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Abstract

:

Featured Application


The particle number emissions of two Diesel vehicles, weighted with one Diesel particulate filter (DPF) active regeneration, were around 2 × 1011 #/km for solid particles but 20–300 × 1011 #/km for volatile particles.




Abstract


The solid particle number emissions of Diesel vehicles are very low due to the particulate filters as exhaust aftertreatment devices. However, periodically, the trapped particles are oxidized (i.e., active regeneration) in order to keep the backpressure at low levels. The solid particle number emissions during regenerations are only partly covered by the regulations. Many studies have examined the emissions during regenerations, but their contribution to the overall emissions has not been addressed adequately. Furthermore, the number concentration of volatile particles, which is not included in the regulations, can be many of orders of magnitude higher. In this study, the particulate emissions of two light-duty Euro 6 vehicles were measured simultaneously at the tailpipe and the dilution tunnel. The results showed that the weighted (i.e., considering the emissions during regeneration) solid particle number emissions remained well below the applicable limit of 6 × 1011 #/km (solid particles > 23 nm). This was true even when considering solid sub-23 nm particles. However, the weighted volatile particle number emissions were many orders of magnitude higher, reaching up to 3 × 1013 #/km. The results also confirmed the equivalency of the solid particle number results between tailpipe and dilution tunnel locations. This was not the case for the volatile particles which were strongly affected by desorption phenomena. The high number of volatiles during regenerations even interfered with the 10 nm solid particle number measurements at the dilution tunnel, even though a catalytic stripper equipped instrument was also used in the dilution tunnel.
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1. Introduction


Diesel vehicles used to contribute significantly to the air pollution due to their high particulates (soot) and NOx emissions [1]. The typical particle number size distribution consisted of the accumulation (soot) mode with a mean size around 50–90 nm [2,3]. A smaller solid “core” mode was also detected in some engine operating points [4,5]. The picture has changed completely in the last years because Diesel particulate filters (DPFs) and selective catalytic reduction (SCR) for NOx systems have brought the soot and NOx emission levels close to the ambient air levels. This is the outcome of the development of the more stringent emission levels over the years and the introduction of the real driving emissions (RDE) regulation [6]. Cold start and low ambient temperatures emissions can be still an issue for NOx, but not so much for particulate emissions [7,8]. Nevertheless, emissions during active regenerations is still a topic of concern [9,10]. The increase in the gaseous pollutants during active regenerations is taken into account in the regulations by the so-called ki factor, which considers the emissions during the regeneration and the distance between regenerations. For particulates, there is no such factor defined, and most importantly, while the increase for gaseous pollutants is of the order of some percentage units (<5%), for particulates, it can be orders of magnitude [11,12]. Nevertheless, many studies have shown that the weighted emissions of solid particles larger than 23 nm remain below the limit of 6 × 1011 #/km [12,13]. However, this is not always the case [14] and will be even more challenging with the lower emission limits and lower cut-off size of 10 nm as planned for Euro 7 [6,14,15]. Even though they are not regulated, volatile particles, weighted or not, are exceeding the limit for solid particles [9,10,13,16,17,18]. Note that the term “volatile” particles is used to characterize particles that form a nucleation mode upon cooling and dilution in the atmosphere or the sampling system, but are in the vapor phase at the tailpipe conditions (high exhaust gas temperature) [19]. Thus, the “volatiles” include nitrates, sulfates, and intermediate and semi-volatility compounds, while “solids” are soot and metals [19,20]. There are health and environmental concerns for volatile particles. The water-soluble organic carbon generates reactive oxygen species [21,22], and polycyclic aromatic hydrocarbons are toxic and carcinogenic [23]. Furthermore, the volatiles contribute to the formation of secondary aerosol, which is also associated with adverse health effect [24]. As volatile particles might contribute to adverse health effects and their number concentrations is measured in ambient air monitoring stations, their thorough characterization is necessary. This is not a simple task, however [19]. Many studies have shown that the sampling conditions (dilution ratio, dilution air temperature, etc.) have a significant impact on the measured volatile particle number concentration [25,26]. Furthermore, there are no standardized protocol or studies comparing different measurement systems [19]. To make things worse, outgassing of the lines can also impact the results, making the pre-history and pre-conditioning of the vehicle and the facility important [27].



The objective of this study is to determine the emissions of two diesel vehicles focusing on the regeneration events. Different sampling locations and instruments will give an insight on challenges and provide recommendations for future measurements especially for volatile particles.




2. Materials and Methods


The tests were conducted at the vehicle emissions laboratory (VELA 1) of the Joint Research Centre (JRC) of the European Commission. The experimental setup is given in Figure 1.



2.1. Particles Instrumentation


Various instruments were used to measure particles from the tailpipe (TP) and the dilution tunnel with constant volume sampling (CVS). One advanced particle counter (APC) from AVL (Graz, Austria) [28] with 23 nm and 10 nm condensation particle counters (CPCs) was connected directly at the dilution tunnel and a second one at the tailpipe with a 0.5 m heated stainless steel line at 150 °C. Both APCs had a catalytic stripper (CS) operating with wall temperature set at 350 °C [29]. The difference between the two APCs was that the one at the dilution tunnel had condensation particle counters (CPCs) from TSI (Shoreview, MN, USA), while the one at the tailpipe from AVL. The counting efficiencies at 23 nm and 10 nm were approximately 50% and 65%, respectively, for both TSI and AVL counters. These efficiencies are defined in the respective 23 and 10 nm solid particle methodologies in the global technical regulation (GTR 15) for light duty vehicles [6,15]. The solid particle number (SPN) emissions from these instruments will be abbreviated as: SPNx,y, where x is 23 nm or 10 nm and y is the dilution tunnel (CVS) or tailpipe (TP). The particle number concentration reduction factor (PCRF), which is the dilution with the average losses at 30 nm, 50 nm, and 100 nm, was 1000 (primary dilution 100) for both instruments. This value has been found to minimize any interference from volatile particles [30].



For the measurement of total particle number (TPN) concentration (i.e., solid and volatile particles), two systems were used: one at the dilution tunnel and the other at the tailpipe. The one at the dilution tunnel consisted of a porous diluter (PD) with a cold (i.e., not heated) dilution of approximately 10:1. The particle number concentration and size distribution were measured with an engine exhaust particle sizer (EEPS) from TSI. The covered size range was 5.6 nm to 560 nm. The second system at the tailpipe, based on the DownToTen project [31], consisted of 0.8 m heated stainless-steel line at 150 °C, a porous diluter (PD) with dilution 10:1, an ejector diluter (ED) with dilution 10:1, and a bifurcated flow diluter (BD) with dilution 20:1. The filtered air of the PD and ED was not heated. The BD dilutes without the need of external air supply by splitting the flow: One part is filtered and used internally as dilution air. The reasons for having a third diluter and not a higher dilution at the first PD were twofold: Firstly, a primary dilution ratio of around 10–25:1 has been found to maximize the nucleation mode formation [19,27,32]. Secondly, as we did not control the real-time dilution ratio by gas measurements (only with pressure measurements), the lower dilution ratio had lower uncertainty compared to a higher dilution. The system was characterized at the laboratory for particle losses and were found to be around 30% more in the 10 nm to 23 nm range and 50% more in the sub-10 nm range than the losses in the >23 nm range [13,33]. The particle number concentration was determined with two CPCs from TSI: one with 65% counting efficiency at 10 nm and the other 50% counting efficiency at 5 nm. The total particle number (TPN) emissions from these instruments will be abbreviated as: TPNx,y, where x is 4 nm, 6 nm (approximately the lower size detected by the EEPS), or 10 nm and y is a dilution tunnel (CVS) or tailpipe (TP).




2.2. Vehicles and Fuel


The characteristics of the two vehicles can be found in Table 1: The first one (in the order of the testing) was a Euro 6d-Temp (vehicle #1 in the following), while the second one was a Euro 6b (vehicle #2 in the following). Both were equipped with Diesel oxidation catalyst (DOC), selective catalytic reduction (SCR) for NOx, and a Diesel particulate filter (DPF). Both vehicles were market vehicles (i.e., not prototypes or research vehicles), thus, the results should be representative of the real-life situation.



Market B7 fuel was used for all tests. It had a cetane number of 54, density 0.84 kg/L, 7.1 mg/kg sulfur content, 6.7% (vol.) FAME (fatty acid methyl ester) content, 3.6% (mass) polycyclic aromatics content, and 18.1% (mass) total aromatics.



The NOx emissions of the Euro 6d-Temp vehicle over its type approval cycle, the worldwide harmonized light vehicles test cycle (WLTC), were approximately half of the Euro 6 NOx limit of 80 mg/km and even lower at 120 km/h. The Euro 6b could fulfil the 80 mg/km NOx limit at its type approval New European Driving Cycle (NEDC), but the NOx emissions were 450 mg/km at the WLTC and 650 mg/km at 120 km/h. This means that the SCR of the Euro 6b was functioning only in a narrow window of operating conditions, and consequently, any urea-formed particles should be minimum for this vehicle. Nevertheless, urea-formed particles seem to not be an issue for light-duty vehicles [9], as they may be for heavy-duty vehicles [34,35].




2.3. Test Protocol


All tests were conducted were conducted at an ambient temperature of 23 ± 3 °C at the laboratory.



The test protocol of vehicle #1 (Euro 6d-Temp) included constant speed tests of 50 km/h, 90 km/h, and 120 km/h with 30 min duration each and a few WLTCs in between. Regeneration took place at the first and last constant speed test at 130 km/h and 120 km/h (Figure 2). The TPN counters were saturated at the first regeneration test. The 10 nm counter goes in photometric mode above >104 #/cm3, with a maximum around 5 × 105 #/cm3, while the 4 nm counter goes in photometric mode above 105 #/cm3, with a maximum 107 #/cm3. The total distance covered was 510 km, with a total duration of 7 h of driving in different days. The distance between the 2 active regenerations was 460 km. Only this car was tested in the laboratory during the testing period in order to avoid any contamination of the setup from other vehicles.



The test protocol of vehicle #2 (Euro 6b) was similar. It included constant speed tests of 50 km/h, 90 km/h, and 120 km/h with 30 min duration each and a few WLTCs in between. The total distance covered was 830 km with a total duration of 13 h of driving in different days (Figure 2). Only one active regeneration took place during the first WLTC pre-conditioning test. Only this car was tested in the laboratory during the testing period in order to avoid any impact from the exhaust of other vehicles. Vehicle #2 was tested immediately after vehicle #1.



Based on this protocol we tried to minimize any impact from other vehicles’ exhaust in the sampling lines [19]. The last regeneration of vehicle #1 also aided to desorb any deposited material from vehicle #1 in the sampling lines. The first test with vehicle #2 triggered an active regeneration, which also resulted in a high exhaust gas temperature that (partly) desorbed the deposited material. Figure 2 gives the maximum exhaust gas temperature during the performed tests.




2.4. Calculations


The total or solid particle number (PN) real time emissions (#/s) were calculated for every second “i” as follows [36]:


PNsize,location,size,i = 106 Csize,location,i Qlocation,i/ρexh



(1)




where “location” is the dilution tunnel (CVS) or tailpipe (TP), “size” is the lower size of the respective instrument (i.e., 4 nm, 6 nm, 10 nm, or 23 nm), C is the particle number concentration of the respective instrument (corrected with the PCRF), Q is the flow rate (of the dilution tunnel or the exhaust), and ρexh is the exhaust gas density (assumed constant).



The integrated emissions were calculated by integration of the second-by-second emissions for the relevant duration and divided by the relevant distance. For example, for the WLTC, the duration was 30 min, and the distance 23.2 km. In some cases, in order to calculate the “overall” emissions, where one regeneration event was included, the particle number emissions of all cycles were integrated (including one regeneration event), and then they were divided by the total distance.





3. Results and Discussion


The following two sections present the comparison of the emissions of solid and volatile particles at different sampling setups and the emission characteristics of the vehicles with and without regenerations.



3.1. Sampling Location and Instrumentation


3.1.1. Dilution Tunnel Versus Tailpipe


Figure 3 summarizes the differences between the SPN instruments connected at the tailpipe and the dilution tunnel for both >23 nm and >10 nm for both vehicles. The comparison is presented as the ratio of the SPN measured in the dilution tunnel (CVS) to the tailpipe (TP) measurement minus one. Thus, positive differences denote higher CVS measurements compared to TP, while negative differences denote the opposite. For emission levels > 5 × 109 #/km, the differences were −35% to 20%, with the instrument at the dilution tunnel measuring lower levels on average. The results are in good agreement with the literature, where differences of ±30% have been reported [37,38]. The differences can be attributed to uncertainties of the exhaust flow determination (5%) and agglomeration particle losses (10%) when the concentration is high (>107 #/cm3) (e.g., during cold start) [36]. The thermophoretic losses are negligible for exhaust gas temperatures up to 200 °C, as our tailpipe sampling was performed at 150 °C. They can reach 10% at exhaust gas temperatures close to 400 °C. High differences (20%) can also be seen when the particle size distributions peak at the cut-off size of the instrument (around 23 nm or 10 nm).



For emission levels < 5 × 109 #/km, the differences were >30%, with the instrument at the dilution tunnel measuring higher. The main reason was the higher background levels. For example, a 0.5 #/cm3 background (allowed in the regulation and typical for our systems) would translate to 6 × 109 #/km at the dilution tunnel and 5 × 108 #/km at the tailpipe, which is a >1000% difference. It should be mentioned that the current SPN23,CVS limit is 6 × 1011 #/km, thus two orders of magnitude higher, and the high relative differences at levels < 5 × 109 #/km were small or negligible in absolute values. These levels were also close to the lower detection limit of SPN systems, thus adding to the uncertainty of the instruments [36].



There are two cases with high differences between the 10 nm counters at the tailpipe and the dilution tunnel (not shown in the figure). One was the first active regeneration event of vehicle #1 at 130 km/h, and the other was the first active regeneration of vehicle #2 at the pre-conditioning WLTC. The differences between the tailpipe and dilution tunnel had a difference of a factor of 4–6 at emission levels of around 1012 #/km, higher than the 30% that would be acceptable. These two cases will be discussed in the next paragraphs. First, a regeneration event where no high differences were seen will be discuessed, and then the two regeneration cases with high differences will be presented.




3.1.2. Vehicle #1 Regenerations


Figure 4 plots the emissions during the last regeneration event with the Euro 6d-Temp vehicle that took place during the 120 km/h constant speed driving. After more than 20 min at 120 km/h (at 1300 s), the regeneration initiated: The exhaust flow increased, and the tailpipe exhaust temperature started increasing slowly. The total particles started increasing at approximately 1400 s, somewhat earlier at the dilution tunnel (TPN6,CVS). The exhaust gas temperature at the tailpipe was around 200 °C when the total particles at the dilution tunnel started increasing sharply. The TPN6,CVS emissions at the dilution tunnel exceeded the levels of the 4 nm counter at the tailpipe (TPN4,TP). The emissions of the 4 nm counter were double than of the 10 nm counter (TPN10,TP) when TPN10,TP saturated, which suggests that the peak (mean size) of the nucleation mode was below 10 nm and closer to 4 nm.



The solid particles started increasing at approximately 1500 s (exhaust gas temperature 300°C). The agreement between dilution tunnel and tailpipe was very good for both 23 nm and 10 nm counters (lines almost indistinguishable). The 10 nm emissions were 50% higher than the 23 nm emissions during the regeneration event. After the regeneration (2000 s and later), the 23 nm and 10 nm counters were at the same levels, indicating only a soot (accumulation) mode with a mean size > 23 nm. It is worth mentioning that at the end of regeneration (2000 s), the solid emissions increased, while the total emissions decreased. Nevertheless, the total particle emissions remained elevated, even after the regeneration, thus suggesting desorption of nucleating material after the regeneration.



An active regeneration is usually divided into the following phases [39]: (i) warm-up until the DPF has reached the appropriate temperature for soot oxidation; at this phase, the DPF filtration efficiency is high, and consequently, the SPN emissions are low (1300–1500 s in Figure 4); and (ii) the soot oxidation phase, where the trapped soot is oxidized (1500–2000 s). This phase is subdivided in the “increasing SPN emissions” (1500–1600 s) phase where the DPF filtration efficiency starts to drop, and the “stabilization phase” (1600–2000 s), where the DPF is empty, and the filtration efficiency is low [13,40].



The formation of volatile particles depends on the exhaust gas temperature. The general understanding is that they appear when the temperature is appropriate to convert enough SO2 from SO3 at the DOC [39,41,42,43] and/or to desorb enough sulfates from the aftertreatment devices [44,45,46,47]. As the exhaust gas is cooled down in the diluter, these sulfates form nucleation mode particles, which grow to the measurement range of the instruments, especially in the presence of hydrocarbons. The appropriate temperature is typically reached before the soot oxidation phase, and the volatile particles increase earlier than the solid particles [39,41], but not always [13]. Their concentration depends on the available pre-cursors, the sampling and dilution conditions, and the possible soot sink for the particles and vapors [48]. At the end of the regeneration in Figure 4, the exhaust gas temperature decreased, the soot particles increased, and the volatile particle concentration immediately dropped, as expected. However, their concentration was still much higher (1–2 orders of magnitude) than the concentration of solid particles because the exhaust gas temperature remained high enough.



In summary, during the active regeneration of the Euro 6d-Temp vehicle, the following particle classes were measured: (i) volatile particles that appeared when the tailpipe temperature was around 200 °C with a mean size between below 10 nm; (ii) core particles due to the incomplete combustion of the injected fuel with a mean size around 10 nm; and (iii) soot particles with a mean size > 23 nm. While the volatile and soot particle emissions are commonly reported in the literature, the existence of a core mode during active regenerations has not been identified before. The term “core” is used in lack of another term to characterize these particles. It is highly likely that these particles are heavy hydrocarbons from incomplete combustion during the late fuel injection to regenerate the filter. High concentrations of polycyclic aromatic hydrocarbons (PAHs) have also been detected during active regenerations [49]. Regeneration studies have identified fuel-originated hydrocarbons [45], but low-volatility oil hydrocarbons have been also measured in significant amounts [10].



Figure 5 presents the first regeneration test of the same vehicle #1. The car was at 130 km/h, and after approximately 650 s, the regeneration initiated, as shown by the increase in the exhaust flow rate and the exhaust temperature at the tailpipe. The solid particles > 23 nm at the tailpipe (SPN23,TP) and the dilution tunnel (SPN23,CVS) started increasing gradually. A similar increase was noted for the solid 10 nm particles at the tailpipe (SPN10,TP), which were approximately 50% higher than the 23 nm concentrations. What was rather unexpected was the high increase in the solid 10 nm particles at the dilution tunnel (SPN10,CVS), which started almost from the beginning of the regeneration (750 s) when the exhaust gas temperature at the tailpipe was 250 °C. During the regeneration, the speed of the car changed from 130 km/h to 120 km/h (1250 s). The exhaust gas temperature dropped slightly, but remained elevated at around 350 °C. The difference between 10 nm and 23 nm particle number concentrations at the tailpipe remained at similar levels as before (50%), while the 10 nm concentration at the CVS came closer to the rest of the instrument’s concentrations. At the end of the regeneration (1350 s), all SPN concentrations reached the same level in both sampling locations.



With the exception of the SPN10,CVS concentration, the two regenerations had similar behavior. In both cases, the duration was around 700 s, the exhaust gas temperature reached 350 °C, and there was a considerable number of particles below 23 nm. It is not clear why the SPN10,CVS was different at the two regenerations. Volatile artefacts (i.e., volatiles that penetrate through the catalytic stripper) is one possible explanation. The total concentration of volatiles at the dilution tunnel (TPN6,CVS) is not known because the instrument (EEPS) was saturated in most part of the regeneration. The fitting of the non-saturated parts of the size distribution during times that the total concentration was saturated gave a geometric mean diameter (GMD) of 37 nm with geometric standard deviation of 1.49 and concentration of 2 × 108 #/cm3. Assuming unit density, this gave a mass concentration of more than 11 mg/m3. The mass of the volatiles at the last regeneration of Figure 4 (without such strange behavior) was 1.5 mg/m3, (GMD = 29 nm, GSD = 1.45, concentration 6 × 107 #/cm3). In this regeneration, there were solid cores, so any breakthrough of volatiles could have grown the core particles to the measurement range of the 10 nm counter. This will be further elaborated later. When the regeneration was finished, only soot particles > 23 nm were detected. Any breakthrough would grow the particles that were already >23 nm, so it would not impact the concentrations measured by all instruments, which were at the same levels after 1350 s.



Regarding total particles from the tailpipe sampling, the 10 nm counter was saturated (not shown in the figure), and the 4 nm was measuring in the photometric mode. The agreement between EEPS at the dilution tunnel and the 4 nm counter at the tailpipe was not as good (at the parts that the EEPS was not saturated) as in Figure 4. Figure 5 highlights how difficult it is to measure total particles, as their emission levels span over many orders of magnitude. Other reasons for the differences, in addition to the desorption phenomena discussed before, include different lower cut-points (6 nm vs. 4 nm), different principles of operation (diffusion charging vs. condensation particle counter), and different dilution concepts (variable at the dilution tunnel vs. fixed at the tailpipe).




3.1.3. Vehicle #2 Regeneration


Figure 6 presents the regeneration of the Euro 6b vehicle at the last part of the WLTC. A non-regenerating WLTC is also plotted for comparison. Figure 6a shows that the speed and the exhaust flow rate were identical for the regenerating and non-regenerating WLTCs. The only difference was in the exhaust gas temperature at approximately 1600 s for the regenerating cycle.



Figure 6b plots the particle number emissions. Only the solid particle number emissions > 10 nm at tailpipe (SPN10,TP) and dilution tunnel (SPN10,CVS) are given for the non-regenerating cycle for better clarity of the figure, and they are indistinguishable. The SPN10,TP of the regenerating and non-regenerating cycles were identical up to 1570 s; after that point, the SPN10,TP were higher for the regenerating cycle. The SPN23,TP were at the same level, without any evident existence of a solid core mode as with the Euro 6d-Temp vehicle. The >10 nm concentration from the dilution tunnel SPN10,CVS were at the same level as the SPN10,TP until approximately 1620 s; after that time, the SPN10,CVS clearly deviated. The total particle number (TPN) concentration started to increase from approximately 1600 s at the dilution tunnel, but the system at the tailpipe measured a significant increase after 1670 s. The SPN10,CVS followed the TPN signals, indicating that they could be volatile artefacts, even though the system had a catalytic stripper. Another fact that supports this assumption is that the SPN10,CVS was increasing when the SPN10,TP was decreasing, a behavior typical of volatile particles. The estimated mass from the EEPS was >10 mg/m3, which is at the same level with the mass of Figure 3, where such differences were also noticed.



Similar differences between tailpipe and dilution tunnel have been reported a few times: In one case, changing the dilution ratio of the device did not change the concentration of the sub-23 nm particles during the regeneration, indicating that they are non-volatile particles [12]. Another study found similar concentrations of 10 nm particles with evaporation tube and catalytic stripper during a regeneration [50]. A dedicated study with a moped gave some insight for the differences in solid particles < 10 nm between the tailpipe and the dilution tunnel [51]. It was suggested that the moped emitted nanoclusters (particles in the 1–3 nm size range), which would grow in the transfer tube to sizes detectable by the instruments due to heterogeneous nucleation and the condensation of volatile material either emitted from the moped or desorbed from the transfer tube due to the high exhaust gas temperatures. It was explained that the reason that the particles were not evaporated in the catalytic stripper of the instrument at 350 °C was due to their low volatility and kinetic restrictions (finite residence time in the catalytic stripper). Thus, for the regeneration tests, it is possible that the differences are due to nanoclusters that reached different sizes at the two locations. These nanoclusters could be due to the injected fuel or even oxidation-driven soot fragmentation at the DPF [52,53,54], which may result in the increase in nucleation particles, as indicated in experimental [53] and theoretical [55] studies.



Figure 7 presents tests with the Euro 6b vehicle at 120 km/h at different days. The particle number emissions are plotted in Figure 7a, while the speed and exhaust gas temperature at Figure 7b. Based on the signals of speed and exhaust temperature, the tests were very repeatable. However, this was not the case for the particle emissions, which were dropping over time (distance driven). Even though the instrument at the tailpipe had lower cut-point than at the dilution tunnel (4 nm vs. 6 nm), the TPN emissions at the dilution tunnel were much higher than at tailpipe for the same test. For example, at the first test, the emissions at the dilution tunnel reached 7 × 1012 #/s, while at the tailpipe, they were 5 × 1010 #/s (two orders of magnitude lower) for the same test. Over time, the concentrations were decreasing. At the third test (after 280 km from the first test), the instrument at the tailpipe did not increase, while the instrument at the dilution tunnel had a small increase reaching 3 × 1010 #/s. This series of tests demonstrates the high variability of the volatile particles. There can be a huge difference in the measured TPN between sampling locations, different tests, as well as between different days.



The variability in the emissions between different days comes from the desorption of the deposited material at the aftertreatment and tailpipe of the vehicle and, in case of CVS, the tube that connects the vehicle with the dilution tunnel. For the same day, the difference between the tailpipe and the dilution tunnel is probably due to the deposited material at the tube between the vehicle and the dilution tunnel. The data in Figure 7 clearly show that the transfer line can be a huge source of nucleation mode particles. What is important to mention at this point is that all these tests with vehicle #2 were conducted after the tests with vehicle #1, which ended with a regeneration event (plus one WLTC) with the exhaust gas temperature at the tailpipe reaching 350 °C during the regeneration (see protocol in Figure 2). Furthermore, the first test with vehicle #2 had a regeneration at the last part of the WLTC, and the temperature reached 400 °C. One would expect that the desorption of any deposited material at the subsequent tests would be minimal, as the exhaust gas temperature at the 120 km/h tests only reached up to 275 °C. The results indicate that this may not be the case. There was still enough material to be desorbed at temperatures around 250 °C that took more than 1.5 h of driving at 120 km/h to reach low levels. Some of this material was probably deposited during the testing of the 330 km with this car (typical WLTCs).



The literature has also highlighted the need of stabilization time to the variability of the volatile particles measurements [56]: Many studies have found that it can take more than 1 h to stabilize the concentration of volatile particles [42,57], similar to what was demonstrated in our study. Other studies have also found higher concentration of volatile particles at the dilution tunnel compared to the tailpipe due to the desorption from the tube between the vehicle and the tailpipe [9,58].





3.2. Emission Levels


Figure 8 plots the excess sub-23 nm particles not counted with the current SPN procedure in the regulation, which considers only particles larger than 23 nm. Lowering the cut-off size to 10 nm would increase 10–40% the emissions for both vehicles in the concentration range of interest (>1010 #/km). At lower number concentrations in a few cases, higher percentages can be seen (the 80% values are from two WLTCs).



Appendix A gives examples of where the sub-23 nm particles come from (mainly due to cold start). One noticeable exception, not shown in the figure, is vehicle #2’s excess sub-23 nm concentration of cold idle (16 times higher than the >23 nm concentrations) and of the hot idle (2.2 times the >23 nm concentrations).



The emission levels of the two vehicles are presented in Figure 9a,b, respectively. The emissions are given separately for the WLTC, 120 km/h, the same tests with active regeneration, and the overall emissions. For vehicle #1, the overall emissions are the emissions after the first regeneration until the second regeneration (including the second regeneration event) (460 km) (see also Figure 2). For vehicle #2, the overall emissions include all emissions over the 830 km driven. Each bar gives the solid particle number (SPN) emissions > 23 nm, and >10 nm, as well as the total particle number (TPN) emissions > 10 nm and >4 nm. Only the results from the tailpipe were considered in the figures for the reasons discussed in the previous section.



For vehicle #1 (Euro 6d-Temp), the emissions (solid and total particles) were low for tests without regeneration (<1011 #/km). The emissions during regeneration, though, were very high (>1014 #/km). The overall TPN emissions were dominated by the emissions measured over the regeneration event. The TPN-weighted emissions were still more than two orders of magnitude higher than the overall SPN emissions, which were still below the Euro 6 limit. For vehicle #2, the SPN emissions with and without regeneration were not very different and remained below the Euro 6 limit. The TPN increased by more than two orders of magnitude during the regeneration. The overall TPN emissions were one order of magnitude above the Euro 6 limit. High emissions of volatiles are commonly reported in the literature. Most studies have measured a nucleation mode with mean size < 20 nm [10,39,41,44,46,53,59] and concentration around 1–2.5 × 1013 #/km [13,18,39,41] but also higher 2–8 × 1014 #/km [9,10,46,53,60].



Table 2 summarizes the emissions of the two vehicles for the WLTC and the overall emissions. Focusing on the >23 nm SPN, the WLTC emissions were very low for the Euro 6d-Temp car, and one fourth of the limit (6 × 1011 #/km) for the Euro 6b. The overall (i.e., weighted emissions including one regeneration event) >23 nm SPN emissions for both vehicles were one-fourth of the limit. The increase in the emissions considering the sub-23 nm particles was 25–30% for the Euro 6b vehicles and 36% for the Euro 6d-Temp (48% for the WLTC).



The emissions of the total particles (solids and volatiles) > 10 nm remained at the same levels with the solid > 10 nm for the WLTC. However, when considering the overall emissions, they exceeded 2.4 times (Euro 6b vehicle) to 25.5 times (Euro 6d-Temp) the SPN23 limit. The sub-10 nm total particles were 35% higher for the WLTC, but 95% higher for the overall emissions. As it was described in Section 2 (Material and Methods), no particle loss corrections were applied for sub-23 nm particles. As discussed before, the measurements from the dilution tunnel showed much higher values at high-speed tests due to the desorption of particle pre-cursors from the tube connecting the vehicle to the dilution tunnel and were not considered in this figure.



The results are in line with other studies that have reported a wide range of emissions during regenerations (e.g., SPN23 and SPN10 levels up to 3 × 1012 #/km [9,10,11,13,18]). These studies also showed that the SPN emissions weighted with one regeneration were around 3 × 1011 #/km, again in agreement with our results. However, exceedance of the limit has also been reported for the weighted emissions [14]. The reported TPN weighted emissions are in the range of 0.8–2 × 1012 #/km [10]. As some studies have shown the absolute values of SPN and TPN depend on many parameters, e.g., the loading cycles, the regeneration speed, the soot load [9,11,39].



The distance between active regenerations for the two vehicles (460 km and >830 km) are within the ranges that have been reported in the literature. A distance of 460 km is distance for the majority of the vehicles [11], while the 830 km distance is in the high range (and not so common) [61].





4. Conclusions


In this study, we measured the particle number emissions of two Euro 6 Diesel vehicles. The emissions of both solid and volatile particles were determined using instruments sampling directly from the tailpipe and from the dilution tunnel with different lower cut-points. Three main topics were addressed: (i) sampling location, i.e., differences between tailpipe and dilution tunnel; (ii) differences between solid and total (i.e., solids and volatile) particles; and (iii) emissions during regenerations and contribution to the overall emission levels.



The first vehicle in order (Euro 6d-Temp) regenerated a second time after 460 km of driving, while the second one (Euro 6b) had not regenerated a second time after 830 km. The solid particle number emissions including the regeneration events for both vehicles were <2 × 1011 #/km, with a sub-23 nm particle concentration of 10 to 40%. However, the total (i.e., solids and volatiles) particle number emissions were 15 to 300 × 1011 #/km, raising the question of whether these particles can be neglected. The measurements from the dilution tunnel and the tailpipe gave similar results (−35% to 20%) for the solid particles, but much higher differences were measured for the total particles. The reason was the desorption of particle pre-cursors from the tube that connects the vehicle to the tailpipe. Even though a good conditioning of the tube was done by driving at high speed, such desorption phenomena were evident even after >1 h of high-speed driving. During the first active regeneration tests, the concentration of volatiles was so high that it interfered with the >10 nm measurement of solid particles from the dilution tunnel, even though a catalytic stripper was implemented in the instrument.



The key message is that the solid particle emissions of regenerations should be considered in future regulations, even though the weighted emissions did not exceed the current limit in our results. The volatile particles, which might also have health and environmental effects, should also be monitored, as this study and others in the literature showed very high concentrations. We believe that the tailpipe measurement is more representative for such particles. Even for solid particles, the dilution tunnel measurements might be suspect to volatile interference at the instruments at some regeneration events.
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Appendix A


Figure A1 plots the cold start solid particle number (SPN) emissions > 23 nm and >10 nm for the 2 vehicles. For vehicle #1 (Euro 6d-Temp), there was a substantial fraction of particles < 23 nm only during the first idling period, while for vehicle #2 (Euro 6b), the sub-23 nm particles remained for a much longer duration with a dropping tendency over time.
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Figure A1. Solid particle number (SPN) emissions measured from the tailpipe (TP): (a) Vehicle #1 (Euro 6d-Temp); (b) Vehicle #2 (Euro 6b). 
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Figure 1. Schematic setup. APC = advanced particle counter; BD = bifurcated diluter; CPC = condensation particle counter; CS = catalytic stripper; CVS = constant volume sampling; EEPS = engine exhaust particle sizer; ED = ejector diluter; PD = porous diluter; SPN = solid particle number; Temp = temperature; TP = tailpipe; TPN = total particle number. 
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Figure 2. Schematic presentation of the test protocol. Temperatures are the maximum exhaust gas tailpipe temperatures of the specific tests. In red, tests where active regeneration took place. The 330 km and 610 km indicate the first and third test at 120 km/h which will be discussed in the Results section. 
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Figure 3. Differences between the SPN instruments at the dilution tunnel (CVS) and the tailpipe (TP). Results from vehicle #1 (Euro 6d-Temp) are plotted with circles and from vehicle #2 with squares (Euro 6b). Solid symbols are the results from the 23 nm counters, while open symbols from the 10 nm counters. 
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Figure 4. Emissions during the last regeneration event of vehicle #1 (Euro 6d-Temp) at 120 km/h. 
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Figure 5. Emissions during the first regeneration event of vehicle #1 (Euro 6d-Temp) at 130 and 120 km/h. 
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Figure 6. Comparison of regenerating and non-regenerating WLTCs with vehicle #2 (Euro 6b): (a) exhaust gas temperature at the tailpipe, speed, and exhaust flow rate. Continuous lines are data from regenerating cycle. Dashed lines from non-regenerating cycle; (b) solid particle number (SPN) and total particle number (TPN) emissions of the regenerating cycle. Only the 10 nm SPN at the tailpipe (TP) and dilution tunnel (CVS) is shown for the non-regenerating cycle for better clarity. 
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Figure 7. Three tests at 120 km/h at 330 km (1), 390 km (2), and 610 km (3): (a) Total particle number (TPN) emissions at the tailpipe (TP) or the dilution tunnel (CVS); (b) Speed and exhaust gas temperature at the tailpipe. 
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Figure 8. Excess of sub-23 nm particle concentrations calculated as (SPN10,TP − SPN23,TP)/SPN23,TP. 
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Figure 9. Solid particle number (SPN) and total particle number (TPN) emissions measured from the tailpipe with counters of different lower cut-points. The results are plotted separately for the worldwide harmonized light vehicles test cycle (WLTC) and 120 km/h, without and with active regeneration, and the overall (i.e., weighted with one regeneration event) emissions: (a) Vehicle #1 (Euro 6d-Temp); (b) Vehicle #2 (Euro 6b). 
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Table 1. Characteristics of the two vehicles tested.
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	Vehicle
	#1
	#2





	Emission standard
	Euro 6d-Temp
	Euro 6b



	Registration month/year
	January 2020
	June 2017



	Engine displacement (L)
	1.6
	1.6



	Maximum power (kW)
	85
	88



	Odometer (km)
	8500
	21,000



	After-treatment configuration
	DOC, DPF, SCR
	DOC, DPF, SCR







DOC = Diesel oxidation catalyst; DPF = Diesel particulate filter; SCR = selective catalytic reduction for NOx.
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Table 2. Emissions (×1011 #/km) of the two vehicles following the type approval cycle and including emissions during regeneration. Only measurements from the tailpipe were considered.
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Vehicle

	
#1 (Euro 6d-Temp)

	
#2 (Euro 6b)






	
Cycle

	
WLTC

	
Overall 1

	
WLTC

	
Overall 2




	
SPN23,TP

	
0.04

	
1.44

	
1.64

	
1.21




	
SPN10,TP

	
0.06

	
1.96

	
2.06

	
1.57




	
TPN10,TP

	
0.16

	
153

	
2.49

	
19.9




	
TPN4,TP

	
0.22

	
304

	
3.37

	
27.3








1 Based on 460 km of driving and one active regeneration event; 2 Based on 830 km of driving and one active regeneration event.
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