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Abstract. The article presents a study on emission measurements in passenger cars in tests conducted under real
traffic conditions — Real Driving Emissions using a Portable Emission Measurement System type of equipment.
A special feature of the outlined RDE tests is that they were performed in Polish road conditions, and thus their
parameters may differ from their counterparts adopted in most European Union countries. Based on the findings
vehicle emission conformity factors were developed, characterized as the fractional increase (or decrease) of traffic
emissions during the homologation test or under normal operation conditions in relation to the emission limit
standards (for chosen emission class) of the vehicle. Conducted research and the calculated conformity factors
allowed for the environmental impact assessment of the vehicles of various emission classes, while also allowing
early actions to restrict the emissions of selected components in passenger vehicles. The methods and measures used
can also be applied to other types of vehicles (e.g. heavy duty or off-road vehicles) or vehicles powered by other

fuels.

1 Introduction

A fundamental factor leading to technology development
in all branches of industry is the need to reduce its
negative impact on natural environment. Transport is one
of the most dynamically changing fields of economy,
particularly due to the ever-changing exhaust emission
levels. Increasing emphasis is put on the measurements
of exhaust emissions, from combustion engines
of machines and wehicles especially under actual
operating conditions.

These  measurements much better reflect
the environmental situation than the tests only simulating
actual conditions of operation used thus far or stationary
tests. These measurements became  possible
due to a significant advancement in the area
of measurement techniques in recent years. Passenger
vehicles are subject to intermittent inspections
at inspection stations, however the inspections are
carried out for a limited (much lower than in real traffic)
operating range of the engine. The assessment
of the environmental performance of the vehicles may
also be carried out on a chassis dynamometer. It is quite
opposite for heavy-duty vehicles, in which case, in order
to assess the in-service emissions, the engine must
be removed from the wvehicle for testing. Statistical
research on a chassis dynamometer may sometimes be
performed on vehicles of different applications, while
the tests used in the methodology designed to assess
the emissions are not at all different. The proposal
for tests utilizing portable measurement systems
is a universal solution as it can be used for vehicles
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of different applications in which the same engines were
fitted.

The growing number of wehicles in the world
and the resultant natural environment pollution leads
to a growth in the emission related requirements. Current
level of technology advancement in all the fields
of industry including transport results in a growth
of the requirements for the emission measurement
devices. In order for these requirements to be fulfilled
to comply with the ever-changing regulations
a concentration of industry became necessary in this
matter. The exhaust emission tests are a sophisticated
process. Modern analyzers of the emissions require
special laboratory conditions and the homologation
procedures comprise tests on chassis and engine
dynamometers that do not entirely reflect the emissions
under real operating conditions. The latest results
of on-road tests show that in relation to some exhaust
components the emission is higher by several hundred
percent for both the gaseous compounds and particulate
matter. Hence, we can see a trend attempting
at a formalization and enforcement of the on-road
emission testing.

Recent research on pollutant emissions under real
traffic conditions performed using mobile devices [1, 2]
reflects the state of ecological vehicles very well.
Most attention is paid to the possibility of using such
research to calibrate engines [3], in such a way so
as to limit emissions not only during the emission test [4],
but also over the whole engine operating range [5, 6].
Comparative laboratory testing conducted on chassis
dynamometers [7] has revealed the compliance
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of vehicles with gasoline and Diesel engines with exhaust
emissions standards, while testing carried out under real
driving conditions has shown that vehicles with Diesel
engines significantly exceed NOx emissions limits [8-10].
Attention is drawn to the importance of particulate
exhaust emissions, mainly in the form of nanoparticles
emitted from internal combustion engines (gasoline
engines with direct fuel injection, as well as Diesels
equipped with a particulate filter (DPF)) [11].
The results of such studies are currently not presented
independently, but have been confirmed by publications
which encompass investigations spanning several years
[12] and comprehensive summaries of vehicles tested
under real traffic conditions [13].

2 Polish automotive market analysis

The number of motor vehicles in Poland, particularly
passenger vehicles (4/5 of total vehicles), has grown
significantly in recent years. In 2015 there were 20.1
million passenger vehicles with the European (European
Union) average of 9.3 million per country (Fig. 1) [14].
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Figure 1. Motor vehicles in Poland [14, 15].

In Poland in 2015, 800 thousand wvehicles
were registered for the first time including 720 thousand
passenger vehicles and 94 thousand heavy-duty trucks
and road tractor units (Fig. 2). The increase in the vehicle
fleet was mainly caused by private import. In 2013 there
were 599 passenger vehicles per 1000 citizens (average
for European countries amounts to 564).

Mass import of used vehicles adversely influences
the age structure of the vehicles. Ever since the accession
of Poland to the European Union, the imported vehicles
are mostly older than 4 years of age (92% in 2014),
which is why the vehicle fleet in Poland is growing old.
In 2014 there were 9.5% of 5 year old or younger
vehicles — 0.7% less than in the previous year (Fig. 3)
[14]. In 2003, prior to the accession of Poland
to the European Union, when old wvehicles import
limitations applied there were over 18% of vehicles of 5
years old or younger. The share of vehicles from 6 to 15
years old in 2013 was 19.2% (Euro 2 and Euro 3) and 16
—20 year old vehicles — 21.1% (Euro 1) and in both cases
this share was over 4% greater than in 2012.
There were approx. 7 times more vehicles exceeding 20

years of age in 2012 than vehicles of the age of up to 2
years (Fig. 4).
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Figure 2. Vehicle structure in Poland and Europe in 2014
(based on [14, 15]).
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Figure 3. Emission categories of vehicles in Poland and Europe
(based on [14, 15]).
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In Europe the share of wvehicles of up to 5 years
constitutes approx. 30% (Euro 5) and at the same time
the share of vehicles in the range of 5—10 years (Euro 4)
is not much higher. There are not many vehicles older
than 10 years — approx. 37% (Euro 3 — Euro 0).
The consequence of maintaining an old vehicle fleet
(more than half of the vehicles comply to the Euro 2
and Euro 3 exhaust emission standards) is borne not only
by the wehicle owners but also the society.
Old and deteriorated vehicles are less safe and their
environmental performance is poor — they generate much
more pollution than new vehicles.

3 Research methodology

3.1 Real Driving Emissions

A variety of conditions that have an impact on the level
of emissions occur under real driving conditions. These
variables cause results that are not identical to the results
obtained during emission tests performed on a chassis test
bench, where the conditions are fully repeatable.
The relatively worse repeatability of the results obtained
is primarily affected by:
- environmental conditions (variable temperature,
pressure, humidity, wind rate, rain, snow, etc.),
- the quality of the road surface,
- traffic congestion,
- the driver's behavior: aggressive, neutral, eco-driving.
The authors propose the introduction of emission
correction coefficients (as initially presented
in a publication from 2009 [16]), being the multiple
of the increase (or decrease) of emissions under real
driving conditions in relation to the type approval test
emissions results. Such coefficients (CF — conformity
factor) for regulated emissions are defined as follows:

E .
CF; = _RDE j_ (1)
Enorm, J
where:
i - the harmful compound for which the conformity

factor was specified,

Erpe,; - road emission obtained under real driving

conditions ([mg/km]),

Enorm, - value of emission limit in the applicable

emission standard ([mg/km]).

The conformity factor can usually be calculated
as the value relating to the entire test, which is the ratio
of emission of the pollutant in the road test performed
under real driving conditions to the normative value.
The conditions under which the road tests (Fig. 4) were
carried out were characterized by the following properties
(as defined in EU legislation on RDE testing):

- 33% of the total time performed under urban conditions,
in which the vehicle's speed does not exceed 50 km/h
(with cold start),

- 33% of the total time performed under extra-urban
driving, in which vehicle's speed is in the range 50-90
km/h,

- 33% of the total time performed in a highway driving
in which the vehicle's speed is in the range 90-130 km/h
(not to exceed 140 km/h).

50W0 92 |

Przeimierowo N 92

Skorzewo

>aledzie
Paledzie Plewiska

Dopiewiec

A2}

Lubon

Komorniki
Konarzewo
Jaryszk

Figure 4. The measuring route (Poznan):.

3.2 Tested vehicles

The results of emission testing presented here are the fruit
of a 9-year program connected with the study of cars
under real traffic conditions. Tests were made on a group
of over 150 cars with differing technical parameters
(Fig. 5). The study involved vehicles powered by both
Gasoline and Diesel engines of various displacements
(from 0.7 L to 3.0 L) and fitted with different emission
aftertreatment systems. Data presented in this paper relate
to road tests performed on different cars with various
mileages using various fuel supply systems (various
layouts for both gasoline and Diesel engines). The results
are divided into categories by emission standard
(Euro 4, Euro 5 and Euro 6), while results for vehicles
fulfilling  lower, earlier emission  standards
are not included. The road emissions results acquired
were ranked from lowest to highest and only extreme
values were presented (results obtained under conditions
which did not fulfill the requirements relating to on-road
testing described in later sections of this paper were
rejected).

iure 5. Vehicles used for tests (exales. o

3.3 Research apparatus

The testing apparatus is presented in Fig. 6a. A portable
Semtech DS analyser was used for the measurement
of exhaust emissions from vehicles (Fig. 6b). It allowed
measurements of carbon monoxide, carbon dioxide,
hydrocarbons, non-methane hydrocarbons and nitrogen
oxides exhaust emissions. A portable AVL M.O.V.E PM
(Micro Soot Sensor) analyser was used to measure
particle mass (Fig. 7a), while a PMP-compliant AVL
condensation particle counter was used to measure
particle number emissions (Fig. 7b). The emissions
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measurement equipment had a maximum mass of 116 kg
(Gas PEMS - 25 kg; PM PEMS — 45 kg, PN Counter —
25 kg), together with an additional power supply
(generator) — 21 kg.
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Figure 6. The measuring systems used for testing under real
traffic conditions.
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Figure 8. Values of passenger car emission conformity factors
(CF), for vehicles powered by gasoline engines meeting
emission standards of Euro 4 (data acquired from 26 vehicles).
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Figure 7. Measurement system used for testing particle
emissions: a) analyser for measurement of the particle mass
concentration — AVL MOVE (micro soot sensor + gravimetric),
b) particle counter (AVL) for measurement of particle number.

4 Results and analysis of road tests

Values of emission correction for pollutants obtained
inroad tests were as follows:

For cars powered with Gasoline engines (Fig. 8):

- for those meeting the Euro 4 standard (vehicles with
multi-point fuel injection and displacement from 0.7 L
to 3.0 L were tested): the correction factor for on-road
emission of carbon monoxide CFco was between 0.05
and 0.1 with a median value of 0.08; the conformity
factor median value for hydrocarbons CFruc was 0.04
and the conformity factor for nitrogen oxides CFnox
was between 0.08 and 0.2 (with a median of 0.15).
The conformity factor for particle mass did not exceed a
value of 0.15, with a median value of 0.07
(the 5 mg/km emission limit was adopted as an allowed
value for particle mass emission — the same
as for the Euro 5 standard);

- for those meeting the Euro 5 standard (vehicles with

direct injection and displacement from 0.7 L to 2.5 L
were tested; Fig 9): the conformity factor of carbon
monoxide CFco was between 0.03 and 0.08 with
a median value of 0.06; the median value of the CFruc
was 0.05 (minimum and maximum values were 0.03
and 0.08, respectively), conformity factor for nitrogen
oxides CFnox were between 0.2 and 0.8 (with a median
value of 0.41); the conformity factor for particle mass
did not exceed 0.5 (with a median value of 0.15);
for vehicles other than those fulfilling the Euro 5
standard the limit of 5 mg/km was applied;
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Figure 9. Values of passenger car emission conformity factors
(CF), for vehicles powered by gasoline engines meeting
emission standards of Euro 5 (data acquired from 31 vehicles).
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- those meeting the Euro 6 standard (Fig. 10, vehicles 5.0
with direct fuel injection and engine displacement from 45 PC, Diesel, RDE

1.0 L to 2.5 L were tested — without gasoline particulate Euro 4 — 29 vehicl —-
filters): the median value of the conformity factor 4.0
for on-road emission of carbon monoxide CFco was —35

0.09 (with extreme values 0f 0.02 and 0.11); the median 5
value of the conformity factor of hydrocarbons CFruc B 3.0
was 0.17 (with border values of 0.04 and 0.02); 25
the conformity factor for nitrogen oxides CFnox was T 20
between 0.12 and 0.7 (with a median value of 0.46); s
the conformity factor of particulate matter emission § 1.5

| eurolimit (cF=1) JI| |

CFprm did not exceed 0.6 (a median value of 0.42);
the conformity factor of particle number behaved
somewhat differently — the median value was 1.06 (with . IFI I
extreme values of 0.2 and 1.5); for vehicles powered EFEE

with Euro 6¢ Gasoline engines the emission value for :
particle number was exceeded by more than 50%
of'the value of'the limit (i.e. the highest observed value
of CFpn was 1.5).
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Figure 11. Values of passenger car emission conformity factors
(CF), for vehicles powered by Diesel engines meeting the Euro
4 emission standards (data acquired from a total of 29 vehicles).
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and 3.7 (the median value was 3.2 — three times
the amount allowed in the FEuro 5 standard),
the conformity factor for particle mass did not exceed
a value of 0.2 (with a median value of 0.15);
PN emissions were not measured for those vehicles.
For this emission class, the greatest excess observed
was for nitrogen oxides — exceeding three times
the permitted value;
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Figure 10. Values of passenger car emission conformity factors
(CF), for vehicles powered by gasoline engines meeting
emission standards of Euro 6 (data acquired from 12 vehicles). 5.0
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Figure 12. Values of passenger car emission conformity factors
(CF), for vehicles powered by Diesel engines meeting the Euro
5 emission standards (data acquired from a total of 33 vehicles).
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- those meeting the Euro 6 standard (vehicles with
displacement ranging from 1.3 L to 3.0 L with Diesel
particulate filter, Fig. 13): the median value
for the on-road emission conformity factor of carbon
monoxide CFco was 0.2 (with extreme values of 0.02
and 0.3); the median value of hydrocarbon emission
factor CFruc was 0.5 (minimum and maximum values
of 0.3 and 0.7); the conformity factor for emission
of nitrogen oxides CFnox was between 1.1 and 4.8
(with the median value being 3.4); the conformity
factor for particle mass CFrm did not exceed a value
of 0.3 (the median value being 0.26); the value
for particle number followed a similar trend with
a median value of 0.71 (with border values of 0.3
and 0.9); for Diesel engines in the Euro 6 emission
class, high excess emissions of nitrogen oxides
were observed (more than 3.5 times the limit — with
a 4.8 maximum excess value).
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Figure 13. Values of passenger car emission conformity factors
(CF), for vehicles powered by Diesel engines meeting the Euro
6 emission standards (data acquired from a total of 18 vehicles).

Conclusions

The experimental work and associated numerical
analyses presented in this paper allow the following
conclusions to be drawn.

Conformity factors for gasoline engines in the Euro 4
and 5 emission classes in road tests (depending
on vehicle weight and the level of the engine
and aftertreatment technology applied) are CF; = 0.8
for all emission components. For gasoline direct injection
vehicles meeting the Euro 6 standard, the conformity
factor values obtained for particle number exceeded
the values obtained over type approval test cycles.
The average value of the conformity factor for emission
of particle number in road tests was CFpn = 1.06
(with a maximum value of 1.5).

The values of the conformity factor for vehicles
powered by Diesel engines were found to be different:
it has been shown that the values of the correction factors
for emission of carbon monoxide and hydrocarbons
are lower than 1 (i.e. the emissions limits are met),

but for on-road emission of nitrogen oxides values
between CFnox = 0.7—4.8 were observed (only extreme
values are shown here). The same goes for particle mass
and number (values of the conformity factor were
as follows: CFpm = 0.2—1.3 and CFpn = 0.3-0.9).

In European future Portable Emission Measurement
Systems will be necessary to measure exhaust emissions
in real traffic conditions. The main issue of RDE
is nitrogen oxides emissions but European Commission
is also interested in particles measurement especially
on gasoline direct injection. Wide variety of boundary
conditions in RDE test must be considered.
These influencing parameters have to be taken
into  account when  evaluating RDE  data
and are addressed by route criteria, data evaluation tools
and conformity factors. In 2016 the RDE Monitoring
phase shall start for new vehicle types. Current RDE draft
introduces the ‘not-to exceed’ regulatory concept which
will be implemented starting in 2017. The ,mot-to-
exceed values are simply the Euro 6 limit multiplied by
a conformity factor. Temporary conformity factor
for nitrogen oxides emissions was suggested at the level
of 2.1. Considering measurement uncertainty of PEMS
the final conformity factor was suggested on the level
of 1.0 plus a margin of 0.5.
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