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Abstract: Hybrid vehicles account for the largest share of new motor vehicle sales in Europe. These are
vehicles that are expected to bridge the technological gap between vehicles with internal combustion
engines and electric vehicles. Such a solution also makes it possible to meet the limits of motor vehicle
emissions, at a time when it is particularly important to test them under actual traffic conditions.
This article analyzes the impact of the length of the test routes in relation to current, but also
future regulations of approval standards. Three routes of post-phase composition (urban, rural,
motorway) with lengths of about 30, 16 and 8 km were selected for the study. Measurements of the
main emission components were made using portable emission measurement systems (PEMS), and
exhaust emissions were determined using the moving average window (MAW) method. Analysis of
the obtained results led to the conclusion that the current requirements for the RDE test (in particular,
the duration of the test) enforce a length of each part of 32 km. Reducing the test to 60-90 min causes
the individual phases to last 16 km, and the main advantage of such a solution is the very strong
influence of the cold start phase on the emission results in the urban phase. Future declarations by
lawmakers to drastically reduce the length of the test phases to 8 km will force hybrid vehicles to
be tested largely using the internal combustion engine. This will be the right thing to do, especially
in the urban phase, as now in addition to a significant reduction in the engine warm-up phase,
manufacturers will have to take into account that such an engine thermal condition can also occur in
the rural phase.

Keywords: exhaust emission; hybrid vehicles; real driving emissions; driving cycles

1. Introduction

The deteriorating state of the environment is negatively affecting the health of the
population. The World Health Organization (WHO) has been issuing air quality guidelines
for human health since 1987 [1]. In a 2021 report, the same organization provided guidelines
on the serious human risk from particulate matter and nitrogen oxides [2]. In addition, the
European Commission, in a report issued by the Joint Research Centre (JRC) [3], states that
it is targeted to reduce air pollution by 2030, resulting in a 55% reduction in premature
deaths. Meanwhile, by 2050, a plan has been undertaken to reduce, among other things, air
pollution to levels that are no longer considered exhaustive to health [4].

With regard to automotive transportation, European Union legislation for 2021-2025
has reduced CO, emissions to 95 g/km for new vehicles [5,6]. This limit is planned to be
reduced by 15% from 2025 and by 37.5% from 2030 [7]. In order to reduce vehicle emissions,
the Euro 6 standard was introduced starting in 2019 [8,9], and the homologation test NEDC
(New European Driving Cycle) [10] was replaced by the WLTC (Worldwide harmonized
Light-duty vehicles Test Cycle) [11]. The WLTC test was intended to more reliably replicate
real-world conditions for passenger cars. However, this change did not reduce the differ-
ences in emission results obtained in homologation tests and road traffic. An example of this
is the higher emission values for nitrogen oxides, particulate matter and carbon monoxide
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for diesel-powered vehicles [12-15]. This is primarily due to road conditions, road behavior,
environmental conditions and the contribution of the different phases of the route [16,17].
To take into account the differences between type approval tests and road conditions, a
procedure for testing under real driving emissions (RDE) has been introduced since 2017.
Limit values were based on the conformity factor (CF) [18], which for NOy was 1.5 (Euro
6d-temp) [19], and in the next standard (Euro 6d) is CFnox = 1.43 and CFpy = 1.5 [20]. At
a meeting on July 5, 2022, the European Commission’s Technical Committee on Motor
Vehicles (TCMYV) approved amendments to Regulation (EU) 2017/1151 [11] regarding type
approval of motor vehicles with respect to emissions from passenger cars [21]. A new Euro
6e step will be added effective September 2023 that introduces revisions to the RDE test
procedure. The new regulation redefines conformity factors. The values are reduced in line
with the 2021 JRC report on conformity factors [22]. The Euro 6e step includes a revised
CFnox = 1.10 (down from 1.43) and a reduced CFpy = 1.43 (down from 1.5). This is in
response to the repeated addressing of the topic of the need to reduce conformity factors
by various authors [23,24] and organizations [25,26].

2. Literature Review

The reduction in vehicle emissions observed in recent years is of interest to a great
many researchers. Some analyze engine design changes (e.g., for diesel engines [27]) and,
based on this, predict percentage changes in vehicle emissions (e.g., [28,29]). Other authors,
e.g., Winkler et al. [30], ask the question: to what level can exhaust emissions be reduced?
The authors conclude that reducing emissions from sources other than transportation, such
as power generation, home heating, offroad equipment, etc., will have a greater impact on
air quality than reducing vehicle emissions.

Motor vehicle emissions tests have been carried out in various countries using a variety
of equipment. They were performed under different atmospheric conditions and at the
same time on different test routes. Determination of the final values of exhaust emissions
also took place variously: some authors used the direct method (emission = mass/distance),
and others used the MAW (moving averaging window) method [31]. Examples of tests
of vehicles in real traffic conditions by various authors dealing with this topic using the
PEMS apparatus will be given below. At the same time, at the end of these considerations,
a tabular summary has been made with reference to the legal requirements of RDE testing
regulations.

Wang et al. [32] tested 39 vehicles (18—emission class China-5, 21—emission class
China-6, including 6 hybrid vehicles), mainly in terms of exhaust emissions depending on
the dynamic conditions of the tests (RPA and 95th percentile of the product of speed and
positive acceleration). Calculations were made using the MAW algorithm, and the confor-
mity factor results obtained for nitrogen oxide emissions and particle number (CF < 2.1)
demonstrate that the environmental requirements of the tested vehicles were met. A propor-
tional correlation was found between on-road NO, and PN emissions and relative positive
acceleration and the 95th percentile of the product of speed and positive acceleration.

Suarez-Bertoa et al. [33] tested 19 vehicles for emissions with different powertrains
(diesel, gasoline and compressed natural gas) on four test routes (Italy), and only two of
them were RDE-compliant. In conclusion, the authors found that diesel vehicles (Euro
6d-temp) showed significantly lower NOy emissions than earlier diesel vehicles (Euro 6)
in RDE-compliant tests and in some non-RDE compliant tests. It was noted that the
significantly higher emission values in dynamic tests (also for gasoline engines) indicate
that there is potential for reduction.

In the study by Prati et al. [34], the test object was a hybrid vehicle (with a gasoline
engine), in which exhaust emissions and electricity consumption were studied under real
traffic conditions (Italy). The tests were conducted for different degrees of battery charge
and with air conditioning on and off (five combinations, repeated twice). Two test routes
were used (RDE-compliant and urban route only). Only half of the tests during the test met
the requirements relating to the dynamic conditions of the test (95th percentile of speed
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per positive acceleration). It was found that depending on the degree of battery charge
(SOC = 15-80%), maximum differences in exhaust emissions and energy consumption
values ranging from 35% to 40% are obtained. Switching on air conditioning results in
increased fuel consumption in hybrid mode (by 28%).

Pignatta and Balazadeh [35] used six cars (Euro 4) on four test routes in their study
under real traffic conditions. However, it seems that the results obtained apply only to the
characteristics of the test routes selected by the authors. The routes of 2.2 and 6.9 km do
not allow for comparing the results of exhaust emissions, and at the same time, the authors
compared only the period of hot engine operation. The obtained results and their scatter
on different routes in the case of nitrogen oxide emissions was as much as 300%, and the
measurement accuracy was £30% of the obtained values.

A study by Sarkan et al. [36] confirms increased exhaust emissions in older vehicles
(Euro 4), while also indicating significantly higher NOy emissions when switching from
gasoline to LPG (liquefied petroleum gas) power systems. The results reported by the
authors show a more than three-fold increase in NOy emissions in the RDE test when
running on LPG. On-road emissions of other exhaust components were similar when
running on gasoline and LPG.

Valverde et al. [37] performed on-road emissions tests in real traffic conditions of
11 cars (gasoline, diesel) on 22 RDE-compliant routes and 41 non-RDE-compliant routes.
The NOy and PN road emission results obtained were similar to each other (with an error
of 10%) regardless of the type of drive and road test. However, considering only the cold
start of the engine highlights the large discrepancies: for the diesel engine, the particulate
number variation is a range of 2 x 10°-5 x 10! #/km, and the NOy variation range is
400-650 mg/km. For a gasoline-powered engine under an RDE test that takes into account
a cold start, the PN variability range is 5 x 10'2-10 x 10'2 #/km, and NOy is 20-80 mg/km.
The highest values are for the non-RDE-compliant tests; however, the authors do not
provide details of these tests.

Gebisa et al. [38], in a review article, identified the main factors that affect the inac-
curacy of developed tests in real traffic conditions. They analyzed data from dozens of
authors on emission tests in various laboratory and road tests. They found that the main
factors influencing the significant differences in emissions between the results in the WLTC
test and those obtained in real-world conditions were:

e characteristics of local research routes;
e small sample of research data collected from a small population of cars;
e  too little difference between the different phases of the research route.

In most cases, emission values in road tests exceeded those obtained on the chassis
dynamometer, and the main factors identified were:

low ambient temperature;

varied slope of the road;

similarity of phase contribution in the test;

diverse dynamic conditions;

using other computational algorithms (MAW, raw data);

measurement uncertainty of the instruments used (drift of the analyzer over time and
exhaust flow rate).

In the report “Real Driving Emission and Fuel Consumption”, Winther et al. [39]
describes vehicle emission tests performed between 2010 and 2019 on a group of several
hundred passenger cars (powered by different fuels). The studies were performed under
laboratory conditions in research tests, but also, comparatively, under actual traffic condi-
tions. The conclusion of the article is that the key is the correct choice of a research test that
reflects real driving behavior. The test route in real traffic conditions should be designed
to reflect the actual behavior of the vehicle. Emission tests conducted under real-world
conditions help ensure that vehicles are in line with target assumptions throughout the
range of operation.
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Giechaskiel et al. [25] points out that new cars in RDE tests meet emission require-
ments; however, under conditions that differ little from those required, they can emit
significantly more exhaust compounds. This is especially true for cold starts at low ambient
temperatures, especially in urban conditions. Lowering the outside temperature in a short
RDE test results in a 50% increase in NOy emissions, a two-fold increase in CO emissions,
and a ten-fold increase in NMHC (non-methane hydrocarbons) emissions. Ehrenberger
et al. [40] dealt with a similar topic by testing a hybrid-powered vehicle at different ambient
temperatures in RDE and WLTC tests. He found that on-road CO emissions at —7 °C were
two to three times higher in the WLTC test relative to 23 °C. NOy emissions at low ambient
temperatures are two times higher, and particle number emissions are about four times
higher. The results reported are for a vehicle with SOC = 100%, while for SOC = 0%, the
results were comparable (only for CO die they differ by five times). The authors indirectly
inferred the changes in exhaust emissions with respect to the RDE tests, since they adopted
the principle of comparison between WLTC tests (23 and —7 °C), assuming the similarity
of changes in the RDE tests, which were performed only at 23 °C.

Lujan et al. [41] used the RDE procedure to test engines on a dynamic engine dy-
namometer. They generated six RDE tests (with different vehicle-equivalent assumptions)
as required, which differed in dynamic conditions. The largest differences were observed
in nitrogen oxide emissions: 17% in the urban phase, 31% in the rural phase and 27% in the
motorway phase. The study shows that the differences for the single test facility used in
the research tests (which meet RDE requirements) can vary by several tens of percent.

Some researchers use the RDE procedure only to compare the emission results ob-
tained, without enforcing the acceptable dynamic conditions of such measurements. Such
a situation occurs in the case of multi-vehicle comparison, such as in NEDC tests and
on-road conditions with equal fuels. In the study by the team of Lejda et al. [42], there is
no reference to any RDE procedure, which is probably due to the testing of a vehicle with
an emission class of Euro 3. However, the conditions for the division of the test route are
included, and it is questionable that the test phases are not clearly separated into urban,
rural and motorway.

Suarez-Berota et al. [43] used the RDE procedure to analyze unregulated exhaust
pollutants such as NHj3, NoO and CHy. The test subjects were gasoline-, diesel- and
CNG-powered vehicles. Increased NHj3 emissions were shown especially from CNG
(62-66 mg/km) and gasoline (23—48 mg/km) vehicles; for a diesel vehicle, the value was
2-17 mg/km. N>O emissions were observed only in diesel vehicles and were 5-27 mg/km.

Future developments regarding RDE test execution procedures [28] can be summa-
rized as follows (using on the basis of a short literature review—Table 1):

introduction of limits for other pollutants (NH3, N,O, CHy, PN D < 23 nm) [43];

use of RDE route generators (locally), enabling greater discretization of vehicle operat-
ing conditions [44];

short urban driving limits [45];

reduced conformity factor for all compounds [46];

reducing the conformity factor for NOy to a value of 1.1 [22];

inclusion of the cold start phase of the engine in the emission limits [14,47];

the vehicle should be zero or near zero emissions in urban areas, and this should be
guaranteed via a combination of RDE and OBD [9];

e the ability to compare fuel and energy consumption for conventional, hybrid and
electric vehicles [48-50];

inclusion of the first engine start in the motorway phase for vehicles PHEV;
developing the RDE+ concept (a virtual tool combining environmental conditions, test
equipment and the ability to test a vehicle under dynamometer conditions) [44].



Energies 2022, 15, 8691 5o0f 21
Table 1. Characteristics of research routes used in the research of various authors.
References Vehicle Euro Class Test Distance(km) Time (min) Urban Rural Motorway
(km) (%) (km) (%) (km) (%)
Lejda et al. [42] gasoline, CNG Euro 3 Non-RDE 329 39.9 11 33.4 10.1 30.7 11.8 35.8
Sarkan et al. [36] gasoline, LPG Euro 4 RDE 69.4 95 21.5 31 26.5 38 21.4 31
Et“fl‘a[t;g] gasoline Euro 4 Urban 22 47 22
Du et al. [47] gasoline Euro 4 RDE 754 24.6 32.6 244 324 26.4 35
Akard et al. [51] gasoline Euro 4 Non-RDE 37.4-39.9
Ez‘rts[;‘;]‘md gasoline Euro 6 RDE 88.6 26.8 30.3 25.1 28.3 36.7 414
diesel Euro 5b RDE 71.9 105.6
Kadijk et al. [53] diesel Euro 6 RDE 70.3-75.2 96.6-108.1
diesel Euro 6b RDE 69.1-69.8 93.6-107.6
Yang et al. [17] gasoline, diesel Euro 6b Non-RDE 59.6 19.1 32 22.7 29.3 17.7 29.7
gasoline, diesel Euro 6b RDE 84.7 96 32.9 39 32 38 19.8 23
diesel Euro 6 RDE 85 42 31 27
. diesel Euro 6 City 40 90 10
V\t]mlﬂfgg] diesel Euro 6 Motorway 104 17 53 30
etak diesel, gasoline Euro 6 RDE 90 90-120
gasoline, hybrid Euro 6 RDE 96 101 34.5 35.5 30
gasoline, hybrid Euro 6 Non-RDE 38 41 35.7 34.2 30
Ztl(:jk?lvg]Skl hybrid Euro 6¢ RDE 70.3 91 29.7 425 17.7 249 229 326
Prati et al. [34] plug-in hybrid Euro 6 RDE 57.9-66.4 92.2-105.5 19.1-22.4 30.7-36.2 19.2-21.9 30.5-35.5 17.8-22.9 29.3-38.7
ratetal plug-in hybrid Euro 6 Urban 25.1-26.7 77.7-85.2 25.1-26.7 100
Sf;"l[r;f]ka gasoline Euro 6 RDE 79.2 109.6 342 19.5 255
Suarez-Bertoa gasoline, diesel 10 6P-Euro6d RDE 79-94 98-112 32-37 25-27 22-30
etal. [24] -temp
. Euro 6d
Giechaskiel gasoline _temp-Evap RDE 96-99 111-114 26.5-27.8 23.8-24.3
etal. [25] gasoline Euro 6d RDE short 50 60 128 25.6
-temp-Evap
gasoline Euro 6d RDE 100 118 38.5 38.5
-temp-Evap
Suarez-Berota gasoline, diesel, Euro 6-Euro 6d RDE 79-104 94114 31-41 2599 2334

etal. [42]

CNG

-temp
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Table 1. Cont.
Urb Rural Mot
References Vehicle Euro Class Test Distance(km) Time (min) han ura otorway
(km) (%) (km) (%) (km) (%)
gasoline, diesel,  Euro 6-Euro 6d RDE 79-94 98-112 32-37 33-40 25-27 29-32 22-30 28-32
CNG -temp
Suarez-Bertoa asoline, diesel Euro 6-Euro 6d
etal. [33] & ¢ ! Non-RDE 79-94 94-104 31-34 36-39 25-28 27-32 23-32 29-34
CNG -temp
gasoline, diesel, Euro 6-Euro 6d
CNG _temp Motorway 139 136 44 32 18 13 80 58
gasoline, diesel, Euro 6-Euro 6d .
ONG temp Hill 61 106 61 100
RDE
Lujan et al. [40] diesel Euro 6 (engine test 90.9-94.9 21.6-25.9 32.9-36.4 22.3-27.9 33.9-39.2 17.4-20.5 39.2-37.0
bench)
diesel Euro 6d-ISC RDE 91.1 103 355 39 29.1 32 26.5 29
Selleri et al. [55] diesel Euro 6d-1SC Motorway 187.7 117 15.0 8 18.1 9.6 154.6 82.4
diesel Euro 6d-ISC City 129.2 116 33.9 26.2 12.5 9.6 82.9 64.2
Soo Yu et al. [56] diesel Euro 6d -temp RDE 73.9 103.1 26.5 36.0 19.7 26.8 27.4 37.2
Piclech gasoline Euro 6d -temp RDE 99.7-100.2 101.7-105.3 32.1-35.4 32.0-34.8 31.9-34.6 32.0-34.6 33.1-33.3 32.5-33.4
tealec[Sg] hybrid Euro 6d -temp RDE 96.6-97.4 101.3-109.2  31.2-339  323-349  30.8-32.1  31.6-332  323-344  33.3-353
etak electric Euro 6d -temp RDE 96.1-98.5 103.3-106 32.4-34.5 33.7-35.0 31.2-314 31.7-32.7 32.2-32.8 33.3-33.6
?ggﬁj&%l plug-in hybrid ~ Euro 6d -temp RDE 919974  1045-107.8  322-337  331-367  256-316  27.5-327  320-344  33.2-358
Wang et al. [57] gasoline, hybrid China-6 RDE 76.6 95.4-115 23.9-24.9 24.0-24.6 27.1-28.7
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3. Purpose of Article

A consistent feature of the literature review presented is the finding that the latest
Euro 6d-temp vehicles meet the emission requirements of the Real Driving Environment
(RDE-Compliant) tests. The situation is different in the case of tests that do not meet the
requirements of RDE, that is, those in which the impact of extreme dynamic conditions
or detailed tests on, for example, the impact of terrain topography were studied. Under
such test conditions, mainly nitrogen oxide emissions are exceeded several times. This fact
applies to diesel-powered vehicles, but also to gasoline-powered ones.

However, there is a lack of comparisons of test routes, where RDE tests would be carried
out according to the requirements of the standard, but also one that would give an answer
to the question: whether the future requirements for shortening the length of test routes (or
choosing scalable tests) provide emission information similar to that obtained today.

Meeting the requirements for RDE tests, in particular their duration, primarily results in
individual test phase lengths of about 30 km. It is not practically possible for the RDE test
phases to be 16 km each while also meeting the average driving speeds and driving dynamics.

The main research objective set in the article was to determine whether changing
the length of the tests significantly alters emissions. Another research question was to
determine the effect of the cold start phase on exhaust emissions in different RDE tests.

4. Research Methodology
4.1. Research Routes

The main scientific objective of the article is to evaluate the exhaust emissions of road
tests that meet (or partially meet) the criteria of RDE tests and differ primarily in test length
(and duration). In order to fulfill the stated purpose of the article, exhaust emissions were
compared in three different test routes:

RDE compliant (as RDE-Compliant);
Non-RDE compliant, length 16 km (as RDE 16 km);
Non-RDE compliant, length 8 km (as RDE 8 km)

which mainly differed in their total length and duration.

Road tests were carried out in and around Poznan (Poland); a common feature of the
research tests was their consistent division into three parts: urban, rural and motorway,
which had similar weight shares. Other parameters regarding speed ranges and dynamic
conditions, among others, remained unchanged. The basic characteristics of the research
tests are shown in Table 2.

Table 2. Main characteristics of the cycles and routes (bold changes from the RDE-Compliant test).

Requirements RDE-Compliant RDE 16 km RDE 8 km

Distance

Urban >16 km (30 £ 5 km) ! 16 & 3 km 8 £2km

Rural >16 km (30 £ 5 km) ! 16 4= 3 km 8 £2km

Motorway >16 km (30 + 5 km) ! 16 4 3 km 8 +£2km
Trip composition

Urban 29-44% 29-44% 29-44%

Rural 23-43% 23-43% 23-43%

Motorway 23-43% 23-43% 23-43%
Average urban speed 1540 km/h 15-40 km/h 15-40 km/h
Stop (urban driving time) 6-30% 6-30% 6-30%
Dynamics

. 95th percentile of the multiplication of the instant speed and
95th percentile v-a. o\ . . . .
positive acceleration signals as defined in [11]

Relative positive
acceleration (RPA)

Total trip duration 90-120 min 60-90 min 30-60 min

Relates to the relative positive acceleration as defined in [11]

! Values most frequently observed.
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The selected test routes were chosen to meet the requirements of the RDE regulations,
but they varied in length (and therefore in duration). Variation in the length of the tests did
not affect the proportion of each phase (urban, rural, motorway): the average values were
(Figure 1):
e the share of the urban phase varied by 33-36%;
e the share of the rural phase varied by 29-34%;
e the share of the motorway phase varied by 32-35%.

150
120 RDE-Compilant
% 90 i
= 60 |
> )
30
0
0 1800 3600 5400 7200
t[s]
150
RDE 16 km
120
= a0
Ew
>
a0
0
] 1800 3600 5400 7200
t[s]
150
kD
120
< ap
£
= B
>
30
0

0 1800 3600 5400 7200
t[s]

Figure 1. Velocity profile for each research test: RDE-Compliant, RDE 16 km and RDE 8 km, along
with the percentages of each part in the entire test; U—Urban, R—Rural, M—Motorway.

The selected tests met the requirements of the RDE test procedure. The tests were
carried out on working days in the forenoon. The ambient temperature was 23-25 °C, and
the relative humidity was in the range of 47-55%.

A comparison of the tests (RDE-Compliant, RDE 16 km, RDE 8 km) as a function of
time-dependent V = f(t) indicates differences, the largest of which is test duration (Figure 1).
However, a comparison of the tests as a function of V = {(S/Smax) indicates that the road
tests performed are significantly similar and consistent (Figure 2). This property makes it
possible to compare road tests in terms of relative length, and the results obtained will be
representative of individual road tests.

All road tests (as well as exhaust emissions measurements) were repeated three times,
and the values presented in the graphs (unless a range of variation in the data or deviation
of the results from the average is given) are representative of a given test (e.g., driving speed
profile). Exhaust emissions calculations were performed according to the MAW (moving
average windows) procedure, and the test results are presented as on-road emissions of
specific exhaust compounds. The only inconsistent parameter across all tests was the
number of measurement windows, which for the 8 km tests (RDE 8 km) did not comply
with the standard for RDE tests (insufficient number of measurement windows).
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140

— RDE-Compliant — RDE 16 km — RDE 8 km
120

100
60

40

V [km/h]
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|
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Figure 2. Relative length (related to total length) of tests: RDE-Compliant (green line), RDE 16 km
(blue line) and RDE 8 km (red line).

4.2. Research Object

The research object was a full-hybrid vehicle. The choice of the vehicle was dictated
by the very high popularity and the largest (40%) share of sales of this type of vehicle in
Poland, as well as in the world. A vehicle was selected for testing, the characteristics of
which are given in Table 3. Before the test, the vehicle was conditioned for a period of 24
h, and the test was performed by the same driver. The fuel used for testing was standard
palium with 5% ethanol added. A cold start was performed for a coolant temperature of 23
°C, and hot start for a coolant temperature of 80-90 °C.

Table 3. Technical parameters of the tested vehicles.

Technical Parameters Hybrid Vehicle
Model year 2021
Engine Gasoline, Line 4, 16V
Engine displacement 25L
Aftertreatment system three-way catalyst
130 kW (combustion engine) + 30 kW (electric

Maximum power .
engine)

220 Nm/3600-5200 rpm (combustion engine)

Maximum torque + 30 Nm (electric engine)

Transmission automatic
Curb weight 1590 kg
Average CO, emissions 132 g/km (WLTC)
Euro standard Euro 6d-temp
Mileage 36,000 km
Battery 11 kWh

4.3. Research Equipment

The Semtech mobile measurement system from Sensors Inc. was used to test emissions
of exhaust compounds. The system makes it possible to measure the concentration of basic
exhaust compounds in exhaust gases, and together with the use of an exhaust gas flow
meter, it allows for the determination of their emission intensity values. The system
meets the requirements of the standard for testing in real traffic conditions. The number
of particulates was determined using a TSI mass spectrometer. The device allowed the
number of particulates to be determined while maintaining exhaust gas conditioning. The
distance traveled was recorded due to the vehicle’s diagnostic system, and measurements
of the external conditions (temperature, pressure and humidity) made it possible to correct
the nitrogen oxide emission levels. Before each measurement, the system was calibrated
with reference gases and zeroed with ambient air. The weight of the test system, consisting
of a mobile exhaust gas analyzer and a particle number measurement system together with
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95. centyl V-a, [m?/s3]

35
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25

a power generator, was 75 kg. Detailed technical parameters and measurement accuracies
have been shown in Table 4.

Table 4. Technical parameters of the measurement equipment (SEMTECH DS).

Description Measurement Ranee Accuracy of the
P Method 8 Measurement Range

CcoO NDIR 0-10% +3%

THC FID 0-10,000 ppm +£2.5%

NO: 0-2500 ppm o

NOx (NO + NOyp) NDUV NO,: 0-500 ppm +3%

CO, NDIR 0-20% +£3%

O, Chemical analyzer 0-22% +1%
Frequency - 14 Hz -

Exhaust flow Mass flow rate 0-500 kg/h +1%

5. Results and Discussion
5.1. Assessment of Dynamic Conditions

In order to be able to compare exhaust emissions in the tests performed, it is most
important to verify them in terms of meeting RDE requirements and meeting driving
dynamics criteria. The length of the tests and their duration did not comply with the
regulations (which was the intention of the authors), but the other static parameters were
within the ranges of compliance. This mainly refers to the speed ranges in the different
parts of the tests, the proportion of the different phases, and their composition. Detailed
results of the test comparison and their compliance with the requirements are presented in
Appendix A (Table Al).

If, on the other hand, dynamic conditions are considered, two parameters are shown
in the subanalysis: 95th percentile of the product of velocity and positive acceleration
(Figure 3a) and relative positive acceleration (Figure 3b). These figures show the obtained
average values in the considered measurement tests, and the dashed line indicates the
variation of these values for all the performed data. The values of the 95th percentile of the
product of velocity and positive acceleration were (Figure 3a):

e for the urban part: 10.5 £ 2.5 m?2/s3;

e  for the rural part: 13 £+ 4 m?2/s3;
e for the motorway part: 13 + 2 m?/s>.
e  atdifferent values of average speed in a given phase.
0.24
Urban Rural Motorway Urban Rural Motorway
020 |—2-32kmh_%
l © B RDE-Compliant
o~ 0.16 =1 W RDE 16 km
2 s m RDE 8 km
65-75kmh % E 012 .
g ] E 98-110 km/h < 65-75 km/h E
e EPE g gl e %
~ f L i i =) £
lh == 0.08 N & 9-110kmh 8
B RDE-Compliant S 1
m RDE 16 km | 0.04 - S
| ‘RDE 8 km 0.00
50 100 150 0 50 100 150
V [km/h] V [km/h]
(a) (b)

Figure 3. Dynamic conditions (mean values) in each test: RDE-Compliant, RDE 16 km and RDE
8 km: (a) 95th percentile of the product of velocity and positive acceleration; (b) relative positive
acceleration. Dashed lines indicate the range of variation in speed and dynamic indices for all test
repetitions performed.
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The values of the relative positive acceleration in the tests considered were (Figure 3b):

e for the urban part: 0.17 & 0.1 m/s?%;
e for the rural part: 0.08 = 0.2 m/s%;
e for the motorway part: 0.045 & 0.015 m/s?.

All the values obtained are within the permissible limits of variability: the values
of the 95th percentile of the product of speed and positive acceleration are less than the
maximum permissible values for each speed range (Figure 3a), while at the same time,
all the recorded values of relative positive acceleration are greater than the permissible
minimum. This means that the road tests carried out meet the requirements for dynamic
conditions, which allow them to be evaluated against each other in terms of emissions.

5.2. Comparison of Exhaust Emissions

To determine the road emissions of individual exhaust compounds according to the
MAW procedure, knowledge of the road emissions of carbon dioxide in the WLTC test
is required. For the test vehicle, the values of road CO, emissions in the different phases
of the WLTC test were 158, 118, 97, and 125 g/km, in the 1st, 2nd, 3rd, and 4th phases of
the homolog test, respectively (highlighted in red in Figure 4). As can be seen from the
represented graphs of CO; values in the measurement windows, 92% of measurement
windows (5010 out of 5464 windows) determined in the RDE-Compliant test are within
the permissible limit, in which the weight share of the CO, value window is 1. For the
RDE 16 km test, the number of measurement windows was smaller (3386 short test time)
and the share of measurement windows that are within the permissible limits was 96%
(3248 out of 3386 windows). In the RDE 8 km test, the number of measurement windows
within the tolerances was 1326 out of 1462 total windows, or 91%. The proportion of normal
windows in each part of the tests performed was as follows (a proportion greater than 50%
is required):

e  for the test RDE-Compliant: 100% (Urban), 74.0% (Rural) and 100% (Motorway);
for the test RDE 16 km: 100% (Urban), 85.4% (Rural) and 100% (Motorway);
e for the test RDE 8 km: 100% (Urban), 93.2% (Rural) and 64.3% (Motorway).

300

Non-RDE 16

250 >

200 5 =

150 \\ BN ;w |~
Y <

100 >3 e

MAW CO, [g/km]

50

0 25 50 75 100 125 150 O 25 50 75 100 125 150 O 25 50 75 100 125 150
V,g [km/h] V,q [km/h] Vg [km/h]

(a) (b) (c)

Figure 4. CO; road emission values in the measurement windows against the values in the different
parts of the WLTC test (solid red dots) and acceptable tolerances (green dashed line): (a) RDE-
Compliant; (b) RDE 16 km; (c) RDE 8 km.

Comparing the obtained values of road CO, emissions raises the question of the
adequacy of individual measurements in relation to the averaged values from all tests
of such measurement. Such a comparison shows the best correlation of the averaged
CO, emission values (R? = 0.67) with the values obtained in the shortest road test RDE
8 km (Figure 5). The comparison of CO; road emission values in the RDE 16 km test
compared with the average values is characterized by a lower correlation coefficient of
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0.62. The lowest correlation values (0.52) were obtained comparing the RDE-Compliant
test with the average values. The rationale for this is that averaging a longer test (RDE-
Compliant) with a test with a small number of data (RDE 8 km test) will always give a
higher probability of obtaining similar results compared to a shorter test. The presented
characteristic property of the compared research tests proves that the RDE 8 km test route
was correctly chosen, the characteristics of which coincide with the CO, correct test. What
is noticeable, however, is the density of measurement points (road CO, emissions) in the
intervals of the CO, = f(CO; avg) relationship of (120-140 g/km; 110-120 g/km), which
results in a greater slope of the simple regression for the RDE 8 km test. This is a result of
the short test distance and the smaller number of recorded measurement windows.

190
R?=0.6725
180
170
® ...
160 R?=0.6209

2 =
150 R?=0.521

140
130

O, [g/km]

@ RDE-Compliant ]

120 ® RDE 16 km M
110 @ RDE 8 km H
100

100 120 140 160 180 200

coZ avg [g/km]

Figure 5. Comparison of road CO, emissions in each road test (RDE-Compliant, RDE 16 km and
RDE 8 km) according to the road emissions averaged from all tests CO5.

6. Results and Discussion

The obtained values of road emissions of individual exhaust compounds, determined
in the form of the relationship EE = {(S), where EE (exhaust emission) = (CO,, CO, NOy,
PN), depended on the thermal state of the engine at the beginning of the test. Tests were
performed for two options: cold and hot engine start (Figure 6).

Considering the road emissions of carbon dioxide as a function of the distance traveled
CO; = {(S), the similar nature of its variability for all the tests performed should be noted.
CO; road emissions from a cold start after 10 km of distance traveled decreased from a
value of 600 g/km to a value of about 200 g/km. For a hot start, the values were about 10%
lower compared to a cold start (170-180 g/km). The final values of on-road CO, emissions
were the smallest for the RDE-Compliant test and the largest for the RDE 8 km test. The
relative difference between the emission values for cold and hot start was also determined
for each test. This is characterized by a value of about 80% after the first 10 km and 40%
after 20 km. This is tantamount to increased fuel consumption after a cold start, which on
short distances (up to 10 km) of city driving can be twice the fuel consumption for a hot
start. For RDE-Compliant (Figure 6a) and RDE 16 km (Figure 6b) tests, the value of the
relative difference decreased, reaching values of 10-15% at the end of the test. Therefore, the
short RDE tests (Figure 6c) would be more reliable and the CO; emission values (indirectly
fuel consumption) would be close to those of the users.
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Figure 6. Comparison of on-road emissions by test road: (a) RDE-Compliant, (b) RDE 16 km, (c) RDE
8 km.

In the case of on-road CO emissions for the various research tests, the nature of
the changes was similar to those recorded for CO, emissions. The significant difference,
however, was in the values of these emissions representing 1/1000th of the value of CO,
emissions. The values of road emissions decreased the fastest over a distance of 10 km and
were (for cold and hot starts, respectively): 200 and 100 mg/km (in the RDE-Compliant test,
Figure 6a), 210 and 130 mg/km (in the RDE 16 km test, Figure 6b), and 200 and 100 mg/km
(in the RDE 8 km test, Figure 6¢). At the end of each test, the on-road CO values were close
to each other at around 100 mg/km. The final CO emission values for the test starting with
a cold start were higher than for the test starting with a hot start. The relative difference in
CO for cold and hot start after the first 10 km was: about 100% for the RDE-Compliant test,
about 90% for the RDE 16 km test and 85% for the RDE 8 km test. After another 10 km, CO
decreased to 60% regardless of the test performed. The final CO value was highest for the
RDE 8 km short test at more than 40%, and for the RDE-Compliant and RDE 16 km tests, it
was about 20%.

A different character of changes in on-road emissions was observed when measuring
nitrogen oxides. In this case, the value of NOy = f(S) emissions in the RDE-Compliant test
(Figure 6a) just after the start of the test reached a maximum value (amounting to about 6
mg/km), and then decreased and remained fairly stable over a period of several kilometers
(about 2 mg/km). After the start of the off-road phase, road emissions of nitrogen oxides
increased at a rate of 1 mg/km for every 10 km of road traveled. This trend also continued
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during motorway driving. The relative difference for hot start and cold start NOy post-
measurements was 20% up to 40 km of road, and then disappeared. For the RDE 16 km
test (Figure 6b), on-road NOx emissions decreased for the first 2-3 km and then increased
to values of 4-5 mg/km after the urban phase (0-18 km). In the rural phase (18-35 km),
nitrogen oxide emissions stabilized at 5.5 mg/km, and this result also persisted in the
motorway phase. The relative difference for these measurements was several percent in the
urban phase and disappeared in the rural and motorway phases. The largest changes in
on-road NOy emissions were observed in the RDE 8 km test (Figure 6¢), in which in the
urban phase (0-8 km), the initial on-road emissions were small probably due to the use
of the hybrid vehicle’s electric motor (thanks to favorable conditions). On the other hand,
after about 3 km, NOx on-road emissions rose sharply to a value of about 6 mg/km and
then remained in the range of 4-5 mg/km (regardless of the thermal state of the internal
combustion engine). In the off-road phase, road emissions increased to 6 mg/km, and
this result was maintained until the end of the test. The relative difference in emissions
for hot and cold start for this test was about 30-40% in the urban phase, about 20% in the
rural phase and less than 10% in the motorway phase. In the tests conducted, the on-road
emissions of nitrogen oxides from hot start were for the most part greater than those from
cold start.

The nature of the changes in the number of particulates was most similar to the
changes in road emissions of carbon monoxide, which is due to the basic laws of for-
mation of these compounds (from local oxygen deficiency in the engine cylinder). Re-
gardless of the test performed, an increase in the number of particulates to a value of
1.5-2.0 x 102 #/km (during cold start) was observed immediately after start-up, followed
by a decrease in the number of particulates to a value of 1.0 x 10'2 #/km after about
5 km. After another 10 km of testing, the values stabilized at around 5.0 x 10! #/km. The
difference between the particle number emission values for cold and hot start was largest
for the short test (RDE 8 km, Figure 6¢) and smallest for the RDE-Compliant test (Figure 6a).

The final values of the emissions of individual exhaust compounds for all tests are
shown in Figure 7. The standard deviation values for each test by cold and hot start of the
engine are also given. As can be seen from the data presented, performing tests from a
cold start results in higher emissions of all exhaust compounds, especially for short tests
(RDE 8 km). The increase in emission values for the test started from a cold start is mainly
due to the fact that the thermal steady state of the engine was not achieved during the
urban phase. The distance of the RDE 8 km test is practically contained in the length of the
urban phase of the RDE-Compliant test. A disadvantageous feature is the burdening of the
result with a larger standard deviation, resulting from the smaller number of measurement
windows.
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Figure 7. Road emission values (including standard deviation) for cold and hot start for tests
RDE-Compliant, RDE 16 km and RDE 8 km.

The data presented above should be considered additionally in the different parts of
the road test in the urban, rural and motorway phases. The greatest differences in values
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between the RDE-Compliant, RDE 16 km and RDE 8 km tests become apparent when the
test begins with a cold start of the engine (Figure 8).
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Figure 8. Road emissions (average values) of pollutants for cold and hot start in the urban, rural and
motorway parts of the RDE-Compliant, RDE 16 km and RDE 8 km tests.

In the urban phase, the largest changes in on-road emissions were observed for carbon
dioxide (180 and 150 g/km) and carbon monoxide (140 and 90 mg/km) for the RDE 8 km
and RDE-Compliant tests, respectively. In the rural phase, differences in road emissions
of carbon dioxide were smaller (165 and 130 g/km), while differences in road emissions
of carbon monoxide became apparent (100 and 55 mg/km). In the motorway phase—due
to the thermal stabilization of exhaust aftertreatment systems—significant differences in
carbon monoxide road emissions occurred for both hot start (115 and 45 mg/km) and cold
start (140 and 55 mg/km) tests. Generalizing the data obtained, it can be concluded that
performing short road tests results in increased road emissions of all components regardless
of the thermal conditions under which the engine start-up for such a test takes place.

When considering the relative difference in exhaust emissions in the RDE 16 km and
RDE 8 km tests compared to the RDE-Compliant test, the equation was used:

(RDE-Compliant — RDE X km)/RDE-Compliant x 100% 1

where RDE X km denotes the road emission of a given exhaust compound in the RDE
16 km or RDE 8 km test.
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According to Equation (1), a comparison was made for all the exhaust compounds,
and the results are presented in Figure 9. It shows that for the hot start test, the largest
relative differences (emission increases) between the RDE-Compliant test and the other
tests are for the road emissions of nitrogen oxides (by 12% for RDE 8 km), carbon monoxide
(by 7.9% for RDE 8 km) and particulate matter (by 7.9% for RDE 16 km and by 5% for RDE
8 km). Considering the tests starting with a cold start of the engine, the emission results
of the RDE 8 km short road test are characterized by higher values of: carbon dioxide by
18.8%, carbon monoxide by 37%, nitrogen oxides by 8.7%, particle number emissions by
16.4% compared to the RDE-Compliant test.

x 40 370
x = RDE 16 km
£ 30 = RDE 8 km
£
-
x
3 2 18.8 —
! 12.0 13.1
a 10
x
z 20,
S ol mm”

co, | co | nNo, PN co, co NO, PN

Hot start Cold start

Figure 9. Relative difference of emission values (average values) for cold and hot start during RDE
16 km and RDE 8 km tests compared to RDE-Compliant test (RDE X km stands for RDE 16 km or
RDE 8 km test).

All the analyses presented on emissions in road tests cannot be analyzed in isolation
from the nature of the test object, which was a full hybrid car. The operating charac-
teristics of the vehicle do not allow for a choice of propulsion options (internal combus-
tion/hybrid/electric) but are only based on the strategy of using the electric motor to assist
or partially replace the internal combustion engine. In the system used, reducing emissions
(reducing fuel consumption) can only be achieved by applying ecodriving principles. How-
ever, the performance of road tests by a single driver and the possibility of maintaining
the requirements of the dynamic criteria of the RDE tests precluded this possibility. The
proportion of internal combustion engine and electric engine work was the result of the
engine control strategy only. As Figure 10 shows, the highest share of electric engine
operation occurred for the urban phase during tests starting from a hot start and was 44%,
48% and 52% for RDE-Compliant, RDE 16 km and RDE 8 km tests, respectively. For tests
starting from a cold start, the share of electric engine operation in the urban phase was
a few percent lower. The situation was also similar in the rural phase, where the use of
the electric motor decreased to a range of 17-23% (hot start) and 16-17% for cold start.
The motorway phase was characterized by very low use of the electric motor, which is
mainly due to high driving speeds and a small share of engine braking. In contrast, it is
characteristic, regardless of the test phase and hot or cold start, that the longer the distance
of the driving phase, the shorter the share of electric motor operation. In the RDE 8 km test,
the electric motor was used on average 10% more than during the RDE-Compliant long
test (48% versus 36%; urban part, cold start).
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Figure 10. Share of electric/combustion engine operation in each part of RDE-Compliant, RDE 16 km
and RDE 8 km tests for cold and hot startup.

7. Conclusions

The research results presented here concern the comparison of exhaust emissions from
full hybrid vehicles in road tests that comply with current requirements (RDE-Compliant)
and future requirements (RDE 16 km and RDE 8 km). The authors proposed two tests (that
can be used in the future) that meet the reported demands for shortening road tests. These
tests are largely based on the principles set forth in the RDE regulations (driving speeds,
test composition, division of phases, participation), and the differences are mainly due to
the characteristics of these tests (length, duration).

The results of the comparison indicate that the use of short road tests (with a length of
each phase of about 8 km) to assess exhaust emissions affect less thermal stabilization of the
internal combustion engine and exhaust aftertreatment system. This results in increased
road emissions of all exhaust components: carbon dioxide (by 19%), carbon monoxide (by
37%), nitrogen oxides (by 9%) and particulate matter (by 16%). At the same time, emissions
of exhaust compounds in all phases of the road test are increased, which has a positive
effect on the accuracy of measurements, given the very small concentration values recorded
by analyzers.

The influence of the cold start on the exhaust emission values in the same tests is
significant for carbon monoxide and particle number, especially in the urban phase. Under
these conditions, a two-fold increase in the emissions of the compounds in question was
observed.

The next stage of the work should be the study of other groups of conventional and
plug-in hybrid vehicles. It would also be necessary to solve the problem of the state of
charge (SOC) of such vehicles. Such vehicles starting a road test with fully charged batteries
could not use the combustion engine in any phase of such a test.
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Abbreviations

a acceleration vehicle

CF conformity factor

CNG compressed natural gas

EE exhaust emission

HEV hybrid electric vehicle

ICE internal combustion engines

JRC Joint Research Centre

LPG liquefied petroleum gas

M motorway

MAW moving average window

NEDC  New European Driving Cycle

NMHC non-methane hydrocarbons

OBD on-board diagnostic

PEMS  portable emission measurement system
PHEV  plug-in hybrid electric vehicle

PN particle number

R rural

RDE real driving emissions

RPA relative positive acceleration

S distance

S0C state of charge

t time

TCMV  Technical Committee on Motor Vehicles
u share

U urban

\% vehicle speed

WHO World Health Organization

WLTC  Worldwide harmonized Light-duty vehicles Test Cycle
WLTP Worldwide harmonized Light-duty vehicles Test Procedure
Appendix A

Table A1l. Detailed data on RDE-Compliant, RDE 16 km and RDE 8 km tests (average values from 3

repetitions).
Parameter RDE Requirements RDE-Compliant RDE 16 km RDE 8 km
Distance
Urban >16 km 31.95 km 17.70 km 8.90 km
Rural >16 km 26.49 km 18.08 km 8.92 km
Motorway >16 km 31.15 km 18.34 km 8.36 km
Trip composition
Urban 29-44% 35.66% 32.71% 34.02%
Rural 23-43% 29.57% 33.41% 34.06%
Motorway 23-43% 34.77% 33.89% 31.95%
Average urban speed 15-40 km/h 26.00 km/h 24.53 km/h 25.73 km/h
Average rural speed 74.39 km/h 73.28 km/h 69.51 km/h
Average motorway speed 107.82 km/h 101.4 km/h 103.73 km/h
Average test speed 47.81 km/h 4710 km/h 4717 km/h
Stop (urban driving time) 6-30% 21.99% 18.79% 20.48%
Dynamics
95th percentile v-a,
Urban 9.83 m?/s° 9.08 m?/s? 10.32 m?/s®
Rural 10.89 m? /s> 14.54 m? /s> 11.87 m? /s>
Motorway 1332 m?/s® 13.29 m?/s® 12.58 m?/s®
Relative positive acceleration
Urban 0.17 m/s? 0.18 m/s? 0.18 m/s?
Rural 0.07 m/s? 0.09 m/s? 0.08 m/s?
Motorway 0.04 m/s? 0.05 m/s? 0.05 m/s?
Total trip duration 90-120 min 112.43 min 68.93 min 33.27 min
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