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Abstract: On-road driving tests are performed to determine the emission of harmful exhaust com-
pounds from vehicles. These primarily include carbon dioxide, nitrogen oxides, and particle number.
However, there is a lack of indicators that combine the first three substances that are the most im-
portant in assessing the environmental aspects of vehicles. The purpose of this article is to indicate
the possibility of assessing emissions in real driving conditions from light-duty and heavy-duty
vehicles of different categories. In order to do so, a portable emissions measurement system (PEMS)
and an instrument for measuring the particle number were used. The tests were carried out on
routes designed to comply with the requirements and regulations laid down in the European Union
legislation. On-road emissions of carbon dioxide, nitrogen oxides and particle number have been
determined. Factors have been determined as the multiplication of these compounds for each vehicle
category in three phases of the test: urban, rural, and motorway. A new way of assessing emissions
from vehicles using new factors has been proposed.

Keywords: real driving emissions; exhaust emission; portable emissions measurement system;

light-duty vehicles; heavy-duty diesel vehicles

1. Introduction

The use of advanced technologies in internal combustion engines and their usage
in all means of transport exacts a continuous reduction of emissions from these sources
of propulsion. The new procedures for emissions testing introduced by, among others,
the European Union are the result of the negative impact of motor vehicles on human
health and the environment. As part of its strategy to reduce greenhouse gas emissions, the
European Union has introduced carbon dioxide limits for new passenger vehicles and light
commercial vehicles. Carbon dioxide is the key compound (in addition to nitrogen oxides
and particle number) taken into account in both on-road driving tests and tests performed
on the dynamometer.

Passenger vehicles and light commercial vehicles are responsible for, respectively,
roughly 12% and 2.5% of total carbon dioxide emissions in the EU [1]. In 2019, The
European Parliament and Council adopted Regulation (EU) 2019/631 [2] setting carbon
dioxide emission performance standards for new passenger vehicles and for new light
commercial vehicles. The EU’s main objective is to achieve climate neutrality by 2050,
and its indirect objective is to reduce greenhouse gas emissions by at least 55% by 2030.
The anticipated benefits will include, among others, a 23% reduction in greenhouse gas
emissions from road transport in 2030 compared to the year 2005. In the period 2021-2026,
the Commission will monitor the discrepancies in this respect and, on this basis, will
assess the possibility of adapting to the required carbon dioxide emission levels for a given
manufacturer from 2030 onwards. By 2023 the Commission will evaluate the possibility of
developing a common method for assessing and reporting carbon dioxide emissions in the
whole life cycle of passenger vehicles and light commercial vehicles [1].
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Lorries, buses, and coaches currently account for approximately 25% of carbon dioxide
emissions in road transport. It is predicted that they will have an even greater share in
the future. In order to reduce CO, emissions from transport by 2050, it is necessary to
introduce effective measures to reduce it from heavy-duty vehicles.

In order to achieve the EU’s target of reducing greenhouse gas emissions by 30%
below 2005 levels, in 2030, in the sectors covered by Regulation (EU) 2018/842 [3] and to
achieve the objectives of the Paris Agreement, and to ensure the proper functioning of the
internal market, the aforesaid Regulation lays down carbon dioxide emission requirements
for new heavy-duty vehicles.

2. Review of the Literature on the Subject

Clairotte et al. in their paper [4] presented the work of the 2019 JRC on market surveil-
lance activities conducted in emissions testing and compliance for light-duty vehicles. In
this paper, the exhaust emissions of 35 light-duty vehicles were evaluated through labora-
tory emissions testing and real driving emissions. The on-road nitrogen oxide emission
levels obtained in the RDE-compliant tests mostly coincided with the emission levels
measured in the laboratory. On-road nitrogen oxide emissions were below the limit set for
laboratory testing on a chassis dynamometer. The same findings and conclusions apply
largely to on-road carbon monoxide emissions under actual driving conditions. However,
the deviations were larger in real driving conditions, where the average deviation value is
20% higher than the declared values in the WLTC test.

Suarez-Bertoa et al. [5] presented aggregated on-road emissions results obtained under
real-world driving conditions from a fleet of 19 Euro 6b, 6c, and 6d-Temp vehicles. The
fleet included vehicles with engines powered by diesel, gasoline, and compressed natural
gas. Low particle number and carbon monoxide emissions were recorded for all diesel
vehicles. In addition, the diesel vehicles tested met the nitrogen oxide emission limits
required by the RDE tests. At the same time, the results suggest that attention should be
paid to carbon monoxide and particle number emissions from certain types of vehicles
under dynamic conditions.

Papadopoulos et al. [6] report emission factors for the design of medium-duty diesel
trucks equipped with diesel particulate filters (DPFs), for which tests were conducted
under real driving conditions. Gaseous and particulate emissions and fuel consumption
of 14 trucks with Euro IV, Euro V, and Euro VI diesel engines were analyzed, evaluating
the effectiveness of various emission control technologies used. In terms of on-road
emissions, nitrogen oxide emissions were higher than the Euro limits, while on-road carbon
monoxide emissions and on-road hydrocarbon and particulate emissions were within the
specified limits.

The EU regulations refer to the testing of exhaust emissions under real driving condi-
tions using PEMS for such measurements as part of the type approval of a vehicle under
in-service conformity testing. The comprehensive study of on-road emissions of nitrogen
oxides, ammonia, and particle number presented in [7] concerns measurements under real
driving conditions of a truck with Euro 6 emission standard. Euro VI emission class trucks
generally meet the accepted requirements for exhaust emissions in real driving conditions.
Compared to Euro V trucks, the emission of nitrogen oxides from these vehicles decreased
by approximately 89%. The average emission of nitrogen oxides in RDE testing for Euro
VI trucks is lower than the average for such RDE testing of light-duty trucks with a diesel
engine (Euro 6b—0.56 g/km) [8].

Grigoratos et al. in their paper [9] also presented the results of exhaust emission tests
under real driving conditions of Euro VI vehicles. Five heavy vehicles were tested—four
trucks and one bus. The tests were carried out in real driving conditions at low, medium
and high vehicle speeds in order to examine the effectiveness of the exhaust after-treatment
systems used. All the tested vehicles showed better emission results compared to “older”
diesel HDVs, which confirms the technical improvements of engines and aftertreatment
systems introduced in recent years. Emissions of some exhaust pollutants were found to be
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relatively high at low speeds due to the lower efficiency of the respective emission control
systems. All vehicles emitted NOy at low levels—much lower than previous vehicles of
this type meeting previous Euro standards. Carbon monoxide emissions from the tested
vehicles were low, which proves high efficiency of the applied technologies limiting carbon
monoxide emissions.

The study [10] summarized the analysis of data submitted to the European Commis-
sion’s Joint Research Centre (JRC) by truck manufacturers. The data covered the structure
of the 2016 truck fleet and carbon dioxide emissions. The results include key indicators
and a representative baseline distribution of CO, emissions for the entire vehicle fleet for
2016. The JRC undertook a detailed analysis and validation of the data, followed by the
development of a methodology to standardize the results. Target groups included Class
4 and Class 9 trucks and Class 5 and Class 10 tractor-trailers. On-road carbon dioxide
emissions data from vehicles in the classes mentioned earlier were provided.

Vermeulen et al. in their study [11] confirmed that Euro 6 trucks are not always
ecological under urban driving conditions. When these vehicles are operated at low
driving speeds, on-road NOy emissions depend on the existing actual driving conditions.
A study of the contribution of cold-start emissions to total NOy emissions showed that
about 17% of total NOy emissions occur during or immediately after cold-start (at an
ambient temperature of about 10 °C). The average test NH3 concentration ranged from 1 to
18 ppm. The paper reports actual on-road NOy emissions from heavy-duty diesel trucks of
category N3, medium-duty vehicles of category N3, and heavy-duty vehicles of category
N2, expressed as the ratio of on-road NOx emissions to CO, emissions.

In the work of Leach et al. [12], NOy emissions from three vehicles (a Euro 5 car, a
Euro V hybrid bus, and a Euro VI) were measured under real driving conditions. The
results show that vehicle acceleration events play a significant role affecting their total
NOy emissions. The temperature of any aftertreatment system to reduce NOy emissions
was also observed to be significant. At idling speed, it has been observed that a passenger
car almost doubles its NOy emissions when air conditioning is turned on. Actual driving
conditions are compared to compliance cycles for bus certification.

The literature review that the authors of this article were able to perform allows for
a conclusion that in driving emission tests of passenger vehicles and lorries, the main
emphasis is given to assessing on-road emissions of nitrogen oxides, particle number, and
carbon dioxide. There are also—however, fewer—references to on-road emissions of other
exhaust pollutants, including, among others, e.g., carbon monoxide emissions on the road.
There is no indicator combining the aforesaid three values essential to the environmental
performance of cars. For that reason, the authors of the article propose a novel approach
to that issue and suggest adopting one indicator for the assessment of the environmental
performance of vehicles that would combine the three values described above.

3. Materials and Methods
3.1. Passenger Cars

The tested objects comprised passenger vehicles of category M1 (Euro 6d-Temp emis-
sion class): powered by gasoline, diesel and hybrid plug-in engines. Comparative tests
of gaseous emissions of exhaust pollutants (CO, CO,, NOy) and particle number (PN)
emissions in light vehicles (passenger vehicle with gasoline, diesel, hybrid plug-in engine)
were carried out in real driving conditions according to the most recent RDE procedure.
The possibilities available for obtaining the vehicles mentioned above have enabled the
testing in the RDE procedure of the said vehicles with the following basic parameters
(Table 1).
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Table 1. Technical parameters of the tested passenger vehicles.

Technical Parameters Vehicle A Vehicle B Vehicle C
(Gasoline) (Diesel) (Hybrid)
Engine Gasoline, Turbo, R4, 16 V Gasoline, Turbo, R4, 16 V Gasoline, Turbo, R4, 16 V
Fuel system direct injection direct injection direct injection
Engine displacement 1591 cm? 1598 cm? 1999 cm?
Max. power 132 kW at 5500 rpm 100 kW at 4000 rpm . 5101121/1?/‘/{,3&?8120;1%&)
Transmission automatic, six gears automatic, six gears automatic, six gears
Aftertreatment system TWC + GPF DOC + DPF + SCR TWC + GPF
Curb weight 1540 kg 1635 kg 1815 kg
Maximum weight 2050 kg 2150 kg 2270 kg
Euro standard Euro 6d-Temp Euro 6d-Temp Euro 6d-Temp
Mileage 25,000 km 15,000 km 18,000 km
Battery - 13.6 kWh 13.6 kWh; SOC = 100%

Despite the differences in the engine displacement and types of engines, a common
feature was the similar maximum weight of the vehicles.

The studies were conducted in the following external weather conditions: temperature
20-22 °C, relative humidity equal to 82-84%, and an atmospheric pressure of 1015-1020 hPa.
The measurements of the previously mentioned vehicles were conducted from 10 a.m. to
3 p.m. on three consecutive business days. The tests were carried out from the cold start of
the tested cars, after 24 h of laboratory conditioning of the vehicles. The Semtech DS equip-
ment was used for gaseous exhaust components, and the particle number was measured
with the Engine Exhaust Particle Sizer Model 3090. To ensure the proper measurement
of the gaseous compounds, calibration and zeroing of the analyzers was performed. The
Semtech DS device was mounted inside the vehicle, and the measurements were performed
with an independent power source. The apparatus was connected to the exhaust pipe
of the vehicle, and the exhaust gases are collected through a heated gas path (191 °C).
The gases were filtered of particulate matter and measurements are made, successively, of
hydrocarbons, nitrogen oxides, carbon monoxide and carbon dioxide. In the final stage,
the oxygen concentration is measured. Thanks to the data from the diagnostic system, it
was possible to record the operating parameters of the vehicle.

The load on the vehicles comprised the driver and the passenger (approx. 75 kg
each), the fuel tank filled at 75% of the maximum volume, the test instruments (35 kg), two
batteries (approx. 10 kg each). The tests were conducted along a route designated for RDE
testing (Figure 1). The requirements for the cars’ journey along the RDE route have been
met in accordance with [13-16]. Table A1 (Appendix A) provides detailed data regarding
one of the RDE tests carried out in the vehicle equipped with a gasoline engine.

Figure 1. RDE trip route for tests of passenger cars.
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3.2. Heavy-Duty Vehicles

The ability to obtain heavy-duty vehicles has enabled RDE testing of vehicles of
categories N2 and N3 with the following basic parameters (Table 2).

Table 2. Technical parameters of the tested heavy-duty vehicles.

Technical Parameters Category N2 Category N3
Engine Diesel, R4 Diesel, R6
Fuel system direct injection/common rail ~ direct injection/common rail
Engine displacement 1968 cm® 12,419 cm®
Max. power 177 kW at 3600 rpm 375 kW at 1800 rpm
Transmission automatic, six gears automatic, six gears
After-treatment system DOC + DPF + SCR DOC + DPF + SCR
Curb weight 2915 kg 7778 kg
Load 5000 kg 40,000 kg
Euro standard Euro VI Euro VI
Mileage 83,000 km 65,000 km

The tests were conducted on a designated route for RDE testing (Figure 2). The
requirements for the cars’ journey on the following RDE routes have been met, in accor-
dance with the requirements [2], which are as follows:

e in the case of N2 category vehicles, the trip comprised driving approximately 45% in
urban areas, 25% in rural areas, and 30% on a motorway;

e in the case of N3 category vehicles, the trip comprised driving approximately 30% in
urban areas, 25% in rural areas, and 45% on a motorway.

All vehicle tests were repeated several times (as a minimum three times) on a given
route, and the results obtained are representative for the most common vehicles in the
particular category.

Warszawa Warszawa
-

(a) (b)
Figure 2. RDE trip route in tests of (a) N2 category vehicle; (b) N3 category vehicle.

A PEMS device (Semtech DS) was used to measure the concentration of exhaust
compounds, and the particle number was measured with the use of the Engine Exhaust
Particle Sizer Model 3090. The studies were conducted under the following external
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weather conditions: temperature of 16-18 °C, relative humidity equal to 85-90% and an
atmospheric pressure of 1005-1015 hPa. The measurements of the vehicles as mentioned
above were carried out from 10 a.m. to 3 p.m. on consecutive business days. The tests
were carried out from the cold start of the engines of the tested cars, after 24 h of laboratory
conditioning of the vehicles. The tests were repeated 3 times on the same measuring route
(without changing the direction). The final values of unit emissions did not differ by more
than 10%. The values shown in the article are representative values for the given parameter
category. The load on the vehicles was as follows: maximum weight 5000 kg (category N1)
and 40,000 kg (category N3), the driver and the passenger (approximately 75 kg each), filled
fuel tank (75%), test instruments (35 kg), and two batteries (approximately 10 kg each).

4. Results
4.1. Light-Duty Vehicles

The characteristics of speed in passenger vehicles with gasoline diesel engines, as well
as hybrid plug-in vehicles in the RDE test, together with marked shares of acceleration,
constant speed, braking, and stopping are shown in Figure 3.
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Figure 3. Characteristics of speed in passenger vehicles with a spark ignition engine (a), diesel engine (b), PHEV (c), in RDE
tests with the marked shares of acceleration, constant speed, braking and stop.

In the case of the passenger vehicle with a gasoline engine (Figure 3a), the share of
acceleration (driving with parameters v > 0 and a > 0) was equal to 28%, driving with
constant speed—37%, while the share of braking (driving with parameters v > 0 and a < 0)
accounted for 23%, and the share of stop—11%. In the case of a passenger vehicle with a
diesel engine (Figure 3b), the share of driving with parameters v > 0 and a > 0 was slightly
higher than before and equal to 31%; the share of driving at constant speed was 31%, while
the share of driving at v > 0 and a < 0 was 27%, whereas the share of speed v = 0 (vehicle
stop) was—as before—11%. The shares of the hybrid vehicle (Figure 3c) were more similar
to that of the gasoline-fuelled car, with v > 0 and a > 0 accounting for 27%, constant speed
was 36%, v > 0 and a < 0 accounting for 24% and the share of the vehicle’s braking was
equal to 12%. The discussed shares of driving phases in the tested passenger vehicles are
similar, which allows for comparing other test parameters and exhaust emissions.

The route of the passenger vehicle with a gasoline engine was 87.9 km long (limit >
48 km). The share of the urban route accounted for 34.1% (limit 29-44%), the share of the
rural route was equal to 31.9% (limit 33% =+ 10%), whereas the share of the motorway route
was 34% (limit 33% =+ 10%). The route of the passenger vehicle with a diesel engine was
91 km long. The share of the urban route accounted for 33.5%, the share of the rural route
was equal to 30.7%, and the share of the motorway route—35.8%. The route of the PHEV
passenger vehicle was 89.6 km long. The share of the urban route accounted for 38.6%, the
share of the rural route was equal to 25.9%, and the share of the motorway route was 35.5%.
The abovementioned parameters were consistent with the limits set out in the standard
and positioned within the mid-range of acceptable variability.
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Figure 4 shows, as an example, the characteristic curves of on-road emissions of carbon
dioxide with marked carbon dioxide emission values obtained in separate measuring
windows during road tests of passenger cars. The test is important because more than
50% of the measuring windows in the urban, rural, and motorway ranges fell within the
original tolerance (+25%) specified for the characteristic curve.

400
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300
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Figure 4. Characteristic curve of on-road carbon dioxide emission with the marked values of CO, emission in respective
measuring windows, achieved in road tests in a passenger vehicle with a gasoline engine (a), a diesel engine (b), and
PHEV (c); legend: Py, Py, Ps—WLTP CO,, green line—=425%, red line—=+50%, solid line—mowing average window CO,.

Urban driving ranges are characterised by average speeds of less than 45 km/h (as
determined in the measuring windows), the rural range is characterised by average speeds
equal to or greater than 45 km/h and less than 80 km /h, while the motorway driving range
is characterised by average vehicle speeds equal to or greater than 80 km/h and less than
145 km/h. The primary and secondary tolerances for the CO, characteristic curve of the
vehicle are respectively: toll = £25% (green-coloured curve in Figure 4) and tol2 = £50%
(red-coloured curves in Figure 4). A distinctive feature of the PHEV passenger vehicle was
the lack of lower limits.

The evaluation of the dynamic conditions of the RDE test confirmed the correctness of
its execution (Figures 5 and 6). This refers to the value of the 95th centile of the product of
the vehicle’s speed and positive acceleration (expressed in m?/s), for acceleration greater
than 0.1 m/s? and relative positive acceleration (expressed in m/s?) for the part of the trip
in the urban, rural, and motorway areas.

50 50 50
_ — Maximum - — Maximum - — Maximum
:;m 40 || o Urban :;m 40 | o Urban :2 40 | o Urban
E o Rural £ @ Rural E o Rural
g 30 O Motorway g 30 O Motorway g 30 O Motorway
3 20 = 3 20 g/ 3 20 =
¢ - o ® o ® B
2 10 o 2 10 L 2 10 o =
0 0 0
0 50 100 150 0 50 100 150 0 50 100 150
V [km/h] V [km/h] V [km/h]
(a) (b) (o)

Figure 5. Evaluation of the dynamic conditions of the RDE test—the 95th centile (v-apos)—for a passenger vehicle with a
gasoline engine (a), diesel engine (b), PHEV (c).
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Figure 6. Evaluation of the dynamic conditions of the RDE test—the relative positive acceleration (RPA)—for a passenger

vehicle with a gasoline engine (a), diesel engine (b), PHEV (c).

In the case of the passenger vehicle with a gasoline engine, the 95th centile (v-apos)
was, respectively, (Figure 5a) for urban traffic 12.9 m? /s (limit < 18.198 m?/s?), for rural
traffic 13.8 m?/s> (limit < 24.166 m?/s%), and for the motorway traffic 15.4 m?/s> (limit
< 27.194 m?/s%). In the case of the diesel passenger car, the 95th centile (v-apos) was
respectively (Figure 5b) for urban traffic 12.3 m?/s® (limit < 18.228 m?/s?), for rural
traffic 17.2 m? /s> (limit < 24.361 m?/s%), and for the motorway traffic 14.7 m?/s> (limit
<27.304 m?/s%). In the case of the PHEV passenger vehicle the 95th centile (v-apos) was
respectively (Figure 5c): for urban traffic 10.2 m?/s® (limit < 18.525 m?/s%), for rural
traffic 15.1 m?/s3 (limit < 24.559 m?/s%), and for motorway traffic 13.2 m?/s® (limit <
26.837 m?/s).

In the case of the passenger vehicle with a gasoline engine, the relative positive
acceleration (RPA) (Figure 6a) was equal to, respectively, for urban traffic 0.14 m/ s? (limit
> 0.131 m/s?), for rural traffic 0.07 m/s? (limit > 0.061 m/s?), and for motorway traffic
0.07 m/s? (limit > 0.025 m/s?). In the case of the diesel passenger vehicle the relative
positive acceleration was (Figure 6b) for urban traffic 0.15 m/s? (limit > 0.131 m/s?), for
rural traffic 0.073 m/s? (limit > 0.059 m/s?), and for motorway traffic 0.048 m/s? (limit >
0.025 m/s?). In the case of the PHEV passenger vehicle the relative positive acceleration
(Figure 6¢) was respectively for urban traffic 0.13 m/ s? (limit > 0.127 m/s?), for rural traffic
0.066 m/s? (limit > 0.056 m/s?), and for motorway traffic 0.047 m/s? (limit > 0.025 m/s?).

Figures 7-11 show the results of the tests of fuel consumption and on-road emissions
of CO, NOy, PN, and CO; for the passenger vehicle with a gasoline engine, diesel engine,
and PHEV. The highest fuel consumption and CO, on-road emissions occur in motorway
and urban traffic in the case of the passenger vehicle with a gasoline engine (respectively,
in the case of fuel consumption of 8.94 L/100 km and 8.66 L/100 km), as well as CO,
on-road emissions—208 g/km and 202 g/km (Figures 7a and 8a), and with a diesel engine
(respectively, for fuel consumption of 7.64 L/100 km and 7.51 L/100 km), as well as CO,
on-road emissions—203 g/km and 200 g/km (Figures 7b and 8b). In the case of a PHEV
passenger car, the highest fuel consumption and CO; emission occurred in the motorway
phase, respectively, in the case of fuel consumption—6.0 dm?/100 km and CO, emissions—
160 g/km (Figures 7c and 8c). In the rural traffic and the entire RDE test, fuel consumption
in the tested vehicles was as follows:

e  Gasoline: 7.92 L/100 km (rural), 8.50 L/100 km (total RDE), 184 gCO, /km (rural), and
198 gCO, /km (total RDE),

e Diesel: 5.98 L/100 km (rural), 7.05 L/100 km (total RDE), 159 gCO, /km (rural), and
188 gCO, /km (total RDE),

e  Hybrid plug-in: 4.76 L/100 km (rural), 3.55 L/100 km (total RDE), 127 gCO,/km
(rural), and 95 gCO, /km (total RDE).
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Figure 7. Results of tests of fuel consumption in a passenger vehicle with a gasoline engine (a), a diesel engine (b), PHEV (c).
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(a) (b) (c)
Figure 8. Results of tests of carbon dioxide on-road emission in a passenger vehicle with a gasoline engine (a), a diesel
engine (b), PHEV (c).
In the case of on-road emission of carbon monoxide, it is the largest for the passen-
ger vehicle with a gasoline engine and a PHEV passenger vehicle in motorway traffic
(591 mg/km and 263 mg/km), and in the case of the passenger vehicle with a diesel
engine—in urban traffic (135 mg/km). In the vehicle with a gasoline engine, the fol-
lowing values were obtained in urban, rural traffic, and the entire RDE test: 95 mg/km,
210 mg/km, and 296 mg/km. For the diesel vehicle, values of 129 mg/km, 117 mg/km,
and 127 mg/km were obtained, respectively, in rural traffic, motorway traffic, and through-
out the entire RDE test. In the case of the PHEV car, the following values were obtained: in
urban traffic 0 mg/km, in rural traffic 254 mg/km, and the entire RDE test 170 mg/km
(Figure 9).
1000 1000 1000
800 800 800
T = =
3 600 3 600 3 600
E E E
8 400 8 400 8 400
210
200 = l: 200 . 200 l l
L m W (m m -_ Lo l
Urban Rural Motorway Urban Rural Motorway Urban Rural Motorway
(a) (b) (c)

Figure 9. Results of tests of carbon monoxide emission in a passenger vehicle with a gasoline engine (a), a diesel engine (b),
PHEV (c).

In the case of NOx on-road emissions (Figure 10), it is the largest in rural traffic
in all tested passenger vehicles (the vehicle with a gasoline engine—14.87 mg/km, the
diesel vehicle—47.17 mg/km and PHEV—7.61 mg/km). What is noticeable is also the
relatively high emissions in urban traffic (in the case of the vehicle with a gasoline en-
gine (10.87 mg/km) and especially in the case of the diesel vehicle (39.48 mg/km). The
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considerable road emissions of the component in question, which occur during the cold
start, are most likely to have a significant impact here. The other NOy road emissions
are as follows—for the vehicle with a gasoline engine: 14.22 mg/km in rural traffic and
13.29 mg/km in the entire RDE test (Figure 10a). Regarding the diesel car, it is 7.50 mg/km
in rural traffic and 31.46 mg/km in the whole RDE test (Figure 10b). In PHEV, the road
emission in urban traffic did not occur, while in rural traffic it amounted to 5.05 mg/km,
and in the entire RDE test to 4.18 mg/km (Figure 10c).
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Figure 10. Results of tests of nitrogen oxides on-road emission in a passenger vehicle with a gasoline engine (a), a diesel

engine (b), PHEV (c).

Concerning the particle number, the highest emissions occur in motorway traffic (the
vehicle with a gasoline engine and PHEV, respectively 2.01 x 10! 1/km and 4.91 x 10!
1/km), and in urban traffic (diesel engine) respectively 2.78 x 10" 1/km (Figure 11). In
the passenger vehicle with a gasoline engine, the other road emissions are: 5.24 x 10°
1/km in urban traffic, 1.11 x 10! 1/km in rural traffic, and 7.01 x 10° 1/km in the
entire RDE test (Figure 11a). For the diesel passenger car, it is 2.23 x 10'! 1/km (rural
traffic), 2.30 x 10! 1/km (motorway traffic), and 2.44 x 10" 1/km in the whole RDE test
(Figure 11b). In the case of the PHEV passenger car, the road emission of PN did not occur
in urban traffic, whereas in rural traffic, it was 3.81 x 10'! 1/km, and in the whole RDE
test it was equal to 2.88 x 10" 1/km (Figure 11c).
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Figure 11. Results of tests of particle number on-road emission in a passenger vehicle with a gasoline engine (a), a diesel

engine (b), PHEV (c).

The conformity factors (CF) of nitrogen oxides and the particle number obtained in
respective parts of the test for the tested passenger vehicles are shown in Figures 12 and 13.
The analysis of the results confirms that in the passenger vehicle with a gasoline engine,
the conformity factor of nitrogen oxides in urban traffic is equal to 0.18, in rural traffic
0.25, in motorway traffic—0.24, and in the entire RDE test—0.22. These values are greater
than the relevant conformity factors for PHEV passenger car, i.e., 1.9 times (rural traffic),
three times (motorway traffic), and 3.1 times (in the entire RDE test). Even more significant
differences were recorded when comparing factors in the vehicle with a gasoline engine
and the diesel car. In the diesel car, the conformity factors were higher: 66 times in the
urban phase, 6.1 times in the rural phase, 1.5 times in the motorway phase, and 7.4 times in
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the entire RDE test. The PHEV passenger vehicle fulfilled the requirements regarding the
emission of nitrogen oxides to the greatest extent compared to the vehicles powered with a
conventional gasoline engine and a diesel engine.
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Figure 12. Conformity factors for nitrogen oxides emission achieved in respective parts of the tests in a passenger vehicle

with a gasoline engine (a), a diesel engine (b), PHEV (c).

Noticeable is that the requirements concerning particle number are exceeded in the
passenger vehicle with a gasoline engine in motorway traffic. In the other cases analysed,
the requirements for the particle number—and the requirements concerning nitrogen
oxides—are met. On the other hand, in the case of CF for the particle number in the
passenger vehicle with a gasoline engine and that conformity factor for the PHEV in
urban traffic, the recorded values are close to zero (Figure 13a). In the rural traffic, that
factor (in the vehicle with a gasoline engine) is 3.3 times smaller, in motorway traffic—
2.4 times smaller, and in the entire RDE test—four times smaller compared to the PHEV.
The conformity factor for the diesel passenger vehicle (Figure 13b) in rural trafficis 1.7 times
smaller, in motorway traffic 2.2 times smaller, and in the entire RDE test smaller by 10%
compared to the PHEV (Figure 13c).
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Figure 13. Conformity factors for PN emission achieved in respective parts of the tests in a passenger vehicle with a gasoline

engine (a), a diesel engine (b), PHEV (c).

The obtained road emissions results for passenger vehicles will be used later in the
article to determine the emission factor that will be a multiplication of the individual
emission factors.

4.2. Tests of Heavy-Duty Vehicles

Similar tests in real driving conditions were performed for heavy-duty vehicles. The
speed-over-time characteristics for a heavy-duty diesel vehicle of category N2 (Figure 14)
reveals three speed ranges: urban phase (v < 50 km/h), rural phase (v < 75 km/h) and
motorway phase (v > 75 km/h). In the case of the tested heavy-duty category N2 vehicle
with a diesel engine, the share of driving at v > 0, a > 0 was 48%, with constant speed—3%,
share of driving at v > 0, a < 0 was equal to 49%, and for v = 0 (stop) was close to zero.
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Figure 14. Distribution of speed over time in N2 category vehicle.

When considering the intensity of exhaust emissions in the vehicle speed-acceleration
coordinates, it is possible to identify areas of the vehicle’s operation where the environmen-
tal impact is significant (Figure 15). Unfortunately, such analyses are not required during
standard emission tests. However, it is vital to know the operating ranges of the engine
and their environmental impact in development studies.
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Figure 15. Two-dimensional distribution of flow rate of CO, (a), CO (b), NOx (c) and PN (d) in vehicle speed-acceleration

coordinates (N2 category).

When examining the carbon dioxide flow rate in the vehicle of category N2, it can be
concluded that the largest (8000 mg/s-10,000 mg/s) occurs in the vehicle’s speed range
of 18 m/s-20 m/s and acceleration of 0.6 m/s?~1.0 m/s2. It is almost linearly dependent
on the vehicle’s speed but increases very strongly as the vehicle accelerates (Figure 15a).
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Regarding the intensity of carbon monoxide emission, the largest (6-8 mg/s) occurs in
a similar range as the intensity of carbon dioxide emission, while its high values are
noticeable in the low speed and high acceleration range of the vehicle (Figure 15b). When
considering the nitrogen oxides emission, the highest intensity occurs in the range of
average vehicle speed (6 m/s-14 m/s) and acceleration in the range of 0.6 m/ s2-1.0 m/s?
(Figure 15c). That is characteristic of vehicles equipped with advanced after-treatment
systems, the effectiveness of which depends on the temperature of the exhaust gases. The
operating temperature of these systems increases with the increase of the engine load and
the vehicle’s speed and acceleration. In the case of the particle number, the greatest intensity
occurs in the vehicle speed range of 10-12 m/s? and its acceleration of 0.2 m/s>~0.6 m/s?
(Figure 15d). These data are determined along the entire trip. Therefore, it can be concluded
that most of the particulate matter was emitted in low-speed driving conditions (urban
and rural phases), while in the motorway driving phase, due to the high temperature of
the exhaust gases, the efficiency of the particulate filter is much higher than in other areas
of the vehicle’s operation.

Using the flow rate of the relevant harmful component of exhaust gases and knowing
the share of time for each phase of the vehicle’s movement, the mass of exhaust components
was determined (Table 3).

Table 3. Results of tests of unit emission from a heavy-duty vehicle of N2 category.

Phase A% Time Share Value co NOx PN CO,
[km/h] [s] [%] [%] [g/kWh]  [g/kWh] [1/kWh] [g/kWh]

Urban 0-50 3566 4545 45% 0.787 0.526 1.37 x 1012 857

Rural 50-75 1816 2545 23% 0.623 1.269 6.61 x 100 772

Motorway ~ 75-90 2539 30+5 32% 0.677 0.010 5.91 x 10° 743

Total 7921 100 100% 0.693 0.460 3.78 x 101 780

The highest unit carbon monoxide emission occurred in urban traffic and was equal to
0.787 g/kWh. In the case of unit emission of nitrogen oxides, the largest occurred in rural
traffic (1.269 g/kWh), but high values were also recorded in urban traffic (0.526 g/kWh).
The highest unit emission of particle number occurs in urban traffic and amounts to
1.37 x 10'2 1/kWh, and the unit emission of carbon dioxide is also the highest in urban
traffic at 857 g/kWh. Most likely, the highest values of unit emissions in urban traffic
and also in rural traffic (PN) are influenced by the emission of these pollutants during
cold start.

The test results of a diesel N3 category truck are shown below. The characteristics
of speed changes of the said vehicle are shown in Figure 16. The route was divided into
three parts. However, due to a different vehicle category, the share of the respective driving
sections was different (a smaller share of urban driving at the expense of increasing the
share of motorway driving). Nevertheless, a detailed analysis shows that the share of
driving at v > 0, a > 0 accounted for 41%, with constant speed—22%, while the share of
driving during the braking (v > 0, a < 0) was equal to 35% and the vehicle stop (v = 0)
was 1%.
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Figure 16. Distribution of speed over time for N3 category vehicle.

The analysis of exhaust emissions from the N3 category vehicle is characterised by a
different specificity from that of the N2 category vehicle. The intensity of carbon dioxide
emission is linearly dependent on the vehicle’s speed only for acceleration slightly different
from zero (Figure 17a). There were virtually no traffic conditions in which the vehicle
would be violently braked. For a greater acceleration of the vehicle, the intensity of carbon
dioxide emission is 16,000-18,000 m/s, which is twice the value of the vehicle of category
N2. In the case of the intensity of carbon monoxide emission, the characteristics are similar
(Figure 17b), except that as regards braking noticeable is an increase in the emission of
this compound, due to, among others, the cooling of the exhaust system (after-treatment
systems) and at the same time a rapid reduction in the amount of air. When considering
the intensity of nitrogen oxides emission, it should be concluded that the reduction system
of this compound (SCR) worked with high efficiency and the maximum emission intensity
values did not exceed 20-30 mg/s. Attention should also be given to lower emission levels
for higher vehicle speeds and a lack of sensitivity to the change in acceleration (Figure 17c).
For the particle number, its highest intensity (1 x 102-2 x 10'? 1/kWh) occurs within the
maximum speed and acceleration range (Figure 17d).

Using the flow rate of the relevant harmful component of the exhaust gas and knowing
the share of time for each phase of the vehicle’s movement, the unit emissions of the
respective pollutants (Table 4) were determined—as in the case of the N2 category heavy-
duty vehicle—for the heavy-duty vehicle of category N3. The highest unit emission of
carbon monoxide occurred during the urban test phase and amounted to 0.79 g/kWh.
In the case of unit emission of nitrogen oxides, the largest also occurred in urban traffic
(0.71 g/kWh). The highest unit emission of particle number appears in the motorway test
phase and is equal to 8.6 x 10! g/kWh, and that emission for carbon dioxide is the highest
in the urban test phase and amounts to 775 g/kWh. Most likely, the highest values of
the unit emissions mentioned earlier in urban traffic (CO, NOy, CO,) are influenced by
pollutant emissions during cold start.
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Figure 17. Two-dimensional distribution of flow intensity of CO; (a), CO (b), NOx (c) and PN (d) in the speed—acceleration

coordinates in N3 category vehicle.

Table 4. Results of tests of road emissions from N3 category heavy-duty vehicle.

Phase A% Time Share Value co NOx PN CO,
[km/h] [s] [%] [%] [g/kWh]  [g/kWh] [g/kWh] [g/kWh]

Urban 0-50 2014 30+5 35% 0.790 0.710 2.29 x 1011 775

Rural 50-75 1343 25+5 24% 0.648 0.304 3.40 x 1011 684

Motorway  75-90 2326 45+5 41% 0.693 0.230 8.60 x 101 661

Total 5683 100 100% 0.708 0.420 541 x 1011 667

5. Discussion

Based on the results obtained and presented in the article and on the results of other
researchers [1,4-7], as well as previous co-authored publications on the measurements of
emissions of exhaust compounds using PEMS [17-23], the authors undertook to formulate
an indicator that would merge all the results obtained. Such an indicator would characterise
the vehicle environmentally in terms of only harmful substances of exhaust emissions NOx,
PN, and CO; (since only such a scope of works was ultimately considered as the principal
scope in this article). However, it would also be possible to extend it, for example, to energy
volumes relating to the energy consumption of hybrid vehicles. In the intention of the
authors, it should be an indicator characterised by, among others:

dimensionless quantity,

impact of all the exhaust gases concerned on the assessment of the vehicle,
in the absence of certain components, they may be omitted, and the nature of the

indicator will not change,
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independence in application to different types of vehicles (PC, LDV, HDV, NRMM),
comparability between different types of vehicles,

proportionality in relation to the environmental performance of vehicles (lower indi-
cator value—higher environmental performance of vehicles).

The authors of the paper propose the use of one universal indicator, however, allowing—
through the use of weighting shares—to characterize it with an environmental value or
having an impact on human life and health.

With respect to environmental characteristics, based on the analysis of the litera-
ture [24-27], it is considered that carbon dioxide has the greatest impact on the greenhouse
effect, while nitrogen oxides and particulate matter have a much smaller extent (about
5-10 times smaller). However, these compounds contribute to smog formation, and there-
fore their ratios of 0.8, 0.15, and 0.05 were assumed for CO,, NOy, and PN, respectively.

With respect to the characteristics affecting human health, the weight shares are
different, as based on studies presented in [28,29], it appears that nitrogen oxides and
particulate matter have the greatest impact on human health (they are carcinogenic), and
significantly less—carbon dioxide. Therefore, it is proposed to adopt the following weight
shares: anox = 0.45, apn = 0.45 oraz oo, = 0.1.

The list of characteristics is open, and other characteristics may be defined in the
future. The general form of the emission factor (EF) can be formulated as:

b

EF =) air @)

i limit
where: EF—emission factor, i—number of harmful compounds included in the factor (e.g.,
NOy, PN, CO,, CO, HC, NHj3, and other), x—weight fraction of the exhaust component
[[-], b—road (unit) emission of a particular component of the exhaust emissions (mg/km
(1/km for PN) or mg/kWh (1/kWh for PN)), bjj,;;—limit value of the exhaust component
concerned (emission limit or target in the case of mileage fuel consumption) (mg/km
(1/km for PN) or mg/kWh (1/kWh for PN)).

For the obtained values of exhaust emissions from passenger cars, the emission factor
will be calculated as follows:

bnox bpn bco, @)

EF = ANOx; X PN S —
NOx limit PN limit CO; target

After considering the type of vehicles, the input values and referring the factor to
the urban part of the test and the entire RDE test, the results are presented in Figure 18,
and the detailed values used for the calculations are included in Tables A2 and A3 (in the
Appendix A). Limit values were adopted as permissible limit values for road emissions
of nitrogen oxides and particle number for vehicles of the emission category tested (Euro
6d-Temp), while for road carbon dioxide emission, the target value adopted (95 g/km) was
in force in 2020 for the vehicle fleet.

The values of the emission factor in environmental terms (Figure 18a) for the urban
part of the test and the entire RDE test are in the range of EF ¢ <0.00; 1.78). However,
it should be noted that an index of 0 for hybrid vehicles means no emissions of exhaust
components. That is the consequence of the absence of starting the internal combustion
engine in the urban part of the test. However, it should be borne in mind that the authors
do not assess the energy consumption in the above article. Hence, there is no reference to
the energy consumption of such a propulsion. On the other hand, for a vehicle equipped
with a gasoline engine, the emission factor (EF = 1.73-1.76) is close to that of a diesel
vehicle (EF = 1.66-1.78). The most significant impact on that is the considerable particle
number emitted, which in the tests carried out is roughly three times higher than for a
gasoline engine.
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Figure 18. Emission factors (EF) for passenger cars in environmental (a) and health (b) perspective.

The comparison of this exhaust indicator with respect to human health impacts is
more diverse (Figure 18b). For a gasoline vehicle, the value of the index is about two times
lower than for a diesel engine. The hybrid vehicle, on the other hand, has an impact on
human health throughout the RDE test (EFrpg = 0.35) comparable to the coefficient for a
gasoline car (EFrpg = 0.36).

A similar algorithm of action was proposed for heavy-duty vehicles of categories N2
and N3. In this case, road emission (expressed in g/km) was replaced by unit emission
values (expressed in g/kWh), which is in line with the nomenclature used for the exhaust
toxicity standards for these vehicles. What needs to be explained is only the approach
to applying fuel consumption or carbon dioxide emission standards. Since the adoption
of unit fuel consumption (in g/kWh) does not include information on mileage fuel con-
sumption (in dm?/100 km), this task is difficult. One solution is to refer to literature data
through which means to resolve this problem may be found. Rexis et al. [30] and Ragon
et al. [31] indicate in the tests of heavy-duty vehicles the possibility of using mileage and
unit fuel consumption:

e  For typical tractor: 32.6 L/100 km~227 g/kWh (long haul) and 34.3 L/100 km~
236 g/kWh (regional delivery),

e  Forright truck: 31.1 L/100 km~225 g/kWh (long haul) and 34.6 L /100 km~238 g/kWh
(regional delivery),

This, expressed as unit emission of carbon dioxide, is equal to 650 g/kWh—and this is
the target the authors of the article propose to adopt for use in the emission factor formula,
both for vehicles of categories N2 and N3, despite being aware of the differences between
these vehicles.

After considering the type of vehicles, the input values and referring the factor to
the urban part of the test and the entire RDE test, the results obtained for heavy-duty
vehicles are presented in Figure 19, and the detailed values adopted for the calculations are
included in Tables A4 and A5 (Appendix A). Limit values were adopted as permissible
limit values for NOx and PN emissions for vehicles of the emission category tested (Euro
VI), while for unit emission of carbon dioxide a target of 650 g/kWh was adopted, as
previously determined.

The emission factor values for heavy-duty vehicles in environmental perspective in
the test fall within the limits of EFy € (1.20; 1.34). The values of the ratios are comparable,
however, the vehicle of category N3 shows lower values by about 10% (Figure 19a). More-
over, similar results are obtained when the weighting shares are adjusted for the impact
of exhaust gases on human health. In this case (Figure 19b), there is more variation, but
consistently lower values are observed for N3 vehicles.
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Figure 19. Emission factors (EF) for heavy-duty vehicles in environmental (a) and health (b) perspective.

6. Conclusions

This article presents the results of comparative tests in real driving conditions of
exhaust emissions from passenger vehicles—with a gasoline engine, a diesel engine, and
PHEYV passenger vehicle (gasoline and electric). The results have been analysed using a
moving average window (MAW) analysis method, including cold start conditions.

Based on the results obtained, it has been found that, in the case of the passenger
vehicle with a gasoline engine, the conformity factor (CF) for NOy is 3.1 times greater
than CF for PHEV. That vehicle fulfils the requirements to a greater extent than the diesel
passenger vehicle (CF 7.4 times smaller). The PHEV fulfilled the requirements in terms
of on-road emission of nitrogen oxides to the greatest extent among the tested passenger
cars. On the other hand, in the case of the conformity factor for the particle number for the
passenger vehicle with a gasoline engine, in relation to that factor for the PHEV passenger
car, it is 2.4 times larger in the entire RDE test. The CF of the particle number in the
diesel passenger vehicle in the entire RDE test is equal to approximately 0.9 of the PHEV
passenger car’s factor. Attention should be paid to the relatively high PN road emission
in urban traffic from the vehicle with a gasoline engine and the diesel vehicle compared
to PHEV.

Using the obtained data on road emissions of NOy, PN, and CO, from the tested
passenger vehicles and adopting the mandatory 2020 CO, target for fleets of light-duty ve-
hicles, a dimensionless emission factor (EF) was proposed in the RDE test (and in the urban
part). The lower value of this factor represents the greater environmental performance of
vehicles. Throughout the RDE test, the gasoline and PHEV passenger vehicles are greener
(EFrpg = 0.36) than the passenger vehicle with a diesel engine (EFrpg = 0.56), including
the health aspect. In terms of environmental index, the environmental performance of
gasoline and diesel vehicles is similar, with twice the impact in terms of greenhouse effect
as a hybrid vehicle.

For heavy-duty vehicles, comparative tests in real driving conditions at the cold start
were conducted for vehicles of N2 and N3 categories with diesel engines. The results of
the tests were analysed based on a method using all measurement data. The said algo-
rithm for the light-duty vehicle, with regard to the determination of the dimensionless
emission factor and its calculation, was proposed for heavy-duty vehicles, adopting the
CO; target as 650 g/kWh. In the present case, as regards heavy-duty vehicles, road emis-
sions were replaced by unit emissions applied to such vehicles. The EF values for the
entire test are within the range EFgpg € (0.98; 1.14) for the environmental indicator and
EFrpg €(0.66; 0.85) for the health indicator.

The results of the tests of exhaust emissions carried out using PEMS equipment in
real driving conditions of light and heavy-duty vehicles made it possible to propose a new
universal emission factor (EF). The values of this indicator were considered in the paper in
two aspects: environmental and social. The adopted division results only from different
values of weight shares of respective harmful compounds of exhaust gases. These shares
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may be modified, and a uniform approach to toxicity assessment is possible. This, however,
requires additional research. The factor is dimensionless, and at the same time allows for
characterising the environmental performance of a vehicle in such a way that covers all
pollutants. This may be an introduction to further studies on the assessment of exhaust
emissions from motor vehicles.
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Abbreviations

a acceleration vehicle
AMOX  ammonia oxidation catalyst
b road exhaust emission

CF conformity factor

CNG compressed natural gas
cocC certificate of conformity
DOC Diesel oxidation catalyst
DPF Diesel particle filter

E exhaust emission rate

EF emission factor

EU European Union

GDI gasoline direct injection
GPF gasoline particle filter
HDV heavy duty vehicle

JRC Joint Research Centre
LDV light duty vehicle

M motorway

MAV moving average windows

NRMM  non-road mobile machinery
OBFCM  on-board fuel consumption meter

PEMS portable emission measurement system
PFI port fuel injection

PHEV plug-in hybrid electric vehicle
R rural

RDE real driving emissions

RPA relative positive acceleration
SCR selective catalytic reduction

t time

u share

U urban

\Y vehicle speed

WLTC Worldwide-harmonized Light duty vehicles Test Cycle
WLTP Worldwide-harmonized Light duty vehicles Test Procedure
ZLEV zero- and low-emission vehicles
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Appendix A

Table Al. Detailed data regarding one of the RDE tests conducted as an example for the tested passenger vehicle with a gasoline engine.

Trip Characteristics Value Valid
Urban distance [km] 29.9 >16
Rural distance [km] 28.0 >16
Motorway distance [km] 29.9 >16
Total distance [km] 87.9 >48
Urban distance share [%] 34.1 29-44
Rural distance share [%] 319 33+ 10
Motorway distance share [%] 34.0 33+ 10
Urban average speed [km/h] 27.6 1540
Stop share (Urban phase) [%] 19.8 6-30
Motorway speed above 100 km/h [min] 13.4 >5
Motorway max speed [km/h] 127.2 <160
Motorway speed above 145 km /h [%] 0.0 <3
Duration [min] 104.7 90-120
Cold start (t = 300 s)
Engine coolant temperature [°C] 67.0 <70
Cold start max speed [km/h] 419 <60
Cold start stop time [s] 36 <90
Initial idling duration [s] 6 <15
Excess/ Absence of Trip Dynamics
Urban: counts number a; > 0.1 m/s? 1083 >150
Rural: counts number a; > 0.1 m/s? 339 >150
Motorway: counts number a; > 0.1 m/s? 254 >150
Urban: average speed [km/h] 27.6 -
Rural: average speed [km/h] 71.5 -
Motorway: average speed [km/h] 110.9 -
Urban: 95. centile V-apos [m?/s°] 12.9 <18.198
Rural: 95. centile V-apos [m?/s’] 138 <24.166
Motorway: 95. centile V-apos [m2/s3] 154 <27.194
Urban: RPA [m/s?] 0.14 >0.131
Rural: RPA [m/s?] 0.07 >0.061
Motorway: RPA [m/s?] 0.07 >0.025
Moving Averaging Window Results
All windows Number Share [%)]
Urban 1834 40.2
Rural 1663 36.4
Motorway 1067 234
Normal windows Number Share [%]
Urban 1834 100.0
Rural 1213 72.9
Motorway 874 81.9
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Table A2. Emission factors (EF) for passenger cars (environmental option, anox = 0.15, apn = 0.05, xcop = 0.8).

Urban RDE
Vehicle
NOx PN CO, EF NOx PN CO, EF
[mg/km] [1/km] [g/km] v [mg/km] [1/km] [g/km] RDE
) b 10.87 5.24 x 10° 202 13.29 7.01 x 101! 198
Gasoline 60 6 x 1011 95 173 60 6 x 1011 95 1.76
) b 39.48 2.78 x 1011 200 31.46 2.44 x 101 188
Diesel 80 6 x 1011 95 1.78 80 6 x 1011 95 1.66
b 0.00 0 0 418 2.88 x 101 95
PHEV o 60 6 x 1011 95 0.00 60 6 x 1011 95 0.83
Table A3. Emission factors (EF) for passenger cars (health option, anox = 0.45, apn = 0.45, acop = 0.1).
Urban RDE
Vehicle
NOx PN CO, EF NOx PN CO, EF
[mg/km] [1/km] [g/km] v [mg/km] [1/km] [g/km] RDE
) b 10.87 5.24 x 107 202 13.29 7.01 x 101! 198
Gasoline 60 6 x 1011 95 0.30 60 6 x 1011 95 083
) b 39.48 2.78 x 101 200 31.46 2.44 x 101 188
Diesel 80 6 x 1011 95 0.64 80 6 x 1011 95 0.356
b 0.00 0 0 4.18 2.88 x 101 95
PHEV 60 6 x 1011 95 0.00 60 6 x 1011 95 0.35

Table A4. Emission factors (EF) for heavy-duty vehicles (environmental option, anox = 0.15, apn = 0.05, xcop = 0.8).

Category Urban RDE
HDYV Vehicle NOx PN CO, EF NOx PN CO, EF
[g/kWh] [1/kWh] [g/kWh] YU [g/kWh] [1/kWh] [g/kWh] RDE
b 0.526 1.37 x 1012 857 0.460 3.78 x 1011 780
N2 Blimit 0.460 6 x 1011 650 134 0460 6 x 101 650 114
b 0.710 2.29 x 1011 775 0.420 1.41 x 1011 667
N3 bl 0.460 6 x 1011 650 120 5460 6 x 101 650 0.98
Table A5. Emission factors (EF) for heavy-duty vehicles (health option, anox = 0.45, apn = 0.45, acop = 0.1).
Category Urban RDE
HDV Vehicle NOx PN CO, EF NOx PN CO, EF
[g/kWh] [1/kWh] [g/kWh] U [g/kWh] [1/kWh] [g/kWh] RDE
b 0.526 1.37 x 1012 857 0.460 3.78 x 1011 780
N2 brimit 0.460 6 x 1011 650 167 0460 6 x 1011 650 085
b 0.710 2.29 x 1011 775 0.420 1.41 x 1011 667
N3 bl 0.460 6 x 1011 650 099 0460 6 x 101 650 0-66
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