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Abstract: The article is an attempt to perform an ecological assessment of passenger cars with various
types of engines in road emission tests. The main research problem and, at the same time, the goal
was to develop a method for determining the exhaust emissions from motor vehicles in real traffic
conditions based on results obtained in homologation tests. The tests were carried out on vehicles
equipped with gasoline, diesel, and hybrid engines, and the obtained results were analyzed. All
of the selected vehicles were of the same class—passenger cars, with a similar curb weight, similar
maximum engine power, and in the same emission class (Euro 6d). The authors compared the
dynamic parameters of vehicle motion in established emission tests: Worldwide harmonized Light
vehicles Test Cycles and Real Driving Emissions. Four procedures were used to analyze and compare
the operating conditions of the vehicles in the WLTC and RDE tests, differing in how the phases in the
tests were divided as well as having a different methodology for determining the road emissions in
the tests. The procedures were as follows: WLTC (where the test was divided and the determination
of the road emission of exhaust gases was carried out according to the standard WLTP procedure),
RDE (the road test was divided into sections and the exhaust emission was determined according
to the standard RDE procedure), WLTC1+2 (the test was divided into phases: 1 + 2, 3, and 4; a
combination of phases 1 and 2 corresponding to the urban section of the RDE test), WLTCRDE (where
drive phases were divided and emissions determined in the same way as in the RDE procedure,
which assumes the division of the test into sections based on vehicle speed). The implementation of
the research task in the form of an algorithm procedure when comparing the dynamic parameters of
the movement in the WLTC and RDE tests is the leading goal presented in this article. The division
of the WLTC test into sections (urban, rural, and motorway) according to the RDE procedure and
also the calculation of the total emissions in the test according to this procedure resulted in obtaining
similar road emission values in the test.

Keywords: exhaust emissions; real driving emissions; WLTC; gasoline; diesel; hybrid

1. Introduction

The rapid acceleration of urbanization is noticeable all over the world. Such inten-
sification of economic development can be determined using the metric of mobility, i.e.,
freedom in the movement of people and transport of goods. Of all modes of transport, road
transport gives the greatest sense of flexibility and independence. However, this form of
transport is also burdened with many disadvantages. The main one is the structure of the
automotive market, which mainly consists of vehicles powered by internal combustion
engines. This is associated with excessive exhaust emissions and, consequently, a negative
impact on air quality, which in turn leads to increased risks not only to the environment,
but also to human health.

According to data from the European Environment Agency (EEA) [1], the transport
sector is responsible for approximately 25% of the total greenhouse gas emissions in the
European Union. Moreover, about 70% of this value comes from road transport [2]. Data
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recorded in 2020 shows that in the case of road and non-road transport, it is necessary to
intensify actions aimed at reducing the emissions of nitrogen oxides, carbon monoxide and
particulate matter (PM10 and PM2.5). Undoubtedly, reducing the excessive emissions of
these pollutants poses another challenge in the pursuit of climate neutrality.

In order to reduce the negative impact of the transport sector on the environment,
legislators have been introducing increasingly restrictive regulations for nearly 30 years.
One of the most important legislative changes was regulating the methods of monitoring
and controlling exhaust emissions from vehicles. As a result, two measurement tests have
been used in Europe since 2019: laboratory (on a chassis dynamometer) and road tests (in
real operating conditions). According to the legislative intent, these tests are to complement
each other, thanks to which the result of exhaust emissions is to be more reliable.

2. Research Problem

The article authors approached the issues regarding the measurement procedures for
distance-specific emission (further referred to as road emission) tests (WLTC and RDE)
for passenger cars with various powertrains. The existing legal provisions, research, and
results published in the literature and in the official documents and interpretations of
the European Commission focus mainly on the analysis of emission tests as separate and
independent procedures. However, correlating these procedures may reduce the number of
tests performed. This could be possible by using the results obtained in the laboratory test to
estimate the results that would be obtained in the road test. The main goal of the article is to
create and propose a new research tool based on the results of the analysis of the ecological
parameters of vehicles according to the applicable procedures for measuring exhaust
emissions. The goal of the article is in line with the current trend of seeking pro-ecological
solutions to reduce air pollution by improving and unifying procedures for monitoring and
controlling exhaust emissions from road transport. This approach should make it possible
to reduce the number of tests that need to be performed, which would directly reduce
the time and costs of testing vehicles. The first stage (chassis dynamometer, WLTC tests)
concerned the measurement of the driving parameters of three vehicles (gasoline, diesel,
hybrid). In the second stage (the RDE tests), the driving parameters of vehicles in real
driving conditions were determined. In the third stage, the static and dynamic conditions
of motion in different configurations were compared.

3. Literature Review

The implementation of these changes has visibly accelerated with the introduction of
the Euro 6 standard and its components (6c, 6d-temp, 6d). This was also the time when the
most notable modifications were made to the measurement method, i.e., tests for measuring
exhaust emissions. Not only has the NEDC laboratory test been changed (to WLTC), but a
new emission test has also been introduced which is carried out in real driving conditions
(RDE). The above activities were the result of many years of research on the reliability of
the emission results obtained using the older test methods, but they also hinged on the
fast development of exhaust aftertreatment technologies used in motor vehicles. Thanks to
them, it was possible to introduce increasingly restrictive limits. The most important events
in recent years include the Paris Agreement (December 2015). It was the first legally binding
climate agreement [3]. In line with its provisions, the European Commission committed
to presenting its long-term emissions reduction strategy and updating its climate plans
before the end of 2020, which lead to committing to reduce emissions by 55% by 2030
(compared to 1990 levels). Regulation EU 2019/631 of the European Parliament and of the
Council [4] also sets a new level of CO2 emissions of up to 95 g/km for the entire European
Union vehicle fleet. To achieve this task, the transformation of the entire transport sector
towards zero emissions had to be accelerated. This means that by 2030, it will be necessary
to significantly increase the share of zero- and low-emission vehicles in the automotive
market. This regulation also defines the role of the European Union in the automotive
market. It was noted that competition was increasing and for the European Union countries
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to maintain their position, it was necessary to transform the automotive sector. Such a
task can be accomplished, among others, by incorporating new technologies in the field
of electric drive mechanisms and the mobility of collaborative, connected and automated
vehicles [4]. Lawmakers expect that incentives for the automotive industry to invest in
new technologies will also contribute to achieving this goal. The effects that the specified
actions had will be assessed in 2024.

The WLTC test is part of the WLTP procedure. It is performed under laboratory
conditions using a chassis dynamometer, with varying test requirements depending on
the vehicle type. The article discusses only one type—class 3b vehicles, i.e., those with a
vehicle power to weight ratio in the ready-to-drive condition of >34 W/kg and capable
of moving at a maximum speed equal to or greater than 120 km/h. The division of test
values into individual test phases (low, medium, high and very high) was as specified in
Regulation 2019/631 [4]. The test duration was 30 min and the total distance travelled was
23.27 km. The low speed phase accounts for 13.3% of the total distance, the medium speed
phase for 20.4%, the high speed phase for 30.8%, and the highest speed phase for 35.5%.
The WLTC test is the successor and replacement of the NEDC test. The main difference is
the increased driving dynamics of the vehicle in the laboratory test. This also means that
more data needs to be monitored and checked. The general guidelines for the test (Table 1)
include the percentage share of stops, average speed (excluding stops), and the maximum
values of speed and acceleration in individual test phases.

Table 1. WLTC test requirements [4,5].

Parameter Low Medium High Extra-High

Stop duration [%] 26.5 11.1 6.8 2.2
Average speed [km/h] 25.7 44.5 60.8 94.0
Maximum speed [km/h] 56.5 76.6 97.4 131.3
Maximum acceleration [m/s2] 1.61 1.61 1.67 1.06
Minimum acceleration [m/s2] −1.50 −1.50 −1.50 −1.44

The WLTC laboratory test is complemented by the RDE road test [6–9]. One of the key
factors that prompted lawmakers to develop the RDE test was the discrepancies observed
between the exhaust emission results obtained in the laboratory (using the NEDC test)
and during real driving when measured with mobile measurement equipment. The new
procedures for passenger cars were introduced in two stages. In the first stage (from 1
September 2017), the RDE road test was used only for monitoring, while in the second
stage (from 1 September 2019) it became part of the approval procedure. The use of this
test was intended to enable the quantitative determination of vehicle emissions using
PEMS (portable emissions measurement systems) in various vehicle operating conditions.
The RDE test needs to meet a number of requirements for the drive test to be considered
correctly performed (valid). Regulation 2018/1832 [9] precisely specifies not only the test
duration, which ranges from 90 to 120 min, but also the minimum distance of each section
and its share in the total duration of the test.

There are a few main test guidelines for how a passenger car should meet the Euro
6d emission standard (Table 2). The RDE procedure requirements apply not only to the
drive itself, but also to the measuring equipment that is used. The test procedure indicates
that the installation of the instrumentation should be carried out in such a way as to
minimize its impact on exhaust emissions and the operation of the vehicle, including
weight and aerodynamics. Therefore, the research equipment is powered from an external
power source.
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Table 2. Some of the requirements and boundary conditions for a test to be RDE compliant [9].

Parameter Euro 6d

Conformity factor NOx: 1.43, PN: 1.50

Cold start yes

Limits for urban and RDE phase yes

Altitude normal ≤700 m
extended 700–1300 m

Ambient temperature normal 0 ◦C to 30 ◦C
extended −7 ◦C to 0 ◦C and 30 ◦C to 35 ◦C

Trip composition urban 34% ≤60 km/h
rural 33% 60–90 km/h

motorway 33% >90 km/h

Maximum speed 145 km/h

Total trip duration 90–120 min

Distance (urban, rural, motorway) >16 km

One of the most important requirements of laboratory tests is the best possible repre-
sentation of real driving conditions while ensuring the reliability of the obtained results.
The WLTC laboratory test cycle assumes a drive cycle under specific measurement condi-
tions. However, during vehicle operation in the real world, changes in temperature and air
pressure, driving style, and the characteristics of the test route may result in significantly
different values of fuel consumption and exhaust emissions. For a manufacturer to demon-
strate compliance with all the terms of the RDE procedure, it becomes necessary to test
multiple prototype vehicles and powertrains. This ultimately becomes a costly solution
and extends the development timeframe. As mentioned previously, this procedure often
requires multiple tests, both in the laboratory and on the road, which in turn involves in-
creased financial costs and time commitments. Therefore, it becomes increasingly necessary
to develop an alternative test method that would provide a better representation of real
driving conditions and would enable the individualization of the test, e.g., depending on
the type of vehicle or type of drive [10–12]. The authors of [13] also attempted to correlate
the WLTC test with the RDE, in which they defined the basic steps for conducting the RDE
test cycle under laboratory conditions. They analyzed measurement uncertainties and
the repeatability of the results obtained in subsequent test trials carried out in the same
conditions. In the case of the road emissions of nitrogen oxides from vehicles equipped
with a diesel engine, the authors obtained measurement uncertainties of 3.13% (in the RDE
test) and 3.9% (in the WLTC test). Due to RDE test procedure requirements, the test must
be preceded by careful route planning in order to reduce the chance of the test becom-
ing invalid and thus reduce test potential costs of repeated testing. In [14], the authors
presented a procedure for creating a test cycle for measuring emissions in real driving
conditions, which minimizes the test distance while meeting the legal regulations regarding
road conditions. Based on [14], the feasibility of the cycle was verified by performing
several tests on the same test route, but under different vehicle operating parameters. The
authors found that the impact of driving conditions can be assessed in detail using traffic
simulation software, e.g., SUMO 1.18.0 (Simulation of Urban Mobility), created by the
German Transport Institute (DLR—Deutsches Zentrum für Luft- und Raumfahrt). Thanks
to this, the authors of [14] developed a route that meets the requirements of Regulation
2016/646 [7], but most importantly, allows for reducing the costs of conducting the test
by keeping the total test distance to a minimum. Lee et al. [15] proposed a method for
NOx emissions assessment in road tests using an artificial neural network. Road tests and
other parameters related to driving conditions, weather conditions, and vehicle parameters
(in particular, the types of exhaust aftertreatment systems) were used as input data. The
proposed model was used to predict the concentration of nitrogen oxides emitted by the
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vehicle in real driving conditions in regular traffic. Previti et al. [16] created a hybrid
vehicle model that reflected the performance of the WLTC test with high accuracy. The
error between the values obtained from the experiment and the simulation was 3.89%
for fuel consumption and 6.8% for vehicle energy consumption. A similar simulation
was performed by Maddumage et al. [17] for a three-wheeled hybrid vehicle. The results
obtained in the UDC test differed by 4% for fuel consumption, by 3% for HC emissions,
by 10% for CO emissions, and by 8% for NOx emissions. However, the differences in the
experimental and simulation results in the road test were 10% for fuel consumption, 9%
for HC emissions, 24% for CO emissions, and 6% for NOx emissions. Krysmon et al. [18]
created software that, together with a hardware-in-the-loop (HiL) station, made it possible
to simulate RDE tests, mainly of hybrid drive systems. The test results outlined in the
paper showed that the calibration process was shortened by 20% and, at the same time, 98%
compliance was achieved in exhaust emissions and fuel consumption. Zanelli et al. [19]
used auto-adaptive energy management strategies for the predictive assessment of CO2
road emissions in hybrid PHEV vehicles. Using NEDC and WLTC test data, they deter-
mined the road emission values in the RDE test with a ±1% accuracy. Such accuracy was
achieved thanks to the appropriate management of the vehicle’s SoC indicator. The aspect
of energy management in vehicles was also the research subject of Hegde et al. [20], which
reduced fuel consumption (by approximately 1%) in the WLTC test exclusively through
vehicle energy management. Molina Campoverde [21] used artificial neural networks to
predict fuel consumption in the RDE test using WLTC test data. Using the created algo-
rithm, the author obtained a vehicle fuel consumption error of 1.4% compared to the actual
value obtained in real tests. Tomanik et al. [22] used artificial neural networks to assess
vehicle fuel consumption using data drawn from the OBD system (vehicle speed, rpm,
torque, fuel consumption rate, acceleration). For several of the conducted tests, the results
obtained using the model and in the experiment were 98.8% similar. To evaluate road tests,
Pulvirenti et al. [23] used software from autonomous vehicles and achieved an approxi-
mately 10-fold time reduction in RDE vehicle tests. They created a speed range within
which the speed variable of a moving vehicle can change and based on this, they estimated
various scenarios with this variable change. Knowing the geometry of the route, they deter-
mined the vehicle’s energy demand. Gebisa et al. [24], after analyzing several dozen RDE
test results, formulated the basic factors determining the divergence of results between
stationary and road tests. The emission results of RDE tests using PEMS were greater
than in stationary laboratory tests; the gap between RDE and WLTC was caused by cold
temperatures, road grade, route types, drivers’ dynamics, and analysis tools. Research
published by Pielecha et al. [25] and Kurtyka [26,27] confirms that the ecological assessment
of vehicles does not only apply to vehicles powered by traditional fuels, but also to vehicles
powered by fuel cells. The evolution of these drives is also heading towards reducing
energy consumption, as evidenced by the reduction in the energy demand of current gen-
eration fuel cell vehicles by approximately 10% compared to their previous generations.
The results obtained by Dollinger et al. [28] suggested that for electric cars, to determine
the energy consumption of these vehicles, the results of the WLTP test will also be used.
Currently, BEVs have energy consumption values in the range of 20–30 kWh/100 km, and
FCEVs at the level of 25–40 kWh/100 km. However, such vehicles are also expected to be
tested in road tests, where the dynamic parameters could be borrowed from RDE tests.

For engine or aftertreatment device development, it is very useful to reduce testing
and define one or more laboratory cycles that can substitute on-road tests. However, for
vehicle type-approval, the RDE tests are very important. The introduction of RDE is related
to the fact that vehicles used to have different behavior in the laboratory and on the road
(Dieselgate). Comparing WLTC and RDE dynamic parameters is a very useful tool for
emissions comparison, since higher RDE emissions for similar trips can be considered
suspicious. Another advantage of RDE tests is that they give a much higher degree of
freedom for testing. For example, a test at the edge of dynamicity is much different than a
low dynamicity test. Another example is ambient temperature and its effect on emissions.
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Thus, RDE has a much higher potential, at least for the few pollutants that are regulated
(NOx, PN). Thus, it is still necessary to fill the gap by proposing a method for estimating
exhaust emissions in the RDE test based on the results obtained under laboratory conditions.
The first element will be the comparison of vehicle driving conditions in the tests and, based
on this data, drawing conclusions about the possibility of comparing exhaust emissions.

4. Research Method
4.1. Test Objects

Three vehicles (passenger cars) with different power supply types and drive systems
were tested as part of the conducted research, these were:

• A conventional vehicle equipped with a gasoline engine with direct injection and a
displacement of 1.6 dm3;

• A conventional vehicle equipped with a diesel engine with common rail direct injec-
tion, boosted with a turbocharger, having a displacement of 2.0 dm3;

• A hybrid vehicle equipped with two engines: a gasoline internal combustion en-
gine with direct gasoline injection and a displacement of 1.8 dm3 along with an
electric motor.

The detailed characteristics of the tested vehicles are provided in Table 3. A common
feature of the selected vehicles (Figure 1) was the vehicle class—vehicles of the M1 category
(passenger cars), with a similar curb weight (range 1350–1584 kg) and a similar maximum
power of the internal combustion engine (73–81 kW). The vehicles also represented the
same emission class (Euro 6d). The mileage of the vehicles was similar (approximately
30,000 km), and they were mostly operated in urban areas.

Table 3. The drive system characteristics of the tested vehicles.

Parameter Unit Gasoline Diesel Hybrid

Engine displacement dm3 1.6 2.0 1.8

Number of cylinders/valves – 4/16 4/8 4/16

Maximum power kW/rpm 81/5500 75/2750 73/5200
100 (electric)

Torque Nm/rpm 152/4500 280/1500 142/4000

Volumetric power indicator kW/dm3 50.6 37.5 55.5

Vehicle curb weight kg 1349 1584 1415

Exhaust emission standard – Euro 6d Euro 6d Euro 6d

Drive type – front front front

Designation used at work –
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Figure 1. Tested vehicles: (a) gasoline; (b) diesel, (c) hybrid. Figure 1. Tested vehicles: (a) gasoline; (b) diesel, (c) hybrid.
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4.2. Research Equipment Used

The tests were carried out on a chassis dynamometer. The laboratory was equipped
with a climate chamber, which was used to achieve an air temperature in the range of
−35 ◦C to 60 ◦C (with an accuracy of ±1.2 ◦C). The absolute humidity during exhaust
emission measurement was monitored in the range of 5.5 to 15.0 g of water per 1 kg of
dry air (for temperature values between 20 ◦C and 35 ◦C). During the tests, an AVL 4WD
chassis dynamometer was used, which was designed for testing passenger cars with both
front and rear drive. A fan with a 31.4 kW engine was placed in front of the chassis
dynamometer, which simulated air flow from 0 to 125 km/h (proportional to the car’s
speed on the chassis dynamometer).

The speed curves in the WLTC test for each tested vehicle (Figure 2) were provided
along with the characteristics of the most important parameters. When comparing the
data, it should be noted that the values change within a quite narrow range, which results
from the type approval requirements. Small changes result from different vehicle mass
values, which were associated with the adoption of different inertial parameters for the
chassis dynamometer.
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The WLTC test is identical for all vehicles tested in this study, but there may be small
(almost negligible) differences due to vehicle mass as well as due to driver error (there is a
defined limit for driver errors).

4.3. Test Route—Road Tests

The test route was selected to meet the requirements of the European Commission
characterized in regulations [4–9], with particular emphasis on its topography. All vehicles
used in the RDE road tests travelled on the same route (Figure 3).
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Figure 3. The route used for the road tests.

For each vehicle specified in Table 4, parameters were provided, such as: the speed
curve of the vehicle (Figure 4), the altitude variations on the test route (Figure 5), and the
travel characteristics. The change in altitude along the route in the RDE test is shown for one
vehicle because all tests took place on the same route, therefore, the altitude characteristics
are the same (as a function of the distance).

Table 4. The characteristics of the RDE route used for the road emission tests.

Parameter RDE
Requirements Gasoline Diesel Hybrid

Total trip distance 101.1 km 96.1 km 97.9 km
Urban min. 16 km 33.7 km 31.7 km 35.3 km
Rural min. 16 km 29.7 km 33.2 km 31.1 km
Motorway min. 16 km 37.7 km 31.2 km 31.5 km
Urban share 29–44% 33.4% 33.0% 36.0%
Rural share 23–43% 29.4% 34.5% 31.8%
Motorway share 23–43% 37.3% 32.5% 32.2%

Total trip duration 90–120 min 116.5 min 105.9 min 114.7 min
Urban 72.8 min 63.2 min 72.1 min
Rural 24.0 min 26.2 min 25.2 min
Motorway 19.7 min 16.5 min 17.5 min

Stop duration 11.3% 8.19% 9.5%
Urban 6–30% 18.0% 13.7% 15.1%
Rural 0.0% 0.0% 0.0%
Motorway 0.0% 0.0% 0.0%

Average speed 52.1 km/h 54.5 km/h 51.2 km/h 52.1 km/h
Urban 27.8 km/h 30.1 km/h 29.4 km/h 27.8 km/h
Rural 74.3 km/h 76.0 km/h 74.2 km/h 74.3 km/h
Motorway 115.0 km/h 113.4 km/h 108.3 km/h 115.0 km/h
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Figure 5. Elevation changes on the test route.

The concentrations of carbon monoxide and dioxide, nitrogen oxides, and particulate
matter number were measured in the conducted road tests. Location data from the GPS
system and momentary data determining the vehicle’s condition based on the signal from
the vehicle’s diagnostic system were recorded during the trips in order to precisely analyze
the obtained test results.

Despite visible differences in test duration and slight differences in driving speed
(Figure 4), all tests were valid in terms of static parameters. The RDE tests with each vehicle
were performed three times with the same driver. The values presented below are averages.
The presented characteristics of the individual tests (Table 4), in particular, small differences
between the parameters for individual vehicles, confirmed that the tests were performed
correctly. Taking into account the validity of the road tests, further ecological analysis was
possible based on the data obtained in real road driving conditions.
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The emission tests considered in this work—both those performed on a chassis dy-
namometer and those performed in real driving conditions—were not consistent in terms
of their functional division. The approval test performed on a chassis dynamometer was
divided into four phases:

• phase 1, in which the vehicle moved at different speeds in the 0–55 km/h range;
• phase 2, in which the vehicle travelled at a speed in the 0–76 km/h range;
• phase 3, in which the vehicle travelled at a speed in the 0–98 km/h range;
• phase 4, in which the vehicle moved at a momentarily maximum speed of approxi-

mately 130 km/h.

The road test according to the RDE test procedure performed in real driving conditions
should consist of three driving sections:

• urban section, in which the vehicle travels at different speeds from 0 to 60 km/h;
• rural section, in which the vehicle travels at speeds from 60 km/h to 90 km/h;
• highway section in which the vehicle travels at a speed exceeding 90 km/h,

although situations in which the vehicle was temporarily moving at a slower speed
are possible (e.g., due to traffic conditions, traffic lights or toll booths on the highway).

Due to this situation, the comparison of the final values in the WLTC and RDE tests
is beyond doubt, but in order to compare specific phases of the WLTC test with the
corresponding section of the RDE test, assumptions had to be made about the similarity
of these individual test parts. The first step in the data analysis was to calculate the share
of each speed interval in relation to the total number of all speed intervals in the WLTC
and RDE tests in relation to the relative test time. Comparing the relative shares instead
of total ones in this case was helpful due to the different lengths of the tests and their
different durations. The relationships (Figure 6) show that the first and second phases of
the WLTC test correspond in driving speed shares to the urban section of the RDE test,
and the remaining phases can also be compared with the other test sections, respectively.
Therefore, it was assumed that it is possible to compare the urban section of the RDE
test with the combined phases 1 and 2 of the WLTC test (while maintaining appropriate
proportionality in relation to time or distance).

Another aspect of equating phases 1 and 2 of the WLTC test with the urban section
of the RDE test was the comparison of the vehicle operating time share as a function of
the vehicle speed–acceleration. Such a comparison (Figure 6) shows that for all the tested
vehicles, the speed and acceleration intervals were consistent for the appropriate intervals.
In phases 1 and 2 of the WLTC test, designated in Figure 7 as a new designation with an
asterisk (‘urban section’), the colors denoting the operating time share were very similar
to the colors (and the corresponding shares) in the urban part of the RDE test. Of course,
this is not an equivalent with a very high degree of correlation, but a comparison of the
respective shares of the vehicle operating times in the urban parts of the WLTC and RDE
tests (Figure 8) showed that the coefficient of determination for conventional vehicles (i.e.,
those powered by gasoline and diesel) was the same at (0.43–0.44), while for a hybrid
vehicle, this coefficient was 0.62. Hence the assumption that phases 1 and 2 of the WLTC
test can be combined as one section that corresponds to the urban section of the RDE test
was valid.

Then, the remaining phases of the WLTC and RDE tests were also compared. The
comparison of phase 3 of the WLTC test and the rural section of the RDE test (Figure 9)
showed the best representation for a hybrid vehicle, where the coefficient of determination
was 0.81, and the subsequent values of 0.71 and 0.72 refer to the gasoline and diesel fueled
conventional vehicles, respectively.

Comparing phase 4 of the WLTC test with the highway section of the RDE test
(Figure 10), the obtained determination coefficient values were 0.67, 0.59, and 0.73 for gaso-
line, diesel, and hybrid vehicles, respectively. The much lower values of the determination
coefficients also resulted from a smaller number of data points used in this comparison. In
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the urban part, about 90 data points were compared (depending on the vehicle), while in
the rural and highway sections, this was reduced to only about 35 data points for each.
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and the highway section of the RDE test for: (a) gasoline; (b) diesel; and (c) hybrid vehicles.

Comparing the data of the entire WLTC and RDE tests showed the determination
coefficients as having the lower values of 0.37, 0.32, and 0.55, respectively, for petrol,
diesel, and a hybrid vehicles (Figure 11). This relationship was observed because the
share of vehicle operating time related to the speed–acceleration coordinates was uneven.
Considering not only the speed, but also taking acceleration into account, showed that
homologation tests and road tests were not the same in this respect. Hence it could be
derived that determining the RDE test results using the values obtained in the homologation
test is a complex issue.
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the entire RDE test for: (a) gasoline; (b) diesel; and (c) hybrid vehicles.

Another important point in the analysis and comparison of the approval tests and road
tests was the difference in the final road emission values of any of the emission components
measured in the tests. In addition to combining phases 1 and 2 of the WLTC test (marked
as WLTC1+2), the authors proposed another change regarding how the road emissions
were determined in the WLTC test to align it with the RDE procedure. The algorithm for
determining the exhaust emissions was not used in the subsequent phases of the WLTC test,
but instead the phases were named similar to those in the RDE test, and the classification
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of the results of the test sections into individual parts was performed on the basis of the
speed ranges. This meant that the urban part of the WLTC test was one in which the speed
was less than 60 km/h. In accordance with the RDE test procedure requirements, the rural
and motorway sections of the WLTC test were also determined. Each time in this paper,
such a procedure will be marked in accordance with the test that was performed, with the
index referring to the method of determining the exhaust emissions (such as WLTCRDE).

To sum up: four calculation procedures were used to analyze the operating conditions
in the WLTC and RDE tests:

• procedure 1 (labelled WLTC)—division of the driving test in accordance with the WLTP;
• procedure 2 (labelled RDE)—division of the driving test on sections in accordance

with the regular RDE test procedure;
• procedure 3 (labelled WLTC1+2)—tests divided into four phases: 1 + 2, 3, and 4; where

the combined phases 1 and 2 correspond to the urban driving section of the RDE test;
• procedure 4 (labelled WLTCRDE)—the test phases are divided in accordance with

the RDE test procedure, which assumed dividing the phases based on the vehicle
travel speed.

5. Analysis of Driving Parameters in Exhaust Emission Tests
5.1. Comparison of Vehicle Speed Shares in Emission Tests

The speed curves of the tested vehicles from the WLTC test and the characteristic
parameters from the RDE test were used to compare the WLTC and RDE tests for vehicles
powered by gasoline engines, diesel engines, and hybrid drives. The recorded driving
parameters both in tests on the chassis dynamometer and in real driving conditions were
characterized by similar values. The variation in the instantaneous speed values between
subsequent WLTC tests and the average value from the three tests did not exceed 2 km/h
(Figure 12). The dynamic conditions (speed and acceleration other than zero) had the
greatest share in all WLTC tests; the average values were 47% (WLTC) and 33% (RDE).
However, the shares of accelerations and decelerations were much greater in the WLTC
test (over 45%). Moreover, the driving speed in the WLTC test was characterized by the
negligible share of driving at a constant speed (2%) for all tested vehicles, while in the RDE
test these shares reached over 30%. Each WLTC test run performed in this research was
more dynamic than the RDE test runs.
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Figure 12. Comparing the driving speed in the WLTC test for the tested vehicles.

The speed shares were compared as the respective phases that the tests (WLTC and
RDE) were divided into: urban, rural, and highway sections. Therefore, the procedure of
assigning data to its phase, marked as WLTCRDE, was used. This meant that the tests were
performed according to the WLTC test requirements, however, the adopted division of
phases was in line with the RDE test procedure. The vehicle speed shares were divided
into three sections (urban, rural and highway), analyzed according to the WLTCRDE and
RDE procedures, and obtained for three different types of drive systems in the vehicles
(Figure 13). The highest share of vehicle speed in the urban section was recorded for the
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stationary speed interval (v = 0 km/h). This was true for every type of vehicle drive in the
urban section, regardless of the procedure used.
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Figure 13. Comparison of vehicle speed shares obtained according to WLTCRDE (marked *) and RDE
measurement procedures, taking into account individual test phases and vehicle drive types.
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The shares of vehicle speed obtained according to the WLTCRDE procedure in the
urban section (for all types of vehicle drives in the speed range of 0 to 60 km/h) were
comparable. This was similar for the RDE procedure. However, the data indicated that a
direct comparison of the vehicle speed shares obtained according to the different procedures
(in this case WLTCRDE and RDE) was not possible. The distribution of shares was not
consistent. Similar situations occurred for the rural and motorway sections of the WLTCRDE
and RDE procedures. In all phases of the test, results obtained according to different
procedures should be analyzed separately.

The next dynamic parameter analyzed was the comparison of positive acceleration
shares (Figure 14). The similarity of the results obtained when using the WLTCRDE proce-
dure for all types of vehicle drives was observed. This applied to the entire range of the
urban section (0.1–0.9 m/s2), however, the greatest similarity was found in the smaller
values range of 0–0.2 m/s2. The color visualization (of the share of time spent at a given
acceleration value) shows the scale of similarity, which for the WLTC test (determined
according to the WLTCRDE procedure) was more evenly distributed than for the RDE test
itself (a large share of operating time for a fairly narrow range of positive acceleration
values). In the case of the rural section, the similarity in the distribution of positive ac-
celeration shares when using the WLTCRDE procedure was especially pronounced for the
gasoline and hybrid drive vehicles. For the diesel vehicle, the most common values of
positive acceleration were located in a fairly narrow range (for WLTC—from 0.1 m/s2 to
0.2 m/s2, for the RDE test—between 0.18 m/s2 and 0.20 m/s2). In the highway section, the
similarity of the results was noticeable in the range from 0.1 m/s2 to 0.5 m/s2 for all vehicle
types, while a high similarity was found for the gasoline and hybrid drive vehicles. For
a diesel engine vehicle, this similarity was particularly clear for the positive acceleration
range from 0.16 to 0.20 m/s2.

The analysis of Figure 14 in terms of the tests in real driving conditions highlighted the
similarity of vehicle trips in urban conditions, while in the remaining phases, the similarity
occurred between gasoline vehicles (including the hybrid vehicle).

5.2. Comparing the Dynamic Tests Parameters

Another analyzed parameter was the product of velocity and positive acceleration
(Figure 15). The results obtained according to the WLTCRDE and RDE procedures for a
vehicle equipped with a gasoline engine were similar in the range from 0 m2/s3 to 6 m2/s3

(in the urban section). There were also similarities in similar proportions (ranges) for a
vehicle equipped with a diesel engine and for a vehicle with a hybrid drive. In the rural
section, there was a notable similarity for vehicles equipped with gasoline and diesel
engines (a large share of the parameter in the lower range of 0–84 m2/s3). However, in
the highway section, there was no clear similarity between the chassis dynamometer test
and real driving conditions. However, when considering the traffic conditions for the same
measurement tests (WLTC and RDE separately), it could be assumed that they were very
similar to each other, which was not surprising for the dynamometer tests, but confirms
the repeatability of road tests.

The assessment of dynamic parameters, defined as relative positive acceleration and
the 95th percentile of velocity and positive acceleration is a requirement for testing in real
driving conditions. This procedure was used in the WLTC test (divided into 4 phases)
performed on the chassis dynamometer, in the WLTC test divided into 3 phases matching
the RDE procedure in the test designated as WLTCRDE, and in the RDE road test. The results
for relative positive acceleration were shown for all measurement points and collectively
for each considered drive phase.
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Figure 14. Comparison of positive acceleration obtained according to the WLTCRDE (marked *)and
RDE test procedures, when considering individual test parts and vehicle drive systems.
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Figure 15. Comparison of the products of speed and positive acceleration obtained according to the
WLTCRDE (marked *) and RDE test procedures, when considering individual test parts and vehicle
drive systems.
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The data on the driving dynamics, which depended on vehicle speed for all ana-
lyzed cases (WLTC, WLTCRDE, and RDE research procedures) for the three tested vehicles
(equipped with a gasoline engine, a diesel engine, and a hybrid drive), were compiled
(Figure 16). The following characteristics indicated the distribution similarity of the ob-
tained results, and the values of the RPA travel dynamics parameter did not exceed
2.0 m/s2. The data obtained in real road driving conditions was an exception to this,
especially for the hybrid vehicle. In that case, the RPA reached momentary values of up to
4 m/s2, and their distribution differed from the other values.
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Figure 16. Travel dynamics for all tested vehicles depending on the driving test and calculation
procedure—WLTC, WLTCRDE, and RDE divided into test parts.

The division of the chassis dynamometer tests performed in accordance with the
requirements of the WLTP procedure highlighted the use of minimum speeds in each
test phase, which made it impossible to directly compare them with the sections occur-
ring in road tests. However, the initial comparison of the WLTCRDE procedure and the
RDE procedure allowed the data to be compared with each other, which is shown further
in this article. The average driving dynamics values were determined (for the WLTC,
WLTCRDE—presented together, and RDE test sections), using the instantaneous values
of the relative positive acceleration calculated in this research. Additionally, in order to
verify test correctness, a red line was placed on the graphs which was used to indicate the
minimum value of the RPA parameter (Figure 17) (in accordance with the RDE procedure).
The obtained data showed that in all cases, the values were not lower than the minimum
value. This means that the driving tests were carried out in accordance with the legislative
requirements (in terms of test dynamics). The charts could also be used to compare the
values obtained according to both the WLTC and WLTCRDE tests. The obtained characteris-
tics indicated that the averaged values from each of the phases were not the same for the
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different measurement procedures. In the case of a vehicle equipped with a petrol engine,
the RPA parameter values were similar for both the WLTCRDE and RDE procedures, but
only in the motorway section. In other cases, the dynamics determined in the WLTC test
were not consistent with the RDE test. However, a relationship can be noticed which proves
that combining phases 1 and 2 of the WLTC test brought the driving dynamics calculated
for these phases closer to the urban section of the RDE test.
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Figure 17. Mean values of relative positive acceleration for the tested vehicles for each driving test
and calculation procedure—WLTC, WLTCRDE, and RDE divided into test parts.

Determining the final values of the 95th percentile of the product of speed and positive
acceleration, results in a notable similarity in the WLTC test (done according to the RDE
procedure—Figure 18) and in the RDE test (Figure 19). Additionally, in order to verify test
correctness, a red line was placed on the graphs, which indicates the maximum value of the
95th percentile of speed and positive acceleration (in accordance with the RDE procedure).
It was found that in all cases the obtained values did not exceed the maximum value. This
means that the test drives carried out met the legislative requirements (in terms of test
dynamics). The obtained characteristics indicated that the mean values of the parameter in
question from the test phases marked as WLTCRDE corresponded to the values determined
in the RDE test to a much better extent.

5.3. Correlation of the Dynamic Driving Test Parameters of Tested Vehicles

The next part of the study was to determine the correlation between the dynamic
parameters of the tested vehicles. The product of velocity and positive acceleration was, in
the authors’ opinion, the most reliable indicator. This indicator is often cited in comparisons
because it is related to two key parameters—vehicle speed and acceleration. This indicator
was compared for the driving conditions of the RDE and WLTC tests. It does not matter
whether the phases were considered together (WLTC1+2) or for the whole WLTC test,
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nevertheless the results were still presented divided into sections as defined by the RDE
procedure (Figure 20). The data were presented in vehicle speed–acceleration coordinates
due to the possibility of comparing areas with the same coordinates. It should be noted that
the comparison was made only for positive acceleration values, which had the largest share
in the tests and the greatest impact on exhaust emissions. Comparison of the respective
data sets, the values of the products of velocity and positive acceleration in the RDE and
WLTCRDE tests (Figures 20–22) showed very similar color distributions, which represent
the differences in the compared values.

Energies 2023, 16, x FOR PEER REVIEW 22 of 28 
 

 

 

   

 

   

 

   

Figure 18. The product of instantaneous speed and positive acceleration for tests performed using 
three test procedures marked as WLTC, WLTCRDE, and RDE. 

   

   

   

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Phase 1
 Phase 2
 Phase 3
 Phase 4

WLTC

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Urban
 Rural
 Motorway

WLTCRDE

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Urban
 Rural
 Motorway

RDE

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Phase 1
 Phase 2
 Phase 3
 Phase 4

WLTC

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Urban
 Rural
 Motorway

WLTCRDE

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Urban
 Rural
 Motorway

RDE

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Phase 1
 Phase 2
 Phase 3
 Phase 4

WLTC

0

5

10

15

20

25

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Urban
 Rural
 Motorway

WLTCRDE

0

5

10

15

20

25

30

0 50 100 150

v∙
a +

[m
2 /s

3 ]

v [km/h]

 Urban
 Rural
 Motorway

RDE

Phase 1

U-RDE

Phase 2

R-RDE

Phase 3

M-RDE

Phase 4

0

10

20

30

40

0 50 100 150

(v
∙a

+)
[9

5]
[m

2 /s
3 ]

v [km/h]

 Maximum  Phase 1 (WLTC)
 Urban  Phase 2 (WLTC)
 Rural  Phase 3 (WLTC)
 Motorway  Phase 4 (WLTC)

Phase 1

U-RDE

Phase 2

R-RDE

Phase 3

M-RDE

Phase 4

0

10

20

30

40

0 50 100 150

(v
∙a

+)
[9

5]
[m

2 /s
3 ]

v [km/h]

 Maximum  Phase 1 (WLTC)
 Urban  Phase 2 (WLTC)
 Rural  Phase 3 (WLTC)
 Motorway  Phase 4 (WLTC)

Phase 1

M-RDE
Phase 2

P-RDE

Phase 3

A-RDE

Phase 4

0

10

20

30

40

0 50 100 150

(v
∙a

+)
[9

5]
[m

2 /s
3 ]

v [km/h]

 Maximum  Phase 1 (WLTC)
 Urban  Phase 2 (WLTC)
 Rural  Phase 3 (WLTC)
 Motorway  Phase 4 (WLTC)

U-RDE

R-RDE M-RDE

0

10

20

30

40

0 50 100 150

(v
∙a

+)
[9

5]
[m

2 /s
3 ]

v [km/h]

 Maximum
 Urban
 Rural
 Motorway

U-RDE

R-RDE M-RDE

0

10

20

30

40

0 50 100 150

(v
∙a

+)
[9

5]
[m

2 /s
3 ]

v [km/h]

 Maximum
 Urban
 Rural
 Motorway

U-RDE

R-RDE

M-RDE

0

10

20

30

40

0 50 100 150

(v
∙a

+)
[9

5]
[m

2 /s
3 ]

v [km/h]

 Maximum
 Urban
 Rural
 Motorway

Figure 18. The product of instantaneous speed and positive acceleration for tests performed using
three test procedures marked as WLTC, WLTCRDE, and RDE.

The highest observed values of the product of speed and positive acceleration occurred
both in the rural and highway test sections for the vehicle equipped with a gasoline engine
(Figure 20). In the case of a vehicle equipped with a diesel engine, the maximum values
of the product of speed and acceleration occurred in the urban and rural driving sections
(Figure 21). However, for a vehicle equipped with a hybrid drive (Figure 22), the maximum
values of this indicator were found in all sections of the RDE test and the rural and highway
sections of the WLTC test.

An appropriate comparison of the data obtained (Figures 20–22) can be used to
calculate the coefficient of determination for the performed RDE and WLTC tests in terms
of the selected indicator, the product of speed and positive acceleration. The values of
the determination coefficients were very similar to each other and amounted to over
0.95 irrespective of which vehicle was tested (Figure 23). This was proven by the use of the
acomparable dynamic parameters of the vehicles throughout the research.
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Figure 19. The 95th percentile of the product of velocity and positive acceleration related to vehicle
speed for all the tested vehicles.
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However, the consistency of these parameters throughout individual test sections
should be considered. A comparison was carried out in the next stage of this section
(Figures 24–26) to assess the data. The obtained values of determination coefficients
suggested a very high consistency of the values of the product of speed and acceleration
for each tested vehicle.

Unfortunately, such a comparison also has its drawbacks. These include the charac-
teristic itself, which was created in coordinates that correspond to the values obtained.
However, when considering the variability ranges in speed and acceleration, which were
0.1 m/s2 and 10 km/h, respectively, it should be noted that these relationships did not have
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to be exactly proportional. However, comparing such a large range did not affect the result
of the determination coefficient. The values of the latter were above 0.98 for vehicles in the
highway section, above 0.98 for the rural section and above 0.95 for the urban section.
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The data discussed above imply that the obtained results for dynamic conditions were
similar (regardless of the type of drive). Unfortunately, this similarity does not allow for
the conclusion that the vehicle driving conditions were the same. Nevertheless, it was
possible to further compare the road emissions (or emission rate) in the performed tests
using different calculation procedures.
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6. Conclusions

In order to reduce the negative impact of the road transport sector on the environment,
legislators have been introducing successive, increasingly restrictive laws for the best part
of the last 30 years. One of the most important elements of these legislative changes was
the regulation of both measurement and control methods for vehicle exhaust emissions. As
a result of these changes, Europe has used two measurement tests since 2019: a laboratory
test (performed on a chassis dynamometer) and a road test (performed in real vehicle
operating conditions). According to the legislative intent, these tests were to complement
each other, thanks to which the obtained exhaust emission results would be more reliable.

This comparison was made by comparing the following vehicle parameters:

• share of travel speeds in different sections of the tests;
• share of acceleration in entire test cycles as well as their sections;
• share of the product of speed and acceleration in the performed tests and in their sections;
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• relative positive acceleration in different test sections as well as its mode (determined
for every second of data acquisition);

• the 95th percentile of speed and acceleration in different test sections.

It was concluded that the considered parameters in the WLTC and RDE tests related
to each other, which made it possible to compare road emissions or the emission rates of
individual exhaust components in research tests (or their sections). Based on the results
obtained during dynamometer and road tests and their analysis according to the proposed
procedures (WLTC, WLTC1+2, WLTCRDE and RDE), the following general conclusions
were drawn:

• a new method was proposed for comparing the results determined in the two-dimensional
coordinates of vehicle speed–acceleration; the comparison of individual values in the
appropriate ranges of the operating parameters creates two independent sets of data
that can be correlated;

• comparison of the WLTC and RDE tests allows for a joint comparison of the first and
second phases of the WLTC test with the urban section of the RDE test; phase three
of the WLTC test corresponds to the rural section of the RDE test, and phase 4 of the
WLTC test corresponds to the highway section of the RDE test;

• dividing the WLTC test into phases equivalent to the sections of the RDE procedure
(urban, rural and highway) and also calculating the total exhaust emissions in the test
according to this procedure resulted in similar values being obtained.
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Abbreviations

a vehicle acceleration
DLR Deutsches Zentrum für Luft- und Raumfahrt (German Transport Institute)
EEA European Environment Agency
FCEV fuel cell electric vehicles
HEV hybrid electric vehicle
HiL Hardware-in-the-Loop
ICE internal combustion engines
M motorway
MAW moving average window
NEDC New European Driving Cycle
OBD on-board diagnostics
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
SoC state of charge
SUMO Simulation of Urban Mobility
t time
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u share
U urban
UDC Urban Driving Cycle
v vehicle speed
WLTC Worldwide harmonized Light-duty vehicles Test Cycle
WLTP Worldwide harmonized Light-duty vehicles Test Procedure
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