the current state of the vehicle cre-
ated in this way enables the most accurate punishment of
the negative externalities of the given vehicle.
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