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Abstract 

Recent investigations demonstrated that real-world emissions usually exceed the levels 
achieved in the laboratory based type approval processes. By means of on-board 
emissions measurements, it has been shown that nitrogen oxides emitted by diesel 
engines substantially exceed the limit imposed by the Euro 6 regulation. Thus, with the 
aim of complementing the worldwide harmonized light vehicles test cycle, the real 
driving emissions cycle will be introduced after 1 September 2017 to regulate the vehicle 
emissions in real-world driving situations. 

This paper presents on-board gaseous emissions measurements from a Euro 6 light-duty 
diesel vehicle in a real-world driving route using a portable emissions measurement 
system. The test route characteristics follow the requirements imposed by the RDE 
regulation. The analysis of the raw emissions results suggests that the greatest amount 
of nitrogen oxides and nitrogen dioxide are emitted during the urban section of the test 
route, confirming that lower speeds with more accelerations and decelerations lead to 
higher nitrogen oxides emissions levels than constant high speeds. Moreover, the 
comparison of the two calculation methods proposed by the real driving emissions 
regulation has revealed emissions rates differences ranging from 10% to 45% depending 
on the pollutant emission and the trip section considered (urban or total). Thus, the 
nitrogen oxides emissions conformity factor slightly varies from one method to the 
other. 
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1. Introduction 

Light-duty vehicles play a major role on the development of modern societies, allowing 
to cover fundamental requirements such as people and goods transportation [1]. As a 
result, the vehicle fleet around the world has increased exponentially over the last 
decades [2]. Among the different powertrain sources, internal combustion engines (ICE) 
are the most widely used technology, being the source of power for around 90.5 million 
vehicles produced in 2014 [3]. 
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With the aim of reducing the environmental impact of vehicles use [4], stringent 
regulations are being continuously introduced around the world [5]. The emissions 
regulations for light-duty vehicles rely on measuring the pollutant emissions emitted by 
a vehicle over a transient cycle [6][7], which is intended to represent the dynamic 
conditions experienced during the vehicles use in real life [8]. In 2000 (Euro 3), the so-
called New European Driving Cycle (NEDC) was introduced as part of the type approval 
process for homologating vehicles in Europe [9]. Although this test cycle was developed 
to reproduce both urban and extra-urban driving conditions, many studies have 
demonstrated that the driving characteristics proposed by the NEDC are actually far 
from those experienced during the real-world driving conditions [10]. In particular, the 
poor range of acceleration-velocity conditions proposed by the NEDC lead to notably 
lower NOx emissions than those found during on-board measurements in real-world 
driving routes [11].  

Trying to increase the severity of the light-duty vehicles type approval process, the 
Worldwide harmonized Light duty Test Cycle (WLTC) was developed by the European 
Commission in 2015 [7]. To develop this new test cycle, around 765.000 km of real-world 
driving data from five regions (Europe, India, Japan, Korea and USA) were collected and 
analyzed [12]. As a result, the WLTC cycle notably widens the driving characteristics in 
terms of acceleration-velocity conditions and engine map coverage as compared to the 
NEDC [13]. In spite of that, it has been found that there are some driving characteristics 
from real-world driving that are missing in the WLTC cycle, as well as different real-world 
factors such as traffic, ambient conditions, driving behaviors [14] and route severities 
[15], which results in lower emissions levels than in real-world conditions [16]. 

To minimize discrepancies between type approval and real-world emissions levels, the 
Real Driving Emissions (RDE) test procedure will be introduced in September 2017 as a 
complement of the WLTC cycle [17]. The aim of this new testing method is to control 
on-road emissions levels from light-duty vehicles by using portable emissions 
measurement systems (PEMS) [18]. For that purpose, the test routes have to accomplish 
some characteristics such as ambient conditions, dynamic conditions, driving behavior 
and equipment precision, among others, described in the RDE regulation [17]. The 
European Commission already verified this method as a successful application for 
verifying the in-service conformity and the durability of emission control devices of 
heavy-duty vehicles through a dedicated research program launched in 2004 [19]. 

Since the RDE cycle entails more adverse conditions than the type approval WLTC test 
cycle, the European Parliament has defined the RDE emission limit in form of a not-to-
exceed (NTE) value dependent on a conformity factor (CF), as shown in equation 1. To 
calculate the emissions CF, vehicle manufacturers can choose between two analytical 
methods proposed by the RDE regulation, the moving averaging window (MAW) method 
and the standard power frequency (SPF) method, which can result in different CF values. 

𝑁𝑇𝐸𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 = 𝐶𝐹𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 ∙ 𝐸𝑢𝑟𝑜6𝑙𝑖𝑚𝑖𝑡   (1) 

Up to date, the RDE regulation only establishes a CF of 2.1 for NOx emissions. The Euro 
6 regulation establishes 80 mg/km as a limit for this pollutant, which leads to a NTE value 
of 168 mg/km in the RDE test. The CF is expected to be reduced to 1.5 in September 
2020 [22]. Future changes will also entail the inspection of the vehicles during their in-



service life, and not only for newly registered vehicles as is stablished in the current 
regulation. 

This paper aims to assess the on-board emissions from a Euro 6 light-duty diesel vehicle 

representative of the European market using a PEMS over a test route that fulfills the 
main requirements imposed by the RDE regulation. In particular, the instantaneous and 
accumulated values for gaseous emissions will be analyzed, discussing the effect of some 
conditions that are not taken into account in the RDE procedure for calculating the 
emissions CF, such as the cold start period. Moreover, the influence of the calculation 
methods proposed by the RDE regulation on the gaseous emissions rates and on the 
NOx emissions CF is studied. 

2. Materials and methods 
2.1. Test vehicle 

A light-duty vehicle representative of the European market was used to perform the on-
road emissions measurements. The vehicle equips an in-line four cylinder, 1.5 liter 
displacement, turbocharged diesel engine with lean NOx trap (LNT) and diesel 
particulate filter (DPF) aftertreatment systems. The vehicle was type approved to the 
Euro 6 standard and was registered in January 2016. It has a manual 6-speed 
transmission, start-stop system and at the beginning of the test had covered 9.800 km. 
The main characteristics of the vehicle are summarized in table 1. The test vehicle with 
the Horiba OBS-ONE-GS12 portable emissions measurement system installed and the 
calibration equipment are shown in Figure 1. 

Table 1. Test vehicle characteristics. 

Manufacturer / model Nissan / Pulsar 

Engine K9K 1.5 dCi 

Emissions type approval Euro 6 

Maximum power 82 kW 

Maximum torque 260 Nm 

Aftertreatment systems LNT+DPF 

 
 

    
 

Figure 1. Test vehicle with the portable emissions measurement system installed. The calibration 
equipment is shown in the left-hand side picture. 

 
 



2.2. Driving route 

The on-road emissions test was carried-out in Valencia (Spain), along the route shown 
in Figure 2. The test route was designed to fulfill the constraints imposed by the RDE 

type approval regulation, which differentiates urban (0 to 60 km/h), rural (>60 to 90 
km/h) and motorway (>90 km/h) trip sections using speed bins [17]. Figure 3 shows the 
vehicle speed profile of the PEMS test route compared to the NEDC and WLTC cycles. As 
it can be seen, the total time of the PEMS test is 4.5 and 3 times greater than the NEDC 
and WLTC, respectively. Also, the number of accelerations during the urban phase is 
substantially higher. Maximum vehicle speeds are very similar to the WLTC cycle. The 
summary of the driving route characteristics is shown in table 2. A detailed comparison 
between the trip requirements imposed by the RDE, and the actual values for the driving 
route performed in the current investigation, is presented in the Appendix 1. As can be 
seen from the altitude profile shown in Figure 4, the test route was performed in a 
relatively flat area (<50 m elevation gain over 68 km), so that the effect of road gradient 
is negligible in this study. The positive altitude gain, calculated following the RDE 
procedure is 321 m/100 km, thus fulfilling the regulation requirements (<1200 m/100 
km). The air ambient temperature varied between 15-20°C along the test, as shown in 
Figure 4. 

 

 
 

Figure 2. Topographic map of the PEMS test route.  

 

 

Figure 3. Vehicle speed profile of the NEDC, WLTC and PEMS test route. 



 

Table 2. Summary of the PEMS test route characteristics. 

 Urban Rural Motorway Total 

Distance [km] 21.7 (32.2%) 22.05 (32.7%) 23.61 (35%) 67.39 (100%) 

Driving time [min] 60.5 (65.2%) 17.5 (18.8%) 14.8 (16%) 92.8 (100%) 

Average speed [km/h] 21.5 76.7 95.5 43.5 

 

 
Figure 4. Altitude and ambient temperature profile for the PEMS test route. 

Abrupt vehicle accelerations are major cause of NOx and NO2 emissions in real-world 
driving conditions [20]. This can be confirmed looking at Figure 5, which shows the NOx 
and NO2 emissions, and the vehicle acceleration profile during the first 1000 seconds of 
the PEMS test route. As it can be seen, NOx and NO2 emissions peaks are clearly linked 
to the vehicle acceleration peaks. 

 

Figure 5. NOx and NO2 emissions and vehicle acceleration during the first 1000 seconds of the PEMS test 
route. 

Figure 6 compares the acceleration-velocity conditions and the engine map coverage of 
the PEMS test route versus those found in the NEDC and WLTC cycles. As it can be seen, 
the NEDC cycle proposes very few conditions, being far from those of the PEMS test 
cycle. By contrast, the acceleration-velocity and engine coverage conditions proposed 
by the WLTC are more representative of the PEMS test route, but driving characteristics 
and engine usage for engine speeds below 20 km/h, those related to city driving, are still 
missing. 



        

Figure 6. Acceleration as a function of vehicle speed (a) and engine rpm-power map coverage (b) for the 
NEDC, WLTC and the PEMS test route. 

Figure 7 compares the dynamic conditions of the PEMS test route versus the NEDC and 
WLTC cycles. Figure 7a and 7b show the vehicle speed distributions for the complete 
cycles and for their different individual phases, respectively. In the case of the PEMS 
test, 41 different sub-trips have been differentiated. A sub-trip is defined as any part of 
the test route, in which the vehicle speed is greater than or equal to 2 km/h for a period 
of at least 5 seconds. Individual sup-trips are separated from each other by periods of 
idling or very slow motion in congested traffic. Thus, the length and number of sub-trips 
will vary from different PEMS tests because they depend on the route characteristics 
and the traffic situation. Figure 7c shows the relative positive acceleration (RPA) for the 
individual phases and complete route of the three cycles. The RPA is a widely used 
parameter to characterize the dynamic conditions proposed in the engine/vehicle type 
approval cycles. The RPA accounts the positive vehicle accelerations in the cycle, 
weighted by the distance driven, driving time and vehicle speed (equation 2). Thus, RPA 
increases when the driving characteristics proposed in the cycle include a lot of 
accelerations, which leads to increase both the exhaust emissions and fuel consumption 
[21]. The calculation of this parameter is also mandatory to check the driving route 
validity according to the RDE requirements [22].  

𝑅𝑃𝐴 =
1

𝑥
∫ 𝑣 ∙ 𝑎+𝑑𝑡

𝑇

0

 (2) 

where 𝑥 is the total distance, 𝑣 is the vehicle speed, 𝑎+ is the positive acceleration and 
𝑇 is the total cycle time. 

As can be seen in Figure 7a, the WLTC cycle represents better the vehicle speed 
distributions of the PEMS test route than the NEDC does. However, analyzing the 
induvial phases of the cycles and PEMS sub-trips (Figure 7b), it is clear that both NEDC 
and WLTC show a lack of driving phases at low engine speeds as compared to the PEMS 
test route. 



          
 

Figure 7. Speed distributions for entire route (a), speed distributions for the different phases and sub-
trips (b) and relative positive acceleration (c) for the NEDC, WLTC and the test route. 

 

Figure 7c shows that the PEMS test route has a notably wider RPA-speed distribution 
compared to the NEDC and WLTC cycles. The minimum RPA value imposed by the RDE 
regulation is depicted in the figure, which varies depending on the mean velocity: 

 RPA >(−0,0016 · �̅� + 0,1755), for �̅� 94.05 km/h 

 RPA >0.025, for �̅� >94.05 km/h 

As it can be seen, all the RPA values for the PEMS test route are above the minimum 
RPA proposed by the RDE regulation, being the majority of driving conditions found 
within the range of 0.2-0.4 m/s2 with mean velocities under 40 km/h. The NEDC and 
WLTC cycles are characterized as low RPA, with values between 0.1-0.2 m/s2 along their 
phases. Thus, in spite of the driver had a non-aggressive driving behavior during the 
PEMS test, it is seen that the NEDC and WLTC cycles do not capture the driving 
characteristics at low vehicle speeds. At these conditions, occurring during city driving, 
the RPA values for the WLTC and NEDC cycles are up to 3 times lower than those found 
in the PEMS test. Thus, NOx emissions are expected to be higher in the last case due to 
higher vehicle acceleration ranges. The change of the driving behavior towards an 
artificially-relaxed behavior could help to reduce the RPA values near the minimum limit 
imposed by the RDE regulation, thus contributing to reduce the NOx emissions. 
However, this task may not be easily achievable considering the traffic conditions from 
real-world driving. 

2.3. Portable Emissions Measurement System (PEMS) 

A Horiba OBS-ONE-GS12 portable emissions measurement system (PEMS) [23], 
designed for fulfilling the official requirements imposed by the engine/vehicle 
certification procedures, has been used to measure concentrations of gaseous emissions 
(CO, CO2, THC, NOx, NO2) under real driving conditions. Moreover, several other 
parameters such as the air-to-fuel ratio, exhaust flow rate, environmental conditions 
(atmospheric temperature, humidity and pressure) and GPS data (vehicle speed, 
latitude, longitude and altitude) were monitored to calculate mass emissions. The 
vehicle speed signal was double-checked using the signal collected through the on board 

diagnostics (OBD) port. The electrical power needed for the PEMS operation (DC 2228 
V) is supplied by two external batteries, so that the engine parameters dependent on 
the battery voltage are not interfered by the PEMS. The PEMS main unit weight is about 
45 kg, plus additional 36 kg from the batteries. This extra weight is expected to affect 



the emissions and performance values moderately if compared to a case with a single 
occupant, but it still represents a realistic condition (e.g., driver plus extra occupant). A 
layout of the different components needed to operate the PEMS is shown in Figure 8. 

 

Figure 8. Layout of the different components needed to operate the PEMS [23]. 

The PEMS uses flame ionization detection (FID) for hydrocarbons (HC) measurements, 
non-dispersive infrared (NDIR) for CO and CO2 measurements, and chemiluminescence 
detection (CLD) for NO, NO2 and NOx measurements. The exhaust flow rate is measured 
using a Pitot flow meter. The measurement principle and measurement range of each 
pollutant are shown in table 3. All emissions were measured on a wet basis, so that no 
corrections are required for the analysis. The PEMS setup and operation followed the 
manufacturer recommendations. In this sense, it was warmed up, zeroed and spanned 
with calibration gas (quad mix) before the test. Measurements were made at a 
frequency of 10 Hz. 

Table 3. Measurement principle and measurement range of each pollutant for the PEMS used. 

Measured variable Measurement Principle Measurement Range 

CO Heated NDIR 0-0.5 to 0-10 vol% 

CO2 Heated NDIR 0-5 to 0-20 vol% 

NO / NOx Heated CLD 0-100 to 0-3000 ppm 

NO, NOx, NO2 Heated-dual CLD 0-100 to 0-3000 ppm 

THC Heated FID 0-100 to 0-10000 ppmC 

Exhaust flow rate Pitot flow meter 0-2.0 to 0-65.0 m3/min 

Standard signal measurements 
Exhaust temperature and pressure, atmospheric 
temperature, pressure and humidity, GPS signal, speed 

 
3. Results and discussion 

This section analyzes the emissions measurements during the PEMS test route. The first 
subsection presents the instantaneous and accumulated raw emissions results, which 
allows to perform a comparison of the real-world driving emissions versus those found 
in laboratory test cycles. Later, the NOx emissions characteristics and their dependence 
on the two calculation methods proposed by the RDE regulation are analyzed. 
Moreover, the impact of the cold start period on the total emissions is discussed there. 

 



3.1. Test route emissions 

Figure 9 shows the instantaneous and accumulated emissions of NOx, NO2, HC, CO and 
CO2 for the complete route, without removing the cold start period from the raw data. 
It is worth noting that the start-stop system was disconnected before starting the test 
and a DPF regeneration occurred at around 5200 seconds after the test start.  



          

       

             

       

Figure 9. Instantaneous and accumulated emissions of NOx, NO2, HC, CO and CO2. 

From Figure 9a, it is seen that the greatest amount of NOx and NO2 are emitted during 
the urban section of the test route. The urban period accounts for the first 3500 seconds 
of the trip, so that the cold start emissions period (first 300 seconds) is included in this 
part of the route. Thus, the NOx and NO2 peaks observed in this phase are expected to 



be consequence of the high RPA occurring in city driving (Figure 7c, low speed region) 
together with the low LNT efficiency before reaching the light-off temperature. The 
accumulated NOx emissions in the urban section excluding the cold start period are 11.7 
grams, while those accumulated in the motorway section are 11.3 grams. This confirms 
that lower speeds with more accelerations and decelerations lead to higher NOx 
emissions levels than constant high speeds. Finally, the figure also shows that the share 
of NO2 over the total NOx emissions reaches 17%, with the greatest NO2 share occurring 
in the rural section (23%). 

Figure 9b shows that the total amount of HC emissions is clearly driven by the HC 
emitted in the motorway section, with a 68% share of the total emissions. The HC 
emissions increase in this phase is driven by the DPF regeneration occurred around 5200 
seconds after the test start, which was detected due to an abrupt rise of the exhaust 
temperature (Figure 9). On the other hand, it is seen that HC peaks during the first 300 
seconds (cold start period) are greater than the rest of the urban phase. Since driving 
conditions during all this phase are similar, this confirms that these peaks result from 
the low activity in the diesel oxidation catalyst (DOC). CO emissions behavior (Figure 9c) 
is homologous to that of HC, with high emission peaks at the beginning of the test due 
to cold conditions, and with the greatest peaks occurring in the motorway section.  

The average grams of carbon dioxide per kilometer (gCO2/km) over the total trip is 151 
(Figure 9d), thereby exceeding the 94 gCO2/km as specified during laboratory NEDC 
testing for the tested vehicle [24]. The total amount of CO2 in the urban and motorway 
sections is nearly equal, being the CO2 emissions for the rural section 30% lower than in 
the other cases. The high CO2 emitted (high fuel consumption) in the urban section is 
related to the inefficient operation of the engine with consecutive idling periods. On the 
other hand, since the dynamic conditions in the rural and motorway section are very 
similar, the CO2 difference should be mainly related to engine efficiency differences 
through the operating points demanded during the route. 

3.2. Influence of the calculation method on the NOx conformity factor 

Because of their harmfulness, NOx emissions are the most persecuted emissions from 
diesel vehicles [25]. As suggested in Figure 5, NOx emissions in real driving conditions 
are mainly consequence of abrupt vehicle accelerations, even they occur at low average 
speed conditions. This statement can be confirmed in Figure 10, where the NOx 
emissions for the 41 sub-trips of the PEMS test route are represented as a function of 
the RPA and average speed. The bubble sizes increase linearly with the NOx emissions 
rate, being the maximum and minimum values 2.22 and 0.27 g/km, respectively.  

From Figure 10, it is seen that the greatest NOx emissions rates occur at low average 
speeds (<20 km/h) with high RPA (>0.4 m/s2). The sub-trips associated to these 
conditions occurred more than 2000 seconds after the test started, when the LNT 
aftertreatment system was already operating at its maximum efficiency [26]. The 
highest NOx emission rate occur in the sub-trip number 37 (3300 seconds after the test 
started), being consequence of a moderate acceleration at a very low average vehicle 
speed. By contrast, the sub-trip encompassing the rural and motorway phases shows 
driving conditions of high average vehicle speed and low RPA, thereby leading to a low 
NOx emission rate. Looking at the NOx emissions of the sub-trips occurring during the 
cold start period, it can be seen that the NOx rates (bubble sizes) are higher than their 



surrounding sub-trips, which have similar velocity-RPA conditions. This confirms the 
effect of the LNT efficiency on the NOx emissions rate and the importance of minimizing 
the light-off temperature of this system to reduce the total NOx emissions of the cycle. 

  

Figure 10. NOx emissions of each sub-trip as a function of the RPA and average speed. 

As stablished in the RDE regulation, vehicle manufacturers can choose between two 
analytical methods to calculate the NOx emissions conformity factor (CF). The first one 
is the so-called moving averaging window (MAW) method [27]. Through this method, 
the test route is divided in sub-sections (windows), each of which accumulates a 
reference CO2 mass proportional to that emitted by the vehicle over the WLTC 
laboratory cycle. Then, the trip windows are classified into sub-sets of urban, rural and 

motorway categories using average speed bins (urban: v <45 km/h, rural: 45 v <80 

km/h, motorway: 80 <v 145 km/h). As imposed in the RDE regulation, the windows 
share of each category for the PEMS test studied is at least 15% of the total number of 
windows (table 4). Thus, the PEMS test is classified as complete. After that, a statistical 
treatment is carried out to discard from analysis the windows that are not suitable. In 
this sense, the test route under investigation can be classified as normal because at least 
50% of the windows of each category fall within the primary tolerances defined for the 
CO2 characteristic curve (Figure 11). Finally, the emissions rates for the different 
pollutants are calculated considering only the normal windows (Figure 13). 

Table 4. Number of windows, completeness and normality factors of the PEMS test route for the MAW 
method. 

 Urban Rural Motorway Total 

Number of windows [-] 3165 1070 1019 5254 

Share of total [%] 60.2 20.4 19.4 100 

Completeness [-] PASS PASS PASS - 

Inside primary tolerances [-] 1589 429 309 2152 

Inside secondary tolerances [-] 1576 641 710 3102 

Valid windows [-] 3165 1070 1019 5254 

Normal windows [%] 50.2 59.9 69.7 - 

Normality [-] PASS PASS PASS - 

 



 

Figure 11. Moving averaging CO2 emissions versus average vehicle speed for the PEMS test route. 

The second analytical method is the power binning (PB) method [28], also known as 

standard power frequency (SPF) [17]. This method relies on classifying the measured 
emissions during the PEMS test in accordance with the corresponding power at the 
wheels. The wheel power have to account for the power needed to overcome air 
resistance, rolling resistance, longitudinal inertia of the vehicle and rotation inertia of 
the wheels. 

The data classification have to be done according to normalized wheel power classes 
(Pc,norm,j) defined in the RDE regulation (table 5). Then, the emissions values are averaged 
per wheel power class considering the counts. A de-normalization procedure should be 
done to obtain the actual power classes (Pc,j) for each PEMS test considering the vehicle 
characteristics [17]. Finally, the classified average emissions per power class shall be 
weighted by the time share to obtain the emission values for a PEMS test with a normal 
power distribution. The de-normalized power classes and the time share for the PEMS 
test under investigation, which fulfills the requirements imposed by the RDE regulation, 
are shown in table 5. 

In the RDE regulation, the standard power frequencies are defined only for urban driving 
and for the total trip, and a separate evaluation of the emissions shall be made for both 
parts. The data classification by trip sections is done considering average speed bins 

(urban: v 60 km/h, rural: 60 <v 90 km/h, motorway: v >90 km/h). It is interesting to 
note that these speed bins differ from those proposed in the MAW method. Figure 12 
shows the time share and average NOx, CO and HC emissions per power class for the 
urban period and total trip. A stated before, the time share of each power class is used 
to calculate the final emissions rates in g/km for the urban period and total trip, 
individually. 

 

 

 

 

 

 



Table 5. Normalized and de-normalized power classes and time share for the PEMS test. 

Power 
class 

Pc,norm,j Pc,j [kW] Urban Total 

From> to From> to 
Counts 

[-] 
Share 

[%] 
Counts 

[-] 
Share 

[%] 

1  -0.1 - -1.645 102 2.7 108 1.9 

2 -0.1 0.1 -1.645 1.645 1395 36.6 1424 25.5 

3 0.1 1 1.645 16.454 1949 51.1 2701 48.4 

4 1 1.9 16.454 31.262 318 8.3 1086 19.5 

5 1.9 2.8 31.262 46.071 39 1.0 215 3.9 

6 2.8 3.7 46.071 60.879 8 0.2 37 0.7 

7 3.7 4.6 60.879 - 2 0.1 6 0.1 

8 4.6 5.5 - - - - - - 

9 5.5  - - - - - - 

 

       

Figure 12. Time share and average NOx, CO and HC emissions per power class for the urban period and 
total trip. 

Figure 13 shows the final emissions rates for the urban section and total trip calculated 
through the MAW and SPF methods. The calculations have been performed using the 
software provided by the PEMS manufacturer with all the configuration parameters 
following the RDE regulation (cold start period was discarded). As it can be seen, the 
NOx emissions rates are higher with the MAW method in both the urban (+20%) and 
total trip (+10%), which is consistent with previous works [29][30]. These differences are 
explained because the MAW method calculates the average emissions by applying the 
same contribution ratio to all driving ranges. By contrast, the SPF method increases the 
emissions contribution ratio for the driving ranges with low power (classes 1 to 3), which 
have greater time share and lower NOx emissions (Figure 12). Moreover, it is interesting 
to note that the speed bins used for classifying the data differ between both calculation 
methods. With these values, the NOx CF for the total trip calculated through both 
methods is CFMAW=2.61 and CFSPF=2.35, slightly exceeding the value proposed by the 
RDE regulation (CF=2.1). CO and HC emissions are higher with the SPF method, for which 
the RDE regulation has not established a CF up to the moment. 

 



 

Figure 13. Emissions rates for the urban section and total trip calculated through both analytical 
methods. 

The RDE regulation defines the cold start period as the first 300 seconds after the initial 
engine start, or the period until the coolant temperature reaches 70 °C, if this is shorter. 
In the case of the PEMS test, the coolant temperature reached 70 °C after 550 seconds, 
so that the cold start period is considered from 0 to 300 seconds (1.23 km covered). The 
analysis of the emissions rates during this period is of major interest because they are 
notably higher than during the rest of the route and typically occur in urban areas. Figure 
14 shows the effect of the cold start period on the tailpipe emissions levels during the 
urban phase. As it can be seen, the removing of the cold start period from the urban 
data leads to a raw emissions reduction of 3.7% in gNOx/km, 42.5% in gCO/km, 18% in 
gHC/km and 2.3% in gCO2/km in this phase. Finally, comparing the results for the urban 
period (without excluding the cold start) with those shown in Figure 13, it is possible to 
see that MAW method reflects better the raw NOx emissions levels, while the SPF does 
it for the CO and HC emissions. 

 

 

Figure 14. Comparison of the raw emissions levels in the urban phase with and without considering the 
cold start period. 

4. Conclusions 

This study has presented and analyzed the gaseous emissions from a Euro 6 light-duty 
diesel vehicle over a test route that fulfills the requirements imposed by the RDE 
regulation.  

The first part of the study discussed the instantaneous and accumulated raw emissions 
results without removing the cold start period from the raw data. It has been shown that 
the greatest amount of NOx and NO2 are emitted during the urban section of the test 
route, confirming that lower speeds with more accelerations and decelerations lead to 



higher NOx emissions levels than constant high speeds. By contrast, the total HC and CO 
emissions levels are clearly driven by the levels emitted in the motorway section, with 
more than 60% share of the total emissions. In this sense, the MAW method reflects 
better the raw NOx emissions, while the SPF does it for the CO and HC emissions. Finally, 
the NOx CF for the total trip has been found to be 2.61 for the MAW method and 2.35 
for the SPF, slightly higher than 2.1 (imposed by the RDE regulation). 

The second part of the study has shown the influence of the analytical method on the 
emissions rates and the NOx conformity factor calculation. It has been shown that the 
differences between the two methods proposed in the RDE regulation range from 10% 
to 45% depending on the pollutant emission and the trip section considered (urban or 
total). This suggests that, for future stages of the regulation, the analytical methods 
should be revised to try to provide more homogeneous results. The effect of the cold 
start period (first 300 seconds) on the raw emissions has been shown to be strong for 
CO, moderate for HC and low for NOx emissions.  

The analysis presented in the manuscript bases on a single RDE cycle and will serve as a 
base for future works. In this sense, since the real driving cycles can differ significantly 
between each other, future works will entail testing more vehicles of different 
propulsion systems in a wider variety of test routes.  
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CF: Conformity Factor 

CLD: Chemiluminescence Detection 

CO: Carbon Monoxide 

CO2: Carbon Dioxide 



DC: Direct Current 

DCI : DIESEL COMMON-RAIL INJECTION 

DI: Direct Injection 

DOC: Diesel Oxidation Catalyst 

DPF: Diesel Particulate Filter 

FID: Flame Ionization Detection 

GPS: Global Positioning System 

HC: Hydro Carbons 

ICE : Internal Combustion Engine 

LNT: Lean NOx Trap 

MAW: Moving Averaging Window 

NDIR: Non-dispersive Infrared 

NEDC: New European Driving Cycle 

NOx: Nitrogen Oxides 

NO2: Nitrogen dioxide 

NTE: Not To Exceed 

OBD: On Board Diagnostics 

PB: Power Binning 

PEMS: Portable Emissions Measurement System 

Pc,norm,j: Normalized Wheel Power Class 

Pc,j: De-normalized power classes 

RDE: Real Driving Emissions 

RPA: Relative Positive Acceleration 

SCR: Selective Catalytic Reduction 

SPF: Standard Power Frequency 

WLTC: Worldwide harmonized Light duty Test Cycle  



Appendix 1 

 RDE regulation (COMMISSION 
REGULATION (EU) 2016/427) 

Current study 

Dynamic conditions Data normalized by dynamic 
conditions- dynamic conditions 
encompass the effect of road 
grade, head wind and driving 
dynamics (accelerations, 
decelerations) and auxiliary 
systems 

✓ data was normalized for the 
calculations with MAW and SPF 
methods 

Data pre-processing T4253H- compound data 
smoother (speed) 

✓ Speed data was smoothed 
according to regulation for the 
calculations with MAW and SPF 
methods 

Urban driving The average speed of the urban 
driving part of the trip should 
be between 15 and 40 km/h.  
 
Stop periods, defined as vehicle 
speed of less than 1 km/h, shall 
account for 6-30 % of the time 
duration of urban operation. 
  
Urban operation shall contain 
several stop periods of 10 s or 
longer. If a stop period lasts 
more than 180 s, the emission 
events during the 180 s 
following such an excessively 
long stop period shall be 
excluded from the evaluation. 

✓ Study average speed of 
urban section 21.5 km/h 
 
 

✓ Study average stop periods 
26.53 % of urban time. 
 
 
 

✓ Study contains stop periods 
of more than 10 s 
 

✓ Study does not contain stop 
periods of more than 180 s 

Temperature  Greater than or equal to 273 K 
(0 °C) and lower than or equal 
to 303 K (30 °C) 

✓ Study temperature between 
15 – 20°C 

Altitude Altitude lower or equal to 700 
metres above sea level  
 
The positive altitude gain shall 
be less than 1200 m/100km 
 
The start and the end point 
shall not differ in their elevation 
above sea level by more than 
100 m. 

✓ Study conducted around sea 
level 
 

✓ Positive altitude gain is 321 
m/100 km 
 
 

✓ Start and end point differ in 
their elevation by 18 m 

Time The trip duration shall be 
between 90 and 120 minutes 

✓ Trip duration 91 minutes 

Calibration of analysers One should conduct the zero 
and span calibration of 
analysers at an ambient 
temperature that resembles, as 
closely as possible, the 
temperature experienced by 
the test equipment during the 
RDE trip 

✓ Calibrations done at ambient 
temperature  



Speed accuracy  If vehicle speed is used to 
determine parameters like 
acceleration, the product of 
speed and positive acceleration, 
or RPA, the speed signal shall 
have an accuracy of 0,1 % 
above 3 km/h and a sampling 
frequency of 1 Hz. 
 
Vehicle velocity shall normally 
not exceed 145 km/h 

✓ Speed recorded to 3 decimal 
places 
 
 

✓ Sampling frequency of 1 Hz 
 
 
 

✓ Speed does not exceed 145 
km/h 
 

Classification of urban/ rural/ 
motorway (Binning of results) 

Urban 0 to ≤ 60 km/h 
Rural > 60 to ≤ 90 km/h 
Motorway > 90 km/h 

✓ sections classified using this 
criteria 

 The trip shall consist of 
approximately 34 % per cent 
urban, 33 % per cent rural and 
33 % per cent motorway 
 
The minimum distance of each 
operation: urban, rural and 
motorway, shall be 16 km 

✓ percentage share for each 
section is 32.2% urban, 32.7% 
rural and 35% mortorway  
 

✓ distance of each section is 
21.7 km urban, 22.05 km rural 
and 23.61 km mortorway 

Cold start The cold start period covers the 
first 5 minutes after initial start 
of the combustion engine, or 
until the coolant temperature 
reaches 343 K (70 °C) 

✓ The cold start period was 
removed for calculating with 
MAW and SPF methods 

Moving average windows The instantaneous emissions 
calculated according should be 
integrated using a moving 
averaging window method, 
based on the reference CO2 
mass. 

✓ Official software from the 
PEMS manufacturer used to 
calculate the NOx conformity 
factor through the CO2 MAW 
method 

 


