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Abstract

:

The emission limit of non-volatile particles (i.e., particles that do not evaporate at 350 °C) with size >23 nm, in combination with the real driving emissions (RDE) regulation in 2017, resulted in the introduction of gasoline particulate filters (GPFs) in all light-duty vehicles with gasoline direct injection engines in Europe. Even though there are studies that have examined the particulate emissions at or beyond the current RDE boundary conditions, there is a lack of studies combining most or all worst cases (i.e., conditions that increase the emissions). In this study, we challenged a fresh (i.e., no accumulation of soot or ash) “advanced” prototype GPF at different temperatures (down to −9 °C), aggressive drive cycles and hard accelerations (beyond the RDE limits), high payload (up to 90%), use of all auxiliaries (air conditioning, heating of the seats and the rear window), and cold starts independently or simultaneously. Under hot engine conditions, the increase of the particulate emissions due to higher payload and lower ambient temperature was 30–90%. The cold start at low ambient temperature, however, had an effect on the emissions of up to a factor of 20 for particles >23 nm or 300 when considering particles <23 nm. We proposed that the reason for these high emissions was the incomplete combustion and the low efficiency of the three-way oxidation catalyst. This resulted in a high concentration of species that were in the gaseous phase at the high temperature of the close-coupled GPF and thus could not be filtered by the GPF. As the exhaust gas cooled down, these precursor species formed particles that could not be evaporated at 350 °C (the temperature of the particle number system). These results highlight the importance of the proper calibration of the engine out emissions at all conditions, even when a GPF is installed.
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1. Introduction


Particulate matter (PM) has health and environmental effects [1]. The vehicle regulations control the PM exhaust emissions from approximately the ‘90s [2]. Ultrafine particles (i.e., particles <100 nm) might be more harmful than bigger particles (for the same mass) due to their deeper penetration in the lungs, higher deposition fraction and the possibility to translocate to other organs of the body [3]. Initially, in the European Union’s (EU) regulation, a solid particle number (SPN) limit was introduced for diesel vehicles (2011 for light-duty vehicles and 2013 for heavy-duty vehicles) (6 × 1011 #/km or #/kWh) [4]. The limit forced the use of DPFs in all diesel vehicles. DPFs are very efficient in reducing solid particles, and as recent studies confirm, they are also very efficient for the secondary aerosol reduction in combination with the rest after the treatment devices [5].



The EU plan to reduce CO2 emissions from vehicles at the end of ‘90s (Recommendation 1999/125/EC) and the introduction of mandatory CO2 standards from 2015 (Regulation (EC) 443/2009) resulted in the widespread of gasoline direct injection (GDI) vehicles due to their better fuel economy compared to the port fuel injection (PFI) ones [6]. However, GDI vehicles had initially high PM emissions, especially those running lean. A ten times higher than the diesel SPN limit was introduced in 2014 for GDI vehicles, which was reduced to the diesel one in 2017. In 2017, the real-driving emissions (RDE) regulation was also introduced, which required vehicles to fulfill the limit also on the road under a wide range of conditions [7,8]. This practically forced the use of GPFs (gasoline particulate filters) in GDI vehicles in Europe [6]. In recent years, many Asian countries have also added a SPN limit [9].



In the last years, a lot of research has been conducted for GPFs to optimize their efficiency and performance. Topics included filter structure [10], flow field [11], filter material [12], in particular for soot oxidation at absence of NOx and O2 [13,14], soot storage and oxidation [15,16], oxygen storage [17], ash loading [18], and washcoat [19]. Typically, the temperature at the GPFs is high enough to oxidize the soot when there is available oxygen (e.g., during fuel cut-offs) [20]. For this reason, the accumulation of soot over time is slow and the filtration efficiencies are relatively low. The first fresh GPFs (without soot and ash loading) had filtration efficiencies of around 60% [21]. Such low filtration efficiencies could result in high emission levels in aggressive cycles [22]. The latest technology, fresh GPFs, have filtration efficiencies closer to 90% [23]. Prototype membrane GPFs demonstrated >95% efficiency under all tested conditions [24].



The particulate emissions of GDI vehicles after the RDE regulation introduction (in 2017) are at low levels [6,25]. Nevertheless, there are still some concerns: for example, GPFs have not shown similar reduction potential against secondary organic aerosol as DPFs [26]. Due to the lower filtration of the GPFs compared to DPFs, emissions at the tailpipe of GDI vehicles are more sensitive to variation of engine-out emissions. Engine-out emissions can increase significantly due to incomplete combustion at fuel enrichment events. Studies showed that with lower lambda (from 1 to 0.85–0.875) particle number emissions increased two to three times [27,28]. Challenging cases are, for example, the cold start, low ambient temperature, aggressive driving style [29,30]. Another important factor is fuel [28,31,32,33]. Many studies have tried to correlate the particle number emissions with the fuel properties, such as aromatics content, distillation temperatures, and volatility [34,35,36]. In the last decade, various indexes have been used, with the most common being the Honda PM index [37]. The certification fuels for Europe, China, and the United States have typically PM index slightly higher than 1 (range 0.5–2.0) [38,39,40,41], but market fuel can have higher values reaching theoretically up to 3, and even higher in, e.g., Russia [42]. Many studies showed that higher PM index fuels have higher SPN emissions. For example: SPN was 15% higher with a fuel with PM index of 2.4 compared to 2.0 [39], 35% higher with a 2.2 PM index compared to 1.9 [43], 40% higher with a 2.9 PM index compared to 1.7 [38].



The majority of the studies have been carried out with SPN instruments counting from 23 nm, as prescribed in the current SPN regulation. The 10 nm SPN methodology was recently added in the GTR 15 (global technical regulation) for light-duty vehicles, and EU has the intention to apply it in the next regulatory step [9,44]. The studies with GDI vehicles measuring below 23 nm are limited and have focused on typical operating conditions. The concentration of particles between 10 and 23 nm is approximately 35% of the concentration of particles >23 nm [6,45,46,47], but higher percentages have been reported [48], in particular for cold starts and high sulfur fuels [49,50]. There are a few cases, though, that reported a very high concentration of particles below 23 nm at extreme conditions (e.g., −30 °C, or dynamic urban driving at −10 °C [51], and regeneration [21]). The current regulations cover temperatures down to −7 °C, but future regulations might cover temperatures down to −10 °C, and the research in this temperature range is lacking.



The study aims to challenge an advanced (i.e., expected filtration efficiency >99% even when fresh) prototype GPF with real-life operation worst cases. For this reason, the following conditions were included:




	
The GPF was fresh/new (no soot or ash loading). Furthermore, the test protocol was designed to keep any soot and ash levels at a minimum level (high exhaust gas temperatures and availability of oxygen at decelerations and fuel cut-offs).



	
Low ambient temperatures: In addition to the typical 23 °C ambient temperature, a temperature within current RDE boundary conditions (−4 °C) and a temperature lower than the current RDE boundaries (−9 °C) were included.



	
At the −9 °C ambient temperature tests, the auxiliaries were on (air-conditioning (A/C), heating of the two seats, heating of the rear window).



	
Most tests were conducted with almost 90% payload, the maximum allowed in current RDE regulation.



	
An artificial dynamic cycle with slope (road gradient) was included.



	
Hard accelerations from 0 km/h (idling) to 65 km/h or to 145 km/h were added to simulate cases such as crossing a busy road or entering the highway.



	
All tests had a 95% percentile of speed times acceleration (v × a) higher than the currently allowed in the RDE regulation.



	
Most tests had a distance slightly lower than the minimum distance required in RDE (16 km). The acceleration tests had much lower total distance (1 km and 4.5 km, respectively).



	
Cold start tests were included.



	
A fuel with a high PM index (2.2) was used, simulating an almost worst-case market fuel.








The results of this study are expected to help researchers, engine calibration engineers, and regulators to understand the severity of various parameters on the emission levels. This may help them focus on the most critical aspects.




2. Results


2.1. Type Approval Cycle


Table 1 summarizes the available info regarding the WLTC (worldwide harmonized light vehicles test cycle) following the type approval procedures, with the exceptions described below. Note that the declared values at the CoC (certificate of conformity) are from a vehicle from the same family that could be even a different model. Nevertheless, they give an estimation of the expected emissions. The tests with the OEM’s (original equipment manufacturer’s) GPF removed were conducted at another laboratory. The tests with the new “advanced” GPF were conducted without any pre-conditioning of the vehicle, so they could be overestimating the emissions. Furthermore, the fuel with a high PM index was used (see Materials and Methods). It should also be emphasized that, even though the advanced GPF was of similar characteristics with the OEM’s GPF, it cannot be excluded that has influenced the engine-out emissions. The results demonstrate the extremely high efficiency of the advanced GPF even when fresh (almost 100%).




2.2. Gaseous Emissions


Figure 1a plots the CO2 emissions for the various tests. Solid symbols are cold start tests, while open symbols are hot start tests. Lighter colors indicate tests with lower payload (mass). The ratio of the specific test CO2 to the type approval WLTC CO2 value is also given on the right axis. Even though the CO2 is not relevant for the particulate emissions, it shows the severity of the tests. Any CO2 “baseline” value could be used; the CoC value was used for simplicity reasons. Very demanding tests were the hard accelerations and the urban cold starts dynamic test (ratios 2.5–3). The cold start US06 tests had a ratio of 1.5–1.9, while the hot start US06 was slightly less (1.3–1.6) with the higher values at the −9 °C tests. It should be added that the CO2 ratio of the US06 at −9 °C for the first 2 km was 2.75, a value close to the hard acceleration CO2 ratios. Note that the CO2 of the first 2 km of the WLTC would be 26% higher, meaning that the CO2 ratios for short cycles (e.g., hard accelerations) would be 26% lower if the CO2 value of the first 2 km of the WLTC would be used. The high CO2 ratios were expected because cold start, dynamic driving, use of auxiliaries, higher vehicle weight are known to increase the CO2 and fuel consumption [52,53,54,55].



The CO emissions are given in Figure 1b. CO is a proxy for fuel enrichment strategies that impact SPN emissions. Except for the WLTC test at 23 °C, all tests exceeded the 1 g/km limit (applicable to the WLTC) and reached up to 100 g/km during hard accelerations (distances only 1–2 km). Even though such events do not take place often (e.g., only when entering a highway), and they last for a few km only (1–2 km), according to our results, one such acceleration can emit the same CO (in g) as 15 WLTCs at 23 °C (each is 22.3 km long).



The HC emissions can be used as a proxy of the TWC efficiency (Figure 2a). The HCs (and NMHCs) exceeded the WLTC limit of 100 mg/km (and 68 mg/km) at some of the accelerations and the low-temperature cold start tests, reaching 550 mg/km (and 450 mg/km) at the cold start US06 at −9 °C. The hot start tests were at low levels (10–20 mg/km) even at low ambient temperatures.



The NOx emissions (Figure 2b) were below the WLTC limit of 60 mg/km at most tests, slightly (15%) exceeding the limit at the −9 °C cold start US06 and the 0–65 km/h accelerations, and reaching 109 mg/km at the cold start US06 at 23 °C. The high value of 109 mg/km was due to the high cold start emissions during the first minute. The hot start cycles had emissions <20 mg/km, even at the −9 °C ambient temperature.




2.3. SPN Emissions


Figure 3a plots the SPN23,ET emissions. At 23 °C, they were below 1 × 1011 #/km, and at low ambient temperatures below 2 × 1011 #/km, with the exception of the low-temperature cold start tests. The two cold start tests at −9 °C (a temperature outside the RDE boundaries) were above the limit of 6 × 1011 #/km. Nevertheless, the exceedance was less than by a factor of two. The emissions applying the RDE corrections can be found in Figure A1a in the Appendix A.



Figure 3b plots the SPN10,CS emissions. For the hot start US06 cycles, the emissions were quite close to the SPN23,ET values (only 10% higher). For the accelerations and the dynamic cycles, the SPN10,CS emissions were up to 5 times higher than the SPN23,ET; and for the cold start cycles at negative ambient temperatures, the differences were more than one order of magnitude higher. The cold start emissions at low temperatures almost reached 1 × 1013 #/km, while the hot emissions were <3 × 1011 #/km. The emissions applying the RDE corrections are summarized in Figure A1b in the Appendix A.



Table 2 summarizes the increase of the emissions for various changes in the conditions. For example, the CO2 of the hot start US06 test at −4 °C was 2% higher (ratio 1.02) than the test at 23 °C (keeping the rest conditions the same) (see the third row). For CO2, the lower ambient temperature had a small effect (2%) for the hot start tests. The higher payload had a 10% effect and the cold start had 4–19% effect. For CO the effect was up to 95%, with the most influencing factors the payload and the cold start at low ambient temperature. The lower than unity values (up to −18%) show that the CO variability was quite high, and differences of at least 20% were due to the driver’s variability. For HCs the payload had a 60% effect, while the lower temperatures only 10%. However, the cold start had an effect of 8–25 times. For particles, the effect was 30–90% for hot cycles: the increase of the payload (from 28% to 84%) increased the emissions 30–40%, the lower temperature from 23 °C to −4 °C had a 80–90% effect, a further decrease to −9 °C and the use of auxiliaries had another 50–60% effect. However, the biggest effect had the cold start, which increased the emissions by a factor 3–23 (SPN23,ET) or 13–307 (SPN10,CS), with the higher values at the −9 °C. The SPN and HC ratios were more in agreement than the rest pollutants.





3. Discussion


In this study, a very high filtration efficiency prototype GPF (Gasoline Particulate Filter) was tested under various worst-case scenarios, including low ambient temperatures, dynamic driving, hard accelerations, and cold starts. All tests were conducted with an ad hoc fuel with a high PM index, representing a bad quality market fuel. Based on the WLTC (worldwide harmonized light vehicles test cycle), the filtration efficiency was >99.9%.



While the 23-nm solid particle number (SPN23) measurements were satisfactory fulfilling the current limit in the regulation, the 10 nm solid particle number (SPN10) measurements, compared to the >23 nm results, were higher by a factor of up to 5 for dynamic tests and >10 for cold start tests at negative ambient temperatures. The final 10 nm emissions exceeded the current limit at the cold start tests at low ambient temperatures. Different conditions (e.g., higher payload, testing at lower temperatures) increased the emissions by 30–90% when the engine was hot. The CO and HC increase was on the same order for the hot tests. However, the cold start inclusion increased the emissions by a factor of 3 (SPN23) to 12.8 (SPN10) at 23 °C and 23 (SPN23) to 307 (SPN10) at −9 °C. This increase was by far higher than the CO increase (up to 79%), and more in agreement with the HCs increase (increase by a factor of 8 and 26 at 23 °C and −9 °C, respectively).



The SPN23 emissions at 23 °C were low (109–1010 #/km, reaching 1011 for the cold start US06), and are comparable with those in the literature [6,22,25,30,56]. What was rather surprising was that the vehicle was emitting a very high amount of sub-23 nm particles, exceeding the current limit for GDIs and reaching up to 1013 #/km, even though a high filtration efficiency GPF was used. A previous study reported very high emissions of solid particles (around 1013 #/km) at −18 °C even with a catalyzed GPF installed during a cold start cycle [57]. A study from the same authors reported high concentrations of sub-23 nm particles, and they were attributed to the passive regeneration of the catalyzed GPF [21]. Soot fragmentation and incomplete combustion of the deposited soot were suggested as possible reasons by the authors for particles >23 nm, but desorbed material from the transfer lines for particles <23 nm. A recent study with a Euro 6d-Temp vehicle could fulfill the RDE limit (9 × 1010 #/km) under all conditions examined, including low ambient temperature −30 °C, dynamic driving, and high payload [51]. However, the CO emissions of that vehicle were much lower (<2.5 g/km vs. up to 100 g/km in our case at −10 °C), the HC emissions were comparable (400 mg/km vs. 550 mg/km) and the position of the GPF was underfloor (vs. close-coupled in our case).



To better understand the results of our study, Figure 4 plots the cold start US06 test at −4 °C. Figure 4a plots the speed profile, the exhaust gas temperature at the GPF outlet and at the tailpipe, along with the lambda values (from OBD) at the engine outlet and the GPF outlet (“tailpipe” in Figure 4a). During the first minute, the lambda value from approximately 0.8 gradually increased to unity, and then it remained relatively constant. High values were registered during decelerations (fuel cut-offs) due to oxygen abundance, while lower values were during some accelerations (rich combustion). The engine out and post-GPF lambda values were not identical due to the oxygen storage and usage at the TWC [58]. The GPF outlet temperature reached 700 °C after one minute and remained high for the rest of the cycle. The tailpipe exhaust gas temperature hardly reached 300 °C.



Figure 4b plots again the speed profile, the exhaust gas temperature at the tailpipe outlet, along with the SPN emissions. There is a huge SPN concentration at the beginning of the cycle, reaching almost 1 × 1013 #/s. These particles appear with a small delay of a few seconds due to the delay at the tube between the vehicle and the dilution tunnel. The 10 nm CPCs (condensation particle counters) read 30,000 p/cm3 (with dilution 1000) which was higher than their maximum calibrated value of 10,000 p/cm3. Thus, the cold start concentrations might be underestimated. There was a huge difference between 23 nm and 10 nm measurements indicating that the majority of the particles were <23 nm in size. There was also big difference between the two 10 nm CPCs; the one downstream of the evaporation tube being higher. Two points need to be explained: the higher emissions at the beginning of the cycle and the differences between the instruments.



High particle concentrations during cold start and low ambient temperatures have been reported before, in particular for non-GPF equipped vehicles [6,57,59,60]. Nucleation mode peaking at 10 nm to 20 nm is sometimes reported [61]. In a study, high concentrations with a peak around 20 nm were measured at −15 °C [62]. As the fuel is injected directly into the combustion chamber, there is limited time available for fuel and air mixing, resulting in localized rich combustion [63]. Additionally, a small amount of fuel may impinge on the piston and make direct contact with the cold cylinder walls, resulting in soot formation. In particular, for our study, due to the low fuel volatility of the fuel we used, it is possible that many fuel-rich regions were formed, resulting in very high particle number emissions, compared to previous studies [43].



The lower filtration efficiency at cold start has been discussed in detail elsewhere [51]. In short, the filtration efficiency can be lower due to the lower flow rates, cracks at the filter, leaks between the canister and the mat, and/or fragmentation of deposited soot. However, none of these reasons can adequately explain our results: the cycle was a high-speed cycle with a high flow rate from the beginning, the filter was fresh (new), and the deposited soot should be minimal due to the test cycles and protocol that supported passive regeneration of the filter. In the 23 nm to 50 nm range, high filtration efficiencies are expected [64]. At the sub-23 nm range, in many cases the filtration efficiency can be higher, but not always [64]. During cold start, the temperature at the three-way catalyst (TWC) and the GPF was also relatively low (it reached 700 °C after the first minute). Our assumption is that the particles that we measured were in the gaseous phase (volatile) at the high-temperature conditions of the GPF and thus, they passed unfiltered. As the exhaust gas cooled down, they formed “non-volatile” particles that could not evaporate in the particle number system (i.e., at 350 °C). This may be the reason why the advanced GPF of our study could not trap them.



Solid particles at the temperature conditions of the GPF (e.g., metal and carbonaceous particles) would be trapped. If this assumption is true, then: (i) improved efficiency of the TWC at low temperatures and cold start and (ii) an underfloor position of the GPF might be advantageous. The lower light-off temperature and the faster achievement of the appropriate temperatures will ensure lower concentrations of unburned particle precursors [65,66,67]. The GPF at the underfloor position might show better filtration efficiency as some species will be at the particulate phase due to the lower exhaust gas temperature, in addition to other reasons reported in the literature: due to the lower temperatures the flow velocity is lower and the filtration efficiency is higher [68] and due to the higher filtration efficiency a bigger soot cake is formed resulting in even higher filtration efficiencies [69].



The exact nature of these particles was not evaluated in our study. Unburned hydrocarbons that were not oxidized at the TWC during the cold start are a possibility. Many studies have measured PAHs (polycyclic aromatic hydrocarbons) from GDIs [70,71], in particular during cold start [72]. The boiling point of PAHs is <600 °C [73]. Thus, they could be in the gaseous phase at the temperature conditions of the GPF. PAHs with four rings will also not evaporate at 350 °C (the temperature of the particle number system) [73]. Combustion models have shown the formation of particles at around 10 nm [74] supporting our assumption. The model study can also explain the high difference between 23 nm and 10 nm measurements: most of the PAHs remain below 23 nm [74]. The differences between the 10 nm measurements (evaporation tube vs. catalytic stripper) have to do with the fate of hydrocarbons downstream of the two systems. The catalytic stripper oxidizes the hydrocarbons, while downstream of the evaporation tube the evaporated hydrocarbons condense on the existing particles making them grow. At the cut-off size of the systems (around 10 nm), the larger particles at the evaporation tube system were detected with higher counting efficiency than the smaller particles at the catalytic stripper system. Artifacts at the evaporation tube system (i.e., formation of nucleation mode particles downstream of the evaporation tube) cannot be excluded [75].



Figure 5 plots three hard accelerations from 0 to 65 km/h, three from 0 to 145 km/h, and one smooth acceleration up to 145 km/h, where the speed was kept for one minute. The tests were done with a hot engine at the beginning of the test to minimize any cold start effects (i.e., formation of many small particles). In particular, the tests were conducted immediately after the cold start US06 test of Figure 4. The ambient temperature was −4 °C. Note that the scales of the Figure 4 and Figure 5 are identical, in order to put the concentration levels at the right context.



Figure 5a shows that during the 0–65 km/h accelerations the lambda values were around unity, similarly for the smooth acceleration to 145 km/h. But during the hard accelerations to 145 km/h the lambda values were around 0.75. During decelerations the values were much higher than unity due to the fuel cut-offs, as discussed in Figure 4. After the first acceleration, the temperature at the GPF outlet was >550 °C. The tailpipe temperature exceeded 300 °C at the 0–145 km/h accelerations.



At the three accelerations of 0–65 km/h, the three particle systems were measuring similar concentrations; thus the size of particles was >23 nm (Figure 5b). Similarly, during the acceleration parts of the 0–145 km/h tests the systems were in agreement. This can be explained by a study that found larger particles with lower lambda compared to the stoichiometric combustion [76]. A small deviation was noticed for the 10 nm CPC downstream of the catalytic stripper during the deceleration part. These particles could be lube oil particles, often observed during braking [77]. The deviation was very high for the 10 nm CPC downstream of the evaporation tube. This deviation remained, even when the speed was kept for one minute. A closer look at the exhaust gas temperatures revealed that the deviation of the two 10 nm CPC started when the exhaust gas temperature was around 350 °C, which is the temperature of the evaporation tube (and the catalytic stripper). This indicates that there were “semi/volatiles” that were evaporated at the evaporation tube and downstream of the evaporation tube, they were (i) growing any pre-existing particles to sizes >10 nm or (ii) they were re-nucleating forming new particles, as discussed in detail elsewhere [78,79]. In contrast, the catalytic stripper could efficiently oxidize them and remove them. The origin of the location of these particles (deposited at the vehicle tailpipe or at the sampling lines after the vehicle) remains uncertain. Other studies also found many particles <30 nm at high exhaust gas temperature conditions, and our assumption (i.e., desorbed material in combination with evaporation tube instead of catalytic stripper) could explain those results as well [21,69,80].



The discussion of the previous two examples is summarized schematically in Figure 6. The upper panel plots the emissions during a cold start at low ambient temperature. The engine-out emissions consist of carbonaceous and metal particles (grey parallelograms), heavy molecular species that are in gaseous phase at temperatures >350 °C (green asterisks), and other species that are in the gaseous phase at >50 °C (orange crosses). The high engine-out emissions are plotted as three symbols for each category.



At the three-way catalyst (TWC) the carbonaceous and metal particles are not affected, while the concentration of the other species in gaseous phase is reduced. As the catalyst has not reached the appropriate temperature and the lambda is less than one, the efficiency for the gaseous compounds is not 100%. The (uncoated) close-coupled GPF reduces the concentration of the carbonaceous and metal particles, but does not affect the species in the gaseous phase. Soot fragmentation or soot oxidation can take place depending on the oxygen availability and the deposited soot, which could influence the >23 nm soot concentration [20,21,81]. However, in this example, the focus is on the sub-23 nm particles, which had very high concentrations compared to the >23 nm particle concentrations.



At the conditions of the tailpipe (or dilution tunnel), where the exhaust gas temperature is low, the species that were in the gaseous phase form particles (solid or liquid) (depicted as green or orange circles, respectively). The evaporation tube of the particle number system (set at 350 °C) evaporates the particles that were formed from species that are in the gaseous phase at >50 °C. The other species (gaseous at >350 °C) remain in the solid phase because the temperature is not high enough to evaporate them. At the next step, the catalytic stripper at 375 °C (actual temperature 350 °C) cannot remove the remaining particles (because they need temperatures of >350 °C), but re-evaporates any species that had condensed on the particles downstream of the evaporation tube. Thus, the size of particles at the exit of the catalytic stripper is smaller than at the evaporation tube. For this example, the condensation on the carbonaceous particles, which have a diameter >23 nm, is assumed to be negligible and not important for the result of the particle number system measuring particles >23 nm. Indeed, studies have shown an increase of the diameter of only 1 nm due to the condensed material [82]. In contrast, the size of the formed “non-volatile” particles, which is assumed to be around 10 nm in this example, is very important for the particle number measurement system, and a few nanometers can have a big impact on the final measured concentration. For example, commercial particle number systems have an efficiency of around 35–40% at 10 nm, but 54–63% at 15 nm [83]. Since the differences were larger than by a factor of two in many cases, artifacts at the evaporation tube system cannot be excluded: the evaporated species in the evaporation tube have such a high concentration that re-nucleate during cooling downstream of the evaporation tube and form nucleation mode particles that erroneously are counted as solids [46,75].



The lower panel of Figure 6 depicts the acceleration cases (hot engine). In this case, the absolute emissions are lower (only one or two parts of each species are plotted). At the exit of the GPF, only carbonaceous and metal particles are found because the TWC can efficiently remove the species at the gaseous phase because it is already at the appropriate temperature. Due to the high exhaust gas temperature, the release of species from the tailpipe tubing is taking place. Thus, at the dilution tunnel nucleation mode, particles can be found. The evaporation tube of the particle number system removes some of them, but re-nucleation downstream of the evaporation tube takes also place resulting in appearance of some particles (artifact particles) [84]. The catalytic stripper efficiently removes them by oxidation.



There is a fundamental difference between the emissions of Figure 4 (cold start) and Figure 5 (hard accelerations 0–145 km/h). Even though in both cases, the lambda was low (around 0.8), the cold start emissions were much higher than the hard accelerations (1012 #/s vs. 1010 #/s). At rich combustion, the higher fuel injection rate results in wall and piston wetting and soot generation [85] and the effect is more important when the piston and walls are cold. Furthermore, at the cold start, the TWC has not reached its light-off temperature (plus the lambda is not stoichiometric), and the removal efficiency of hydrocarbons is low. We assume that the cold start particles were PAHs or other heavy molecular species (size around 10 nm) that were in the gaseous phase at the GPF temperature conditions and consequently passed the GPF unfiltered. These reasons explain the high concentrations at cold start, and why the concentration of particles <23 nm was much higher than of particles >23 nm.



During hard accelerations (with hot engine) the sub-23 nm concentration was low (when measured with a catalytic stripper). With a hot engine, a high sub-23 nm concentration was seen only with the evaporation tube system and when the exhaust gas temperature exceeded 350 °C. Without a catalytic stripper, desorbed material from the sampling lines at temperatures >350 °C could grow them to the measurement size of the instruments (>10 nm) or re-nucleate and form “artifact” particles. The existence of high concentrations of sub-23 nm non-volatile particles supports the intention of lowering the cut-off size of 23 nm to 10 nm in the next regulatory step but also highlights the importance of using a catalytic stripper.




4. Materials and Methods


The tests were conducted at the vehicle emissions laboratory (VELA 8) of the Joint Research Centre (JRC) (Ispra, Italy) of the European Commission (Figure 7). The vehicle was fixed on a chassis dynamometer. A 4-m-long heated line (80 °C) connected the tailpipe of the vehicle to the full dilution tunnel with constant volume sampling (CVS). AMA i60 gas analyzers were measured in real time from the dilution tunnel. An AVL particle counter (APC 489) (Graz, Austria) [86], compliant with the light-duty regulation requirements, was also connected to the dilution tunnel. After a hot dilution at 150 °C, an evaporation tube (ET) at 350 °C removed semi-volatile particles. A secondary dilution cooled down the diluted exhaust to the measurement range of the counters that followed. A PCRF (particle concentration reduction factor) of 1000 (100 × 10) was used. The PCRF is a combination of dilution and particle losses at 30 nm, 50 nm, and 100 nm defined in the regulation. Two condensation particle counters (CPCs) were measured in parallel: one with 50% counting efficiency at 23 nm (model 3790, TSI, Shoreview, MN, USA), and another one with 65% efficiency at 10 nm (model 3792E, TSI, Shoreview, MN, USA). In addition, in parallel, a catalytic stripper (CS) (Catalytic Instruments, Germany) at 375 °C followed by a 10 nm CPC (model 3772 TSI, Shoreview, MN, USA) were connected. The temperature of 375 °C was selected in order to have the same gas temperature as with the evaporation tube (350 °C). The models 3792E and 3772 are practically identical (the 3792E does not have a screen). A correction of 1.4 was applied to the counter downstream of the catalytic stripper to take into account the catalytic stripper particle losses in the 30 nm to 100 nm range. The solid particle number (SPN) emissions determined from the three CPCs will be abbreviated as SPN23,ET, SPN10,ET, SPN10,CS, respectively. It should be emphasized that the term “solid” refers to particles that do not evaporate at 350 °C, and the term “non-volatile” particles might be more accurate; nevertheless, the term “solid” will be used by convention in this paper. Standard OBD (on-board diagnostics) channels were acquired through the OBD portal of the vehicle (including GPF temperatures, lambda values, engine load and accelerator pedal position).



The vehicle was registered in 2019 as Euro 6d-Temp. It had a 1.2 L gasoline direct injection (GDI) engine (96 kW), a three-way catalyst and a close-coupled uncoated gasoline particulate filter (GPF). It had an automatic transmission. The original GPF was removed for one test (WLTC) and then replaced with an “advanced” uncoated GPF also in the close-coupled position, with which all tests of this study were conducted. The advanced GPF (high-efficiency prototype, 55% porosity, and 200/8 design) was provided by Corning and had similar dimensions to the original GPF. However, it had a modified inlet channel microstructure based on a novel approach to create a hierarchical pore structure, specially designed to have very high filtration efficiencies even without any soot or ash accumulation, with minimal increase in pressure drop [87]. Much higher efficiencies (>99%) than the commercial Dura Trap GC 2.0 are expected (>90%) [23]. We do not expect a significant effect on the engine-out emissions, but we cannot exclude different behavior of the engine due to the newly installed GPF.



The fuel, which was selected ad hoc, represented a “bad” quality market fuel, but its properties were still within the market fuel requirements in the European norm EN 228. It was an E5 (5% ethanol content) fuel specifically designed for this (and other) campaigns, where “bad” market fuel was needed. Various indexes are used to assess the sooting tendency of the fuel on the particulate emissions. The most common index is the Honda PM index which is calculated based on the evaporative performance and the unsaturated bonds of the fuel components [88]. The calculation of this index needs properties of the fuel not found in the typical fuel certificate. The PM index of our fuel, which was provided by the test fuel supplier, was 2.2. The reduced PM index, which is calculated from T90 and T70 distillation temperatures, was 2.28 [43]. The simplified Moriya index is simpler to calculate as it needs only the percentage of fuel evaporated at 150 °C. The simplified Moriya index was 1.57. Compared to other market fuels in the literature, our fuel had one of the highest PM index and Moriya values [40,41]. Studies with higher values (2.5–2.9) are limited [38,89]. Very high values (e.g., PM index of 3.2) have been tested at studies evaluating various indexes; these fuels were specifically blended for the specific studies [43]. Due to the lack of detailed fuel chemical analysis, it was not possible to calculate other indexes (e.g., MW [42]), which may correlate better with particle number emissions.



Table 3 summarizes the tests conducted and the statistics of the cycles. In short, the type approval WLTC (worldwide harmonized light vehicles test cycle) and the highway US06 cycles were tested at different ambient temperatures (23 °C, −4 °C, −9 °C) and payloads (28% and 84%). The US06 cycles were tested with engine cold (i.e., oil temperature equal to the ambient temperature) or hot (oil temperature >70 °C), while the WLTCs with a cold engine. Furthermore, hard acceleration 0–65 km/h and 0–145 km/h were added (engine hot).



The chassis dynamometer was set to all-wheel road simulation mode. The road coefficients and the test mass were taken from the CoC (Certificate of Conformity) of the vehicle. A 43 kg rotating mass was considered. The test mass was 1550 kg (corresponding to a payload of 28%) or 1850 kg corresponding to a payload of 84%. For the high payload tests, in addition to the test mass increase, the dyno friction coefficient was adjusted accordingly. The coefficients were not adjusted for the low-temperature tests (+10% resistance as prescribed by the legislation).



It should be highlighted that, except for the type approval cycle (WLTC), no other cycle was fulfilling the RDE boundary conditions, and thus any comparison with limits is only for putting the results into context. For example, except for WLTC, all cycles exceeded the 95th percentile of positive speed times acceleration (v × a), many cycles had a distance <16 km, and the −9 °C tests were below the minimum RDE allowed ambient temperature. The CO2 ratio of the trip to the type approval value is defining the “normality” (or severity) of the on-road tests at the RDE regulation. It should be added that the results of on-road tests, according to the RDE regulation, are corrected by the inverse of the CO2 ratio (for ratios >1.5), but no correction is applied if the ratio is <1.3. Between these values, a linear correction applies. For the specific vehicle, which was type-approved before January 2020, the respective ratios would be 1.25 (instead of 1.5) and 1.2 (instead of 1.3), respectively. The RDE regulation also applies a temperature correction (1.6) when the temperature is <0 °C or >35 °C. The results that will be presented have not been corrected with these factors, unless otherwise specified (e.g., in Appendix A).




5. Conclusions


An advanced GPF with high filtration efficiency was assessed at various extreme conditions using a “bad” quality fuel (PM index 2.2) at low ambient temperature (−9 °C and −4 °C), high payload (84% of max), with the auxiliaries on, driving dynamically and with hard accelerations (0–65 km/h or 0–145 km/h). The tests were not compliant with the RDE (real-driving emissions) boundary conditions of the regulation, and consequently, the solid particle number (SPN) emissions limit was not applicable. Nevertheless, the SPN emissions of particles >23 nm of all tests were below the current limit of 6 × 1011 #/km, with the exception of the cold start tests at −9 °C. Applying the corrections of the current real-driving emissions (RDE) regulation (CO2 ratio, 1.6 for temperatures below 0 °C), and normalizing to 16 km (the minimum RDE distance) all emissions were <3 × 1011 #/km. When considering particles <23 nm the emissions exceeded up to 17 times the limit (4.5 times the corrected). The contribution of sub-23 nm particles was small for cycles with a hot engine, up to 5 times at hard acceleration tests, and more than ten times higher for cold start tests at low temperatures. The “corrected” hot engine emissions were <2 × 1011 #/km, but the cold start tests at low ambient temperature ten times higher, indicating that the reduction of the 23 nm to 10 nm lower size is important for the next regulatory step.



Our assumption was that the sub-23 nm particles were heavy molecular species (e.g., polycyclic aromatic hydrocarbons—PAHs) which were in the gaseous phase at the temperature conditions of the closed-coupled GPF and formed “non-volatile” particles as the temperature dropped along the tailpipe tube. For this reason, the GPF could not trap them efficiently. An underfloor position might be more beneficial. However, this needs to be tested in the future. The most important solution is the optimization of the engine for the cold start under challenging conditions in order to keep the cold start emissions under control.



Finally, a comparison of the concentrations measured with an evaporation tube and a catalytic stripper revealed that there can be huge differences for such systems when particles peaking around 10 nm exist. One reason is that the evaporation tube system measures larger particles since the evaporated species re-condense on the particles, compared to the catalytic stripper system, which removes all volatiles and any pre-existing non-volatile particles remain at a small size. This size difference leads to significant differences when the particle size is around the cut-off size (10 nm) of the systems. Another reason for the systems’ differences is that at high exhaust gas temperature (>350 °C) at the tailpipe, outgassed species from the lines result in re-nucleation or growth of the pre-existing particles downstream of the evaporation tube system resulting in artificially high concentrations. Thus, our findings support the current proposal of having a catalytic stripper obligatory in the 10 nm measurement systems.
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Appendix A


Emissions after RDE regulation relevant corrections (Figure A1). Accelerator pedal position (Figure A2) and engine load (Figure A3) for the US06 test at −4 °C and the acceleration tests.
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Figure A1. Emissions for various tests at different ambient temperatures applying the following corrections: CO2 ratio, 1.6 for temperatures <0 °C, normalization to 16 km for cycles with shorter distance. All tests with 84% payload (1850 kg test mass), except those with “L” and the −4 °C tests where the test mass was lower (1550 kg). Solid symbols are cold start tests, while open symbols are hot start tests. Lighter colors indicate tests with lower payload (mass). Auxiliaries were activated only at the −9 °C tests. (a) Solid particle number >23 nm with the evaporation tube (SPN23,ET). The dotted line shows the limit for the type approval cycle WLTC. (b) Solid particle number >10 nm with the catalytic stripper (SPN10,CS). 
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Figure A2. Accelerator pedal position and engine load for the US06 test at −4 °C. 
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Figure A3. Accelerator pedal position and engine load for the acceleration tests at −4 °C. 
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Figure 1. Emissions for various tests at different ambient temperatures. All tests with 84% payload (1850 kg test mass), except those with “L” and the −4 °C tests where the test mass was lower (1550 kg). Auxiliaries were activated only at the −9 °C tests. Solid symbols are cold start tests, while open symbols are hot start tests. Lighter colors indicate tests with lower payload (mass). (a) CO2. The ratio gives the CO2 emissions divided to the type approval WLTC value. (b) CO. The dotted line shows the limit for the type approval cycle WLTC. 
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Figure 2. Emissions for various tests at different ambient temperatures. All tests with 84% payload (1850 kg test mass), except those with “L” and the −4 °C tests where the test mass was lower (1550 kg). Auxiliaries were activated only at the −9 °C tests. Solid symbols are cold start tests, while open symbols are hot start tests. Lighter colors indicate tests with lower payload (mass). The dotted line shows the limit for the type approval cycle WLTC. (a) HC. (b) NOx. 
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Figure 3. Emissions for various tests at different ambient temperatures. All tests with 84% payload (1850 kg test mass), except those with “L” and the −4 °C tests where the test mass was lower (1550 kg). Solid symbols are cold start tests, while open symbols are hot start tests. Lighter colors indicate tests with lower payload (mass). Auxiliaries were activated only at the −9 °C tests. (a) Solid particle number >23 nm with the evaporation tube (SPN23,ET). The dotted line shows the limit for the type approval cycle WLTC. (b) Solid particle number >10 nm with the catalytic stripper (SPN10,CS). 
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Figure 4. Cold start US06 at −4 °C: (a) lambda values at the engine out (engine) and downstream of the GPF (tailpipe). The speed profile and the exhaust gas temperature at the GPF (gasoline particulate filter) outlet and tailpipe (exh) are also given; (b) solid particle number emissions >23 nm (SPN23) and 10 nm (SPN10), downstream of an evaporation tube (ET) or a catalytic stripper (CS). The speed profile and the exhaust gas temperature at the tailpipe outlet are also given. 
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Figure 5. Acceleration tests at −4 °C: (a) lambda values at the engine out (engine) and downstream of the GPF (tailpipe). The speed profile and the exhaust gas temperature at the GPF (gasoline particulate filter) outlet and tailpipe (exh) are also given; (b) Solid particle number emissions >23 nm (SPN23) and 10 nm (SPN10), downstream of an evaporation tube (ET) or a catalytic stripper (CS). The speed profile and the exhaust gas temperature at the tailpipe outlet are also given. 
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Figure 6. Schematic explanation of the results. CS = catalytic stripper; CVS = constant volume sampling (dilution tunnel); ET = evaporation tube; GPF = gasoline particulate filter; TP = tailpipe; TWC = three-way catalyst. 
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Figure 7. Schematic setup. CPC = condensation particle counter; CS = catalytic stripper; ET = evaporation tube; GPF = gasoline particulate filter; TWC = three-way catalyst. 
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Table 1. Results of the WLTC at 23 °C following the type approval procedures, except for the advanced GPF case where “bad” market fuel was used and no pre-conditioning was done.
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	Configuration
	CO2

(g/km)
	CO

(mg/km)
	HC

(mg/km)
	NMHC

(mg/km)
	NOx

(mg/km)
	SPN23

(#/km)





	Limit Euro 6
	-
	1000
	100
	68
	60
	6.0 × 1011



	Declared CoC (OEM GPF)
	163
	550
	31
	27
	53
	5.2 × 1011



	Measured (no GPF)
	156
	400
	25
	22
	22
	14.3 × 1011



	Measured (advanced GPF)
	169
	500
	36
	33
	23
	0.008 × 1011







CoC = certificate of conformity; CO = carbon monoxide; CO2 = carbon dioxide; GPF = gasoline particulate filter; HC = hydrocarbons; NMHC = non-methane hydrocarbons; NOx = nitrogen oxides; OEM = original equipment manufacturer; SPN = solid particle number.
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Table 2. Pollutants ratios for various conditions.
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	Conditions Comparison
	CO2
	CO
	HC
	SPN23,ET
	SPN10,CS





	Payload 84% vs. 28% (hot at −9 °C and 23 °C)
	1.10
	1.95
	1.6
	1.3
	1.4



	−9 °C and aux vs. −4 °C (hot)
	1.02
	1.14
	1.1
	1.5
	1.6



	−4 °C vs. 23 °C (hot)
	1.02
	0.82
	1.1
	1.9
	1.8



	Cold vs. hot start (23 °C)
	1.04
	0.84
	8.1
	3.0
	12.8



	Cold vs. hot start (−9 °C)
	1.19
	1.79
	25.7
	23.0
	307.4
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Table 3. Test cycles and conditions. “Aux on” means that air-conditioning was on, heating at the two front seats and heating of the rear windows (windshield). (L) corresponds to tests with 28% payload and 1550 kg mass. (H) corresponds to tests with 84% payload and 1850 kg mass (the dyno friction coefficient was also adjusted). “Limit” gives the maximum allowed 95th v × a value for the specific trip (mean speed). D = Distance; vm = mean speed.
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	Cycle Code
	Mass [kg]
	Slope
	−9 °C
	−4 °C 1
	23 °C
	D [km]
	vm [km/h]
	95th v × a
	Limit





	US06 cold
	1850
	No
	Aux on (H)
	Aux off (L)
	Aux off (H)
	12.9
	77.8
	27.1
	24.7



	US06 hot
	1850
	No
	Aux on (H)
	-
	Aux off (H)
	12.9
	77.8
	27.1
	24.7



	US06 hot (L)
	1550
	No
	Aux on (L)
	Aux off (L)
	Aux off (L)
	12.9
	77.8
	27.1
	24.7



	WLTC (L)
	1550
	No
	-
	Aux off (L)
	Aux off (L)
	23.2
	46.5
	12.6
	20.8



	0-65 km/h (×3)
	1850
	No
	Aux on (H)
	Aux off (L)
	Aux off (H)
	1.0
	33.0
	34.2
	18.9



	0-145 km/h (×3)
	1850
	No
	Aux on (H)
	Aux off (L)
	Aux off (H)
	4.9
	81.3
	36.0
	25.0



	Urban cold dyn
	1850
	Yes
	Aux on (H)
	-
	-
	18.1
	29.2
	23.9
	18.4



	Rural dyn
	1850
	Yes
	Aux on (H)
	-
	-
	14.2
	72.2
	27.1
	24.3



	Motorway dyn
	1850
	Yes
	Aux on (H)
	-
	-
	16.4
	100.9
	31.3
	26.5







1 The mass was 1550 kg for all tests.
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