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Abstract: The article presents a comparison of exhaust emission test results from a passenger car
with a spark-ignition engine examined with the WLTC (Worldwide Harmonized Light-Duty Vehicles
Test Cycle) test, which was carried out on a chassis dynamometer, and examined with a RDE (Real
Driving Emissions) test, which was conducted in real vehicle operating conditions. The exhaust
emissions and the emitted particle number in the individual phases of both tests were determined.
Large disparities were found in the results of the two tests. The cold start-up had a particularly
significant impact on the test results in the case of the WLTC test. This impact is much greater than in
the RDE test, mainly due to the fact that the RDE test is much longer than the WLTC test. Moreover,
the engine load in the RDE test was greater than in the WLTC test. As a result of the conducted
analyses, it was postulated that the research should be continued in stochastic conditions for the
vehicle speed function, e.g., in the implementation of the speed function determined for the real
conditions of the vehicle operation.
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1. Introduction

In order to study the properties of test objects and enable them to be assessed, such as
through comparisons, empirical studies should be carried out that meet two assumptions:

1.  The conditions in which the tests are performed should resemble the real conditions
of the vehicle operation as closely as possible. It also means that the test conditions
should correspond to various conditions of the object’s use and a certain range of
randomness of these conditions.

2. Repeatability of the test conditions is necessary while ensuring detailed requirements
in relation to the test apparatus.

These two assumptions in relation to the vehicle test conditions used in order to learn
their operational properties are largely contradictory as, in particular, testing the object
under the conditions of real use makes it practically impossible to ensure the repeatability
of these conditions.

One solution is to treat the conditions of each study as the implementation of a
certain stochastic process, characterizing—in accordance with the adopted criteria—certain
limitations of the actual use of the object. Such limitations may be, with a road vehicle as
an example, the requirements to be met by the road itself on which the vehicle will travel.
Obviously, treating the test results in real conditions as the implementation of a stochastic
process requires multiple tests. Treating the research process in this way makes it possible
to obtain certain characteristics of the entire set of research results, e.g., probability density,
mean value or variance.
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From the above considerations, it becomes necessary to conduct research on the
properties of test objects both in conditions of full laboratory repeatability as well as
in conditions of real operation. Such an approach to research on the properties of test
objects also enables the assessment of the sensitivity of these properties to the conditions
of operation.

The exhaust emissions from road vehicles with internal combustion engines are very
sensitive to the conditions of vehicle operation. This is due to the fact that the road-
vehicle operating conditions determine the engine’s operating states. These operating
states of internal combustion engines that determine the exhaust emissions are: engine
rotational speed and its load, which may be represented by a measure of the engine torque.
Additionally, in the engine’s warm-up phase to its temperature of stable operation, the
factor determining the exhaust emissions is the engine thermal state [1], which can be
characterized by the temperature of the engine components and their operating factors,
especially the temperature of the coolant and engine oil. Due to the impact on exhaust
emissions, it is important to know whether the engine operating states are static or dynamic
processes. In the real conditions of road-vehicle operation, there is a clear predominance
of the dynamic engine operation states. Therefore, it is necessary to ensure that the test
conditions represent such properties of the dynamic operating states, which—according to
the adopted criteria—correspond to the properties of the real operation of vehicles. Such
properties may be the frequency characteristics of the engine operating states.

The procedure for testing road-vehicle exhaust emissions in real operating conditions
is called RDE (Real Driving Emissions) [2—4]. The idea of testing exhaust emissions from
motor vehicles, both in laboratory conditions and in real operating conditions, is currently
being partially implemented, e.g., by the authors of [5,6]. The first limitation is related to
the test objects. The tests conducted in real operating conditions apply to the following
vehicle categories: passenger cars and light trucks. The second limitation concerns the size
of the criteria of exhaust emissions—these are road emissions of carbon monoxide, road
emissions of nitrogen oxides and the number of solid particles.

2. Exhaust Emission Tests—State of Knowledge

The subject of comparing exhaust emissions through various tests is not commonly
approached in the literature. In [7], the results of the exhaust emission sensitivity tests to the
operating conditions of the engine from a vehicle with a compression-ignition engine were
analyzed. These results were determined in the driving tests: the NEDC (New European
Driving Cycle) test, the RDE (Real Driving Emissions) test and the Malta test, developed at
the Poznan University of Technology.

In [8], the research results on the impact of the RDE test’s dynamic parameters on the
exhaust emissions were analyzed. Two passenger cars of a similar curb weight, equipped
with spark-ignition engines that are Euro 6c class, were selected for tests in real operating
conditions. The research was carried out on the same research route, covering urban, rural
and motorway driving conditions. The correlation between the dynamic parameters of the
test and the exhaust emissions was assessed based on the obtained test results.

Article [9] analyzes the results of a passenger car driving through RDE tests. Using the
obtained results, the coefficients of road emission compliance from the RDE tests and from
the conditions of approval tests performed on a chassis dynamometer were developed.

Article [10] compares the exhaust emission test results obtained from the RDE and
WLTC (Worldwide Harmonized Light-Duty Vehicles Test Cycle) tests. The research was
carried out for eight passenger cars with spark-ignition engines. The greatest differences in
road emissions were found for carbon monoxide and nitrogen oxides, whereas the smallest
differences were observed for carbon dioxide; in all cases, the results of the road exhaust
emissions were lower for the WLTC test.

The authors of [11] found the influence that the initial state of battery charge had on
the exhaust emission values of toxic components, not only in the type approval test, but
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also in road tests. In addition, fuel consumption was closely correlated with the initial state
of the charge of the battery.

In [12], the impact of an engine cold-start in the RDE test on the exhaust emissions
of nitrogen oxides was analyzed. The research was carried out on many routes in various
European countries. As a result of the research, it was found that, in many cases, the impact
that an engine cold-start had on the exhaust emissions of nitrogen oxides in the RDE tests
may not reflect the influence in the real operating conditions of the test vehicle.

In [13], the authors stated that for motor vehicles after a combustion-engine cold-start,
the characteristic feature is the increased concentration of the number of particles with a
diameter of about 100 nm. The tests carried out in real driving conditions confirmed that
the exhaust emissions of particles with diameters smaller than 23 nm were significant in
conventional vehicles, regardless of the engine type (petrol or diesel).

The research presented in the article of [14] confirms the increased emissions of exhaust
gases in older vehicles (Euro 4), and at the same time, indicates a much higher emission of
nitrogen oxides when the fuel system switches from supplying petrol to liquefied petroleum
gas. The test results provided by the authors show a more than 3-fold increase in nitrogen
oxide emissions in the RDE test when fueled with liquefied petroleum gas. The road
emissions of the remaining exhaust gas components were similar for both petrol and
liquefied petroleum gas.

The authors of article [15] draw attention to the fact that new cars meet the emission
requirements in the RDE tests; however, under conditions not much different from those
required in the tests, their exhaust emissions may be much greater. This is especially true
for cold engine starts at low ambient temperatures, especially in urban driving conditions.
Lowering the outside temperature in the short RDE test results in a 50% increase in nitrogen
oxide emissions, a 2-fold increase in carbon monoxide emission, and a 10-fold increase in
non-methane hydrocarbon emissions.

A similar topic of research was presented in [16], where a hybrid drive vehicle was
tested at various ambient temperatures using the RDE and WLTC tests. It was found
that the road emissions of carbon monoxide at the ambient temperature of —7 °C are
2 or even 3 times higher for the WLTC test when compared to results obtained at the
temperature of 23 °C. At low ambient temperatures, the exhaust emissions of nitrogen
oxides were doubled, and the exhaust emissions of the particle number were about four
times higher. The results described refer to a vehicle beginning the test with 100% SOC,
whereas the results were comparable for 0% SOC (they differed 5-fold only in the case of
carbon monoxide emissions). The authors indirectly formed conclusions about the changes
in the exhaust emissions in the RDE tests, as they adopted the principle of comparison
between the WLTC tests and assumed the similarity of changes between the RDE and
WLTC tests, but the RDE tests were performed only for the ambient temperature of 23 °C.

In article [17], the authors used the RDE test procedure to analyze the emissions of
unregulated exhaust components. The tests were carried out on vehicles powered by
gasoline, diesel and compressed natural gas. Increased exhaust emissions of NH3 were
found (average), especially from vehicles with compressed natural gas (64 mg/km) and
gasoline (35 mg/km) engines; for a diesel engine, the value was 10 mg/km. Nitrogen
dioxide emissions were observed only in diesel vehicles and amounted to 17 mg/km.

Summarizing the literature review, it can be stated that there is no comprehensive
comparison of exhaust emissions in the WLTC and RDE tests for all exhaust components
relative to a common parameter, such as vehicle speed. The presented research eliminates
this deficiency, which is a new contribution of the authors’ to this scientific discipline.

3. Subject of the Paper

This paper presents the results of empirical tests of a passenger car from the WLTC
(Worldwide Harmonized Light-Duty Vehicles Test Cycle) and RDE tests. A car powered by
a gasoline engine with a displacement volume of 1.5 dm?3 was selected as the test object,
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which is representative of the most frequently used vehicles in Poland. The technical
characteristics of the vehicle drive are shown in Table 1.

Table 1. Technical parameters of the tested vehicles.

Technical Parameters Vehicle
Engine Gasoline, Turbo, R4, 16 V
Fuel system Direct injection
Engine displacement 1497 cm?
Max. power 135 kW at 5800 rpm
Max. torque 280 Nm/1200-4000 rpm
Transmission Automatic, nine gears
Size (L/W/H) 4686/1810/1442 mm
Curb weight 1430 kg
Specific power output 21.33 kg/kW
Average CO; emissions 136-144 g/km (WLTC)
Euro standard Euro 6d-Temp

The WLTC [4] test is used in the Worldwide Harmonized Light-Duty Vehicles Test
Procedure (WLTP), published as UNECE Global Technical Regulation No. 15. The WLTP
procedure replaces the European Light Vehicle Type Approval Procedure based on the
NEDC test (New European Driving Cycle). The WLTP procedure was introduced by the
European Union on 1 November 2017.

The RDE test procedure was developed in the EU (European Union) for European
vehicles (Annex IIIA of regulation 692/2008) [18]. RDE testing requirements based on
the EU procedure have also been adopted by other countries such as China. The RDE
procedure was introduced in four different packages from March 2016 to November 2018
for Euro 6 vehicles.

4. Empirical Research Results for WLTP and RDE Tests

The vehicle tests as part of the WLTC and RDE test procedures were performed to
a greater extent than the formal requirements of type approval tests dictate. The exhaust
emission tests included: carbon monoxide; hydrocarbons; non-methane hydrocarbons;
methane; nitrogen oxides reduced to nitrogen oxide; nitrogen oxide; nitrogen dioxide;
carbon dioxide; and the number of particles.

Figure 1 shows the vehicle speed curves recorded in the WLTC and RDE tests.
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Figure 1. Vehicle speed curve (v) from the: (a) WLTC test; (b) RDE test.

There was clearly a significant difference in the vehicle speed curve in both tests. The
RDE test has a much longer duration than the WLTC test, as well as for the average and
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maximum speed values. Consequently, the distance traveled by the vehicle in the RDE test
was significantly greater than in the WLTC test. Moreover, the tests differ in the proportion
of the dynamic states of the vehicle speed process.

Tables 2 and 3 show the exhaust emission results from the WLTC and RDE tests, from
individual test phases and from the entire tests. The share of dynamic states is clearly
greater in the RDE test.

Table 2. Mean road emissions, mean road number of emitted particles and average vehicle speed
from the individual test phases and from the entire WLTC test.

Parameter Unit I II III v T
Cco mg/km 3067.57 636.32 316.56 481.30 805.0
THC mg/km 378.11 2.16 0.61 2.68 51.68
CHy mg/km 28.61 0.81 0.08 0.56 418

NMHC mg/km 352.14 1.43 0.53 2.17 47.89
NOy mg/km 59.02 2.88 2.04 2.19 9.81
NO mg/km 38.34 1.77 1.21 1.42 6.32
NO, mg/km 0.33 0.19 0.18 0.01 0.14
CO, g/km 239.3 158.5 137.4 159.0 162.9
PN 1/km 3.80 x 1012 121 x 1012 7.65 x 1011 149 x 1012  1.52 x 10'2

v km/h 23.5 32.8 55.9 80.5 35.7

Table 3. Mean road emissions, mean road number of emitted particles and average vehicle speed
from the individual test phases and from the entire RDE test.

Parameter Unit U R M T
CcO mg/km 1311.9 1008.0 4800.5 2282.4
THC mg/km 0.2033 0.0025 0.2525 0.1664

NMHC mg/km 0.1929 0.0018 0.245 0.1599
CH, mg/km 0.0112 0.0007 0.0075 0.0065
NOx mg/km 21.94 459 11.89 12.73
NO mg/km 18.59 3.52 9.50 10.19
NO, mg/km 335 1.97 2.39 2.54
CO, g/km 213.9 151.1 198.2 185.8
PN 1/km 298 x 1012 2.14 x 1012 420 x 10'2 3.05 x 1012

v km/h 28.8 79.48 121.16 54.61

Phases: I, II, III and IV, respectively, in the WLTC test last between:

0s-472s;

472 s—1000 s;
1000 s—1466 s;
1466 s-1800 s.

Phases: U (urban driving phase), R (rural driving phase) and M (motorway driving
phase), respectively, in the RDE test last between:
o (0s5-2850s;
e 285054264 s;
o 4264 s-5595s.

5. Discussion

Figure 2 shows the average road emissions of exhaust components from individual
test phases and from the entire WLTC test. The figure also shows the average number of
emitted particles from the individual phases and from the entire WLTC test.
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Figure 2. Mean road exhaust emissions in the different phases of the WLTC test (I-Low, II-Medium,
III-High, IV-Extra High, T-Total) for: (a) carbon monoxide; (b) hydrocarbons; (¢) non-methane
hydrocarbons; (d) methane; (e) nitrogen oxides; (f) nitrogen oxide; (g) nitrogen dioxide; (h) carbon
dioxide; (i) number of emitted particles.

There is a clear and noticeable difference between the average road emissions of carbon
monoxide (Figure 2a) in phase I and the same road emissions in the subsequent phases.
This was mainly due to the cold start of the engine, which results in a greater emission
of substances that reduces properties in relation to oxygen. Moreover, after the engine
cold-start, the efficiency of the catalytic converter was low. Even greater than in the case
of carbon monoxide was the difference in the road emissions of hydrocarbons (Figure 2b),
non-methane hydrocarbons (Figure 2c) and methane (Figure 2d). The reasons for this
were the same as those for carbon monoxide. In the case of nitrogen oxides (Figure 2e),
nitrogen oxide (Figure 2f) and nitrogen dioxide (Figure 2g), the lower engine temperature
leads to a reduced formation of these substances; however, the decisive factor in the higher
average road emissions in phase I is the low efficiency of the catalytic reactor when it
is below its operating temperature. Additionally, the average road emissions of carbon
dioxide (Figure 2h) were higher in phase I, in which the impact of the cold engine start on
fuel consumption is visible. As in the case of gaseous exhaust emissions, the mean road
emissions of the number of particles were also the highest in phase I (Figure 2i).

Figure 3 shows the average road exhaust emissions from particular phases and from
the entire RDE test. The figure also shows the mean number of particles emitted during the
individual phases as well as during the RDE test as a whole.
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Figure 3. Mean road exhaust emissions in the different phases of the RDE test (U-Urban, R-Rural,
M-Motorway, T-Total) for: (a) carbon monoxide; (b) hydrocarbons; (c) non-methane hydrocar-
bons; (d) methane; (e) nitrogen oxides; (f) nitrogen oxide; (g) nitrogen dioxide; (h) carbon dioxide;
(i) number of emitted particles.

The highest mean road emission of carbon monoxide occurred during the motorway
driving phase (Figure 3a), which results from the high engine load in such driving condi-
tions. The same was true for hydrocarbons (Figure 3b) and non-methane hydrocarbons
(Figure 3c). Among the organic compounds, only the values of the mean road emissions
for methane differ (Figure 3d).

Generally, the orders of magnitude of this value were comparatively small, and the
decisive factor of the great value in the urban phase was the cold engine start. In the case
of nitrogen oxides (Figure 3e), nitrogen oxide (Figure 3f) and nitrogen dioxide (Figure 3g)
with a high average road emission value in the urban phase, the engine cold-start had a
decisive impact.

The same was true for carbon dioxide (Figure 3h). The highest mean road emission
value for the number of particles (Figure 3i) in the motorway phase resulted mainly from
the high average engine load in such driving conditions.

It could clearly be seen that the cold engine start had a much greater impact on the
increase in the mean road exhaust emissions and the mean number of emitted particles in
the first phase of the WLTC test as compared to the analogous phenomenon in the RDE test.
This was largely due to the fact that the distance travelled in the RDE test is much greater
than in the WLTC test, and thus, the share of exhaust emissions during the engine heat-up
phase as part of the total exhaust emissions value was lower for the RDE test.
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In the WLTC test, the mean road emissions of all measured exhaust gases and the
mean number of particles were the highest in the first test phase. The greatest impact of the
engine cold-start on the change in mean road emissions in the first phase of the WLTC test
was observed for organic compounds.

Figure 4 compares the mean road exhaust emissions from the WLTC and RDE tests,
and also compares the mean road emissions of the number of particles from the WLTC and
RDE tests.
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Figure 4. Comparison of mean road exhaust emissions in the different phases of the RDE and
WLTC tests for: (a) carbon monoxide; (b) hydrocarbons; (c¢) non-methane hydrocarbons; (d) methane;
(e) nitrogen oxides; (f) nitrogen oxide; (g) nitrogen dioxide; (h) carbon dioxide; (i) number of
emitted particles.

The mean road emissions of carbon monoxide were clearly higher in the RDE test
(Figure 4a). The main reason for this was the higher average engine load in the RDE test.
For organic compounds, the dominant cause of the significantly higher road emissions in
the WLTC test was the very high exhaust emissions of these substances when starting a
cold engine (Figure 4b—d).

In the case of nitrogen oxides, nitrogen oxide and nitrogen dioxide, the mean road
emissions in the RDE test were higher, which was mainly due to the higher average engine
load in this test (Figure 4e—g). Additionally, for this reason, the mean road carbon dioxide
emissions were higher (Figure 4h), as well as the mean number of solid particles emitted
(Figure 4i).

Summarizing the comparison of the mean road exhaust emissions and the mean road
emitted number of particles, the following can be stated: The mean road emissions were
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significantly higher in the WLTC test for organic compounds. For carbon monoxide and
nitrogen oxides, the average road emissions in the RDE test were higher, and for nitrogen
dioxide, they were much higher, whereas for the combined nitrogen oxides and nitrogen
oxide, they were only slightly higher.

The mean road carbon dioxide emission values were comparable for both tests, which
means that the average operational fuel consumption was comparable between both tests.
The mean number of particles emitted was much higher in the RDE test, which was mainly
due to the fact that the RDE test had a greater share of dynamic states than the WLTC test.

Figure 5 shows a comparison of the relationship between the mean road emissions
and the average speed of a car in particular phases of the WLTC and RDE tests, as well as
the relationship between the average road emissions of the particle number and its effect
on the average speed of a test vehicle in particular phases of the WLTC and RDE tests. Such
characteristics, determined in many tests, were used to model exhaust emissions when the
vehicle was moving at a given average speed. In the case of the exhaust emissions of carbon
monoxide (Figure 5a), a very large difference occurred only for the lowest average speed,
i.e., in phase I of the WLTC test. The situation was similar in the case of other organic
compounds (Figure 5b—d). In these cases, however, the increase in exhaust emissions of
organic compounds in phase I of the WLTC test was very clear due to the engine cold-start.
As the road emissions of organic compounds in phase I of the WHCT test were largely
defined by the initial emissions of the cold engine, graphs without this phase are presented
in Figure 5e-g. Even without phase I of the WLTC test, the average road emissions of
organic compounds were significantly higher than the average road emissions in the RDE
test. This may be due to significantly different engine operating conditions present in the
WLTC and RDE tests, and as a result, due to different heating characteristics of the exhaust
aftertreatment devices.

The exhaust emission results of nitrogen oxides, nitrogen oxide and nitrogen dioxide
were different (Figure 5h—j). In the case of nitrogen oxides, there was a tendency for the
average road emissions in the RDE test to be higher. This was especially true for nitrogen
dioxide. The reason for the higher mean road emissions of nitrogen oxides in the RDE test
was the higher average engine load in this test. In the case of nitrogen oxides and nitrogen
oxide, as in the case of other pollutants, the greater value of the mean road emissions
in phase I of the WLTC test results from the greater impact of the cold engine start and
operation when compared to the impact of the same start in the RDE test.

The mean road carbon dioxide emission results (Figure 5k) were similar for both tests.
The higher value of the mean road carbon dioxide emissions for low vehicle speed in
Phase I of the WLTC test was due to the high fuel consumption impact of the cold engine
start. On the other hand, higher values of the mean road emissions of carbon dioxide in
the RDE test resulted from the higher average engine load in this test. The relationships
for the characteristics of the mean road emissions of the number of particles were similar
(Figure 51).

The road exhaust emission characteristics and the road particle number emissions,
relative to the average speed of the test vehicle, differed significantly between the two
tests. First of all, the average vehicle speed range in the individual test phases differed
significantly: for the RDE test, these values were higher than for the WLTC test. Moreover,
for low values of the average vehicle speed, the effect of cold starting the engine and its
subsequent heating in the WLTC test was clearly noticeable, whereas for high values of the
average vehicle speed, the impact of the higher average load of the engine could be seen in
the RDE test.
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Figure 5. The relationship between the road exhaust emissions and the test vehicle driving speed
in the WLTC and RDE tests for: (a) carbon monoxide; (b) hydrocarbons; (¢) non-methane hydrocar-
bons; (d) methane; (e) hydrocarbons w/o cold-start; (f) non-methane hydrocarbons w/o cold-start;
(g) methane w/o cold-start; (h) nitrogen oxides; (i) nitrogen oxide; (j) nitrogen dioxide; (k) carbon
dioxide; (1) number of emitted particles.

6. Conclusions

The test results allowed us to conclude that the exhaust emissions of harmful com-
pounds are very sensitive to the operating state of the internal combustion engine, de-
termined by the vehicle speed process. A certain limitation of the generalized nature of
the conclusions is the fact that the comparisons of road emissions and road particle emis-
sions were made based on the results of one-off tests, both performed through a chassis
dynamometer and in real driving conditions of a vehicle. It would be advisable to continue
working with repeatable conditions and using multiple tests. In such a situation, it would
be possible to treat the engine operating states in individual vehicle speed curves as an
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implementation of a stochastic process [19,20]. Such tests, although very time-consuming
and costly, would make it possible to determine the probabilistic characteristics of exhaust
emission test results, such as probability density, expected value, mean standard deviation
and coefficient of variation.

It is also possible to carry out tests in engine operation states that are determined by
the car speed processes or the car’s acceleration (or the product of speed and acceleration),
treating them as stochastic, and the realizations of which are determined as a result of
empirical tests in various traffic conditions. Examples of the results of such studies were
presented in [8,21]. This publication presents the exhaust emission test results in the
implementation of driving tests determined for the traffic conditions of a passenger car
in traffic jams, in the city without road congestion, outside cities and on highways and
expressways.

The next planned step of the research should be testing vehicles supplied with a
different fuel (such as liquefied petroleum gas or diesel), as well as vehicles with other
types of drive systems. The authors anticipate the great potential of the research of hybrid
vehicles (including plug-in hybrids).
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Abbreviations

b road emissions/road number (for particles)
CHy4 methane

CO carbon monoxide

CO, carbon dioxide

EU European Union

G¢ consumption of fuel mass

M motorway

NEDC  New European Driving Cycle
NMHC non-methane hydrocarbons

NO nitrogen oxide

NO, nitrogen dioxide

NOy nitrogen oxides

PEMS portable emission measurement system
PN particle number

R rural

RDE real driving emissions

S distance

t time

THC total hydrocarbons
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8] urban

v vehicle speed

WLTC  Worldwide Harmonized Light-Duty Vehicles Test Cycle
WLTP  Worldwide Harmonized Light-Duty Vehicles Test Procedure
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