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Abstract

:

With the introduction of gasoline particulate filters (GPFs), the particle number (PN) emissions of gasoline direct-injection (GDI) vehicles are below the European regulatory limit of 6 × 1011 p/km under certification conditions. Nevertheless, concerns have been raised regarding emission levels at the boundaries of ambient and driving conditions of the real-driving emissions (RDE) regulation. A Euro 6d-Temp GDI vehicle with a GPF was tested on the road and in the laboratory with cycles simulating congested urban traffic, dynamic driving, and towing a trailer uphill at 85% of maximum payload. The ambient temperatures covered a range from −30 to 50 °C. The solid PN emissions were 10 times lower than the PN limit under most conditions and temperatures. Only dynamic driving that regenerated the filter passively, and for the next cycle resulted in relatively high emissions although they were still below the limit. The results of this study confirmed the effectiveness of GPFs in controlling PN emissions under a wide range of conditions.
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1. Introduction


Air pollution has significant impacts on health, particularly in urban areas [1]. Air pollution, in particular PM2.5 (particulate matter smaller than 2.5 μm), is now clearly recognized as an important disease risk factor [2]. In 2019, exposure to PM2.5 caused an estimated 7% of total global mortality and accounted for about 4.1 million deaths [2]. Studies have shown that exposure to high-average concentrations of PM2.5 over the course of several years has been the most consistent and robust predictor of death from cardiovascular, respiratory, and other diseases [3]. Which component of PM is responsible for these adverse health effects is not clear. A review that examined the epidemiological and toxicological literature related to long-term exposure to PM found that, unlike the literature on short-term health effects, there is insufficient information to make clear judgments about the causal effects of PM components [4,5]. Nevertheless, there is increasing epidemiological evidence for an association between short-term exposure to ultrafine particles (smaller than 0.1 μm) and cardiorespiratory health as well as the health of the central nervous system [6]. Ultrafine particles have a higher deposition fraction, deeper penetration, higher retention rate in the lungs, and the ability to migrate from the alveolar space into tissues and spread to organs such as the heart, liver, kidneys and brain [7].



Road transport contributes around 11% of PM2.5 emissions in the European Union (EU) [1], but the share is significantly higher in densely populated areas such as the Brussels–Capital Region, where it is 40% [8]. Lockdown measures in spring 2020 due to the SARS-CoV-2 virus led to small PM reductions in Europe [9], in some cases around 5–23% [10,11,12] but higher in Asia [13]. PM is predominantly caused by local meteorological conditions and regional transport. On the other hand, the particle number (PN) concentration is affected by local sources, especially combustion processes, of which a major contributor is vehicular exhaust [14].



Traditionally diesel-fueled vehicles have been the high PM emitters; however, with the introduction of diesel particulate filters (DPFs) emissions have decreased to the levels of gasoline vehicles. The requirement of low CO2 emissions resulted in an increase in sales of gasoline direct-injection (GDI) vehicles as those are more fuel efficient than traditional port–fuel injection vehicles. The share of GDIs exceeded 50% in 2017 both in the EU and the United States and is still increasing [15]. The first GDIs had high PN emissions, one order of magnitude above the diesel PN limit of 6 × 1011 p/km [16]. In the EU, the introduction of a PN limit for GDIs resulted in low emission levels in the laboratory. The requirement to fulfil the limit on the road to meet the real-driving emissions (RDE) regulation practically forced the installation of gasoline particulate filters (GPFs) in most European GDIs [16], resulting in even lower PN emissions.



There are many published studies on GPF-equipped vehicles (e.g., [17,18,19,20,21,22]), many of which are summarized in the review [16]. Emissions are known to be low, especially after soot (or ash) accumulates in the particulate filter [23,24]. There are fewer studies at low ambient temperatures [19,25,26,27], but in general they confirm the effectiveness of GPFs in controlling PN emissions; however, information under challenging driving conditions is limited. For example, there is no published information on GPF-equipped vehicles during traffic congestion, high payload, dynamic driving, or high ambient temperatures.



The objective of this paper is to present the particle number emissions of a state-of-the-art Euro 6d-temp gasoline direct-injection (GDI) vehicle with a TWC (three-way catalyst) and GPF (gasoline particulate filter) under challenging conditions: extreme temperature (−30 to 50 °C) and in city traffic or under dynamic driving conditions.




2. Results


In this section, the initial type-approval test results are given. Then examples of real-time PN concentrations are presented followed by a summary of the PN emissions under various ambient temperatures and driving conditions. The details of the testing and instrumentation are given in Section 4 “Materials and Methods”.



2.1. Type-Approval Cycles


Figure 1 presents the PN emissions from the Type 1 worldwide harmonized light-duty vehicles test procedure (WLTP), with the relevant cycle (WLTC), and the Type 1A real-driving emissions (RDE) procedure following two routes on road (RDE road 1, 2). Furthermore, RDE-like cycles on the chassis dynamometer are included (not fully compliant with the RDE regulation) due to duration or ambient temperature (see Section 4.5).



The PN >23 nm WLTC emissions at 23 °C (3 × 109 p/km) were two orders of magnitude below the applicable Euro 6 limit (6 × 1011 p/km). The actual on-road tests at 17–20 °C, which complied with the RDE regulation (5 × 1010 p/km), were more than one order of magnitude below the not-to-exceed limit (9 × 1011 p/km). A short (1 h) RDE-like cycle conducted on the chassis dynamometer at 23 °C was also at similar levels (6 × 1010 p/km). Repeating the cycle at −10 °C did not increase emissions; actually, they were even lower (2 × 1010 p/km). Challenging the vehicle with a 2 h dynamic RDE cycle at −10 °C (RDE boundary) produced emissions still below the limit (1.4 × 1011 p/km). Tests at extreme temperatures (−30 and 50 °C) were also one to two orders of magnitude below the limit. The 5 °C test was higher than rest tests at different temperatures and similar to the RDE boundary test. This test will be discussed later.



The 10–23 nm particle concentrations were 16 to 38% of the >23 nm levels, except at −30 °C, when it was 3.6 times higher but very low in absolute levels (<1 × 1011 p/km). Details will be given in the next sections.




2.2. Real Time Examples


Figure 2 gives examples of PN >23 nm and >10 nm over short (1 h) RDEs at 23 °C (Figure 2a) and −10 °C (Figure 2b). The emissions were higher during the first five minutes of the cold start then dropped to low levels with spikes only during acceleration. In general, the PN emissions followed the speed profile. The −10 °C test, other than a higher cold start spike, did not produce particularly higher emissions or different behavior. The PN >10 nm concentrations were around 28% higher than the >23 nm concentrations for both cycles and all parts of the cycle (urban, rural, motorway).



Figure 3 presents the PN >23 nm and >10 nm emissions over the city cycle TfL (Transport for London) followed by the dynamic motorway cycle BAB (Bundesautobahn) at −30, 5, and 50 °C. As previously mentioned, after the cold-start emissions, PN levels remained at low levels (107 p/s) at −30 °C (Figure 3a), and spikes could later be seen during the hard accelerations (reaching 1010 p/s) during the BAB cycle, which far exceeded the dynamicity limit (v × a) of the RDE regulation. Nevertheless, the emissions were very well controlled. The sub-23 nm particle concentrations were relatively elevated only at the beginning of the test at −30 °C. During the first two minutes, the >10 nm concentration was 15% higher than the >23 nm concentration (until 140 s), and then for the next four minutes (140–400 s) was 190% higher.



Surprisingly, emissions at 5 °C (Figure 3b) were much higher compared to those at −30 °C and other temperatures as will be shown later. The PN signals clearly followed the speed profile. As was previously the case, emissions were higher during the cold start, and spikes appeared during accelerations. Compared to the −30 °C test, the emissions were elevated by more than one order of magnitude (see BAB baseline 7 × 109 p/s at 5 °C vs. 1 × 107 p/s at −30 °C). The PN >10 nm emissions were 20–40% higher than the PN >23 nm emissions over this test.



The 50 °C test (Figure 3c) had emissions slightly higher than at −30 °C, but much lower than at 5 °C. The PN >10 nm emissions were around 50% higher than the >23 nm emissions.



In order to better understand the previous results, Figure 4 presents the cycle that was driven between the two tests of −30 and 5 °C: a 2 h dynamic RDE cycle at −10 °C (RDE boundary). The 50 °C cycle was driven after the 5 °C test (see details in Chapter 4). Figure 4a shows the urban part, while Figure 4b shows sections of all three parts (urban, rural and motorway). The RDE cycle was very dynamic with v × a values at the limits of RDE regulation or slightly higher. This was evident from the speed profile, which consisted of hard acceleration and braking. The cycle was artificial and the driving was atypical and resulted in considerable tire wear. Due to the highly dynamic conditions of this test, it was assumed that the GPF was passively regenerated. Thus, the filter was relatively clean in the follow-up test (RDE at 5 °C) and resulted in elevated emissions.



As Figure 4a shows, emissions were low (PN > 23 nm 107 p/s) 200 s after the cold start, but started to increase at 800 s. At approximately 1800 s, the emission levels stabilized at a higher level (PN > 23 nm 108 p/s). The sub-23 nm particle concentration was high at the cold start (4.5 times higher for the first 3 min), low afterwards (65% until 800 s) and then high at the idle or deceleration (average 50% after 800 s).



Continuing with Figure 4b (note the different PN y-axis scale), urban, rural, and motorway PN > 23 nm emissions were high, ranging from 109 p/s to 1010 p/s and followed the speed profile. The concentration of sub-23 nm particles was not particularly high (26–32%).




2.3. Urban Emissions


Figure 5 summarizes PN emissions for the urban cycles (TfL, uphill) and urban parts of the rest cycles (RDE short, RDE boundary, RDE road, WLTC). The distances were 9–12 km, with the exception of the dynamic RDE boundary and actual RDE on-road cycles, where the urban distances were around 36 km. The emissions for the urban part of the RDE boundary cycle are also given for the first 10 km. Details for the cycles are given in Section 4 “Materials and Methods”.



For the urban tests, the only applicable limit is the on road RDE limit of 6 × 1011 p/km with conformity factor of 1.5. The conformity factor takes into account the PEMS uncertainty [28], which normally should not be applied for the chassis dynamometer tests, where laboratory-grade equipment was used. It should be noted that for extended conditions (temperature 0–7 or 30–35 °C, altitude >1300 m), a correction factor of 1.6 had to be applied to the emissions, or equivalently the limit would have been 1.6 times higher. For temperatures <−7 or >35 °C, the test is not RDE compliant. We did not apply the conformity factor and the extended conditions correction factor to our result. The PN emissions were much lower than 6 × 1011 p/km under all temperatures (note the logarithmic y-axis scale), with one exception at 5 °C which was close to the PN limit. It should be mentioned that no limits were applicable to the specific cycles because they were not RDE compliant (e.g., the distance was shorter than 16 km, and for some of the cycles the ambient temperature was outside the boundaries).



In general, there was no clear trend in PN emissions as a function of temperature or cycle. The PN >23 nm emissions were >1 × 1011 p/km at the −7, −10, and 5 °C TfL; the 5 °C urban RDE cycle; and the −10 °C dynamic RDE boundary test. As mentioned before, the 5 °C tests were conducted after the dynamic RDE (RDE boundary) test, which probably regenerated the filter. Consequently, the 5 °C tests were run with a relatively empty filter and the emissions were higher. The TfL cycles had high cold-start emissions which resulted in relatively high emissions due to the short distance of the cycle.



The percentages of sub-23 nm were between 14 and 49%. One exception was the RDE boundary for the first 10 km, where the percentage was 300%, and the RDE short at −30 °C. In both cases the >23 nm emissions were <7 × 109 p/km.




2.4. Motorway Emissions


Figure 6 summarizes the PN emissions for the motorway cycle BAB and the motorway parts of the RDE cycles or WLTC. All motorway cycles were with hot engine. The cycles were 19 km (RDE short) to 34 km (RDE road) long, with the exception of the extra high part of the WLTC (8.3 km long).



There was a small tendency toward higher emissions with higher ambient temperatures. The 5 °C tests were above the trendline for the reason discussed previously: the filter was empty and the emissions relatively higher. Higher emissions were also noted for the dynamic RDE boundary (1.4 × 1011 p/km).



The sub-23 nm fraction was 28 to 60%. Higher percentages were measured at the −30 °C motorway tests (94–137%), but the >23 nm emissions were low in absolute levels <4 × 109 p/km.





3. Discussion


This study assessed the particle number (PN) emissions of a gasoline direct-injection vehicle equipped with a three-way catalyst and a gasoline particulate filter (GPF). In addition to the type-approval cycles (WLTC and on-road RDE), various RDE-like, city (urban) and highway (motorway) cycles were tested over a wide range of temperatures.



The vehicle emissions were well below the applicable PN limits for laboratory type 1 (WLTC) and type 1A on road RDE cycles. The limits were also respected under all tested cycles, temperatures, and driving conditions even though it was not applicable. The results of this study confirmed the efficiency of GPFs for controlling PN emissions under a wide range of ambient and driving conditions. Relatively high emissions were measured during cold starts and accelerations. Furthermore, the levels were generally elevated after the dynamic cycle, which probably regenerated the GPF. These topics will be discussed in the following paragraphs.



The cold start emissions showed the typical behavior of vehicles with particulate filters: high emissions at the beginning and decreasing after a few minutes [20]. When a cold engine starts, excess fuel must be supplied to assure enough fuel vapor to create a combustible gas mixture [29]. Enriching the air-fuel mixture, along with other methods such as retarded spark timing, higher idle speeds, and artificial loading of the engine, are also used to increase the exhaust temperature and decrease the catalyst light-off time [30,31]. Because cold engine parts (cylinder walls, piston crown and parts of the fuel system), have a negative effect on fuel evaporation and mixture enrichment, they lead to a heterogeneous charge and localized fuel-rich regions, thus creating higher engine-out emissions [29,32]. Why these solid particles are filtered with low-filtration efficiency only during the first minutes of a cold start has not been discussed in detail. One explanation is that these solid particles are heavy hydrocarbons or polycyclic aromatic hydrocarbons (PAHs) from the pyrolysis of incompletely combusted larger fuel fragments and oil lubricant [33,34,35,36] that did not evaporate during the thermal pretreatment of the PN system (heated to 350 °C). In addition to higher engine-out emissions [37,38] and higher amounts of semi-volatile and non-volatile particles, other mechanisms have been suggested to explain the high cold-start PN emissions. These include small leaks between the mat and the canister that closes as the filter heats up [25], cracks in the soot cake that occur during cooling, small soot particles in the interstices of the substrate that are blown about when the exhaust flow starts [39], and fragmentation of pre-deposited soot [39,40]. It has also been suggested that the filtration efficiency is lower at urban conditions due to a lower exhaust flow rate and resulting particle diffusion [29,41]. Quite often at a cold start, high concentrations of large particles having a lower filtration efficiency than smaller ones are emitted [37].



Previous studies showed that low ambient temperatures result in high PN emissions in GDI vehicles without GPF [16,38,42,43,44,45,46] and with GPF [19,25,26,27] when tested with cycles that include a cold start. Low ambient temperatures can increase the contribution of unburnt fuel to particulate emissions, as one study with older vehicles showed [47]. The GPF-equipped vehicle in our study showed a very good control of PN emissions at low ambient temperatures. After the cold start parts, PN emissions were almost independent of the ambient temperatures for the duration of the cycles, as others have also noted [27]. It is likely that the high engine-out emissions at low temperatures made the GPF loading faster and improved filtration efficiency (see results of the −30 °C test, after the −10 °C, e.g., Figure 1). A study with urban driving of 6 km with <30 km/h speed, found a soot loading rate 0.02 g/L at 0 °C to 0.2 g/L at −30 °C [48].



Interestingly, uphill driving produced emissions more than one order of magnitude below the limit. One of the tests (−7 °C) was conducted with an 85% payload of the car and trailer. Like the rest of the cold start cycles, the majority of the particles were emitted during the first minutes. Due to the smooth accelerations of the cycle, the emissions were very low and the very high payload had no influence. This finding is important considering that the engine-out emissions typically increase with engine load (power) [49].



At high engine speed and load, air/fuel enrichment for thermal component protection takes place. The resulting lack of oxygen and high temperatures promotes the formation of particulate matter, so the PN concentration rises [29]. In our study, emissions were kept low even at high speeds with the exception of accelerations. However, a trend toward higher emissions with increasing ambient temperature was evident in the motorway cycles. High emissions during acceleration is known [41,49,50,51], and in previous studies, dynamic driving doubled the PN emissions [19,26].



The sub-23 nm fraction was generally low (14–49% for urban cycles, 28–60% for motorway cycles), which was in agreement with previous studies [16,21,29,34,41,52,53,54,55]. However, we noticed a high sub-23 nm fraction in cold starts during low ambient temperature tests (exceeding 300%). Others have reported high sub-23 nm particle concentrations at idle and low coolant temperatures [56], which could be caused by incomplete combustion and high amounts of unburnt fuel. Dynamic urban driving resulted in PN spikes and braking and decelerating showed high sub-23 nm fractions. Other researchers have been attributed these particles to particles of oil lubricant [57]. Nevertheless, absolute urban PN emissions >23 nm of specific cycles were low (<7 × 109 p/km; Figure 5a). Urban 10–23 nm emissions were in most cases 1–5 × 1010 p/km.



At high engine speeds, increases in the sub-23 nm fraction from increased oil consumption or worn piston ring sealing was reported [58]. In other studies [29], as well ours, this was not so evident: the sub-23 nm percentages were only slightly higher (28–60% vs. 14–49% of urban cycles). This was probably because the piston rings sealed the combustion chamber properly, resulting in a negligible amount of lubricant consumption during combustion. Furthermore, good filtration efficiency might have masked any increase of engine-out emissions.



The results also showed that absolute PN levels depended on the fill state of the filter. High emissions were noted for the cycle run at 5 °C after the dynamic test as previously discussed. The emissions were higher because the GPF was relatively empty. GPFs passively regenerate continuously, thus the fill state remains at similar levels. However, the soot-burning rate depends on oxygen availability and exhaust gas temperature [59]. We noted a big difference only during the dynamic cycle when emissions increased. It is likely that the high exhaust gas temperature resulted in high soot-burning rates. A study found conditions suitable for regeneration (defined in their study as exhaust gas temperature >500 °C and oxygen concentration >5%) around 12% during WLTCs, but 15–27% during aggressive cycles, which supported our assumption [60]. In our dynamic cycle, very frequent braking increased oxygen availability. The oxygen availability is important because uphill driving, even with the 85% payload of car and trailer, did not regenerate the filter because of a high exhaust gas temperature. Such high emissions during passive regeneration were also noted by another study [40,61]. Substantial amount of semi-volatile material was likely generated by the incomplete combustion of accumulated soot in the GPF during regeneration [62]. It was also suggested that during filter regeneration, incipient soot particles may be generated from the volatile and semi-volatile hydrocarbon species formed by incomplete soot oxidation [62]. The contribution of thermally desorbed and pyrolyzed materials (e.g., heavy hydrocarbons, ash, and inorganic salts) deposited in the exhaust pipe, catalytic converter, and muffler provide an additional particulate matter source not present during moderate driving and cannot be excluded for the specific dynamic test [40,63]. However, such desorption phenomena would not be able to explain the high emissions during the 5 °C test because the exhaust gas temperature was lower. It should also be highlighted that the differences of the emissions with an empty GPF were almost 10 times higher compared to the “normal” load, indicating that GPFs with high efficiency could be important depending on the engine-out emissions. It should also be added that the RDE boundary was artificial and not representative of real aggressive driving; thus, it could be that the GPF would never regenerate to such levels. The key message is that vehicle pre-conditioning can be important for GPF-equipped vehicles. In the case of diesels, emissions immediately after regeneration can be two orders of magnitude higher than before [64].



Even though it was clear that PN emissions were produced during acceleration, the correlation between PN emissions and the dynamicity index 95th percentile of v × a, did not reveal any trends. Figure 7a plots the correlation of the urban cycles, while Figure 7b does so for the motorway cycles. As discussed previously, for urban cycles the contribution of a cold start (and ambient temperature) and total distance were the more important parameters. For the motorway cycles, the GPF fill state was of higher importance. These results suggested that for GPF-equipped vehicles the dynamicity index is not so important or a different index could be more useful. Other metrics have also been suggested by others [65], and this is a topic that needs further investigation, in particular after consideration of gaseous pollutants [66].



In closing, the tests were conducted with the odometer at approximately 24,000 km. It is known that the GPF performance improves with mileage [23,24,29]. Indeed, our WLTC results were much lower than those reported in the certificate of conformity (CoC) of the vehicle (typically conducted with very low mileage). Nevertheless, durability issues, such as cracks or damages need to be checked when approaching the end of its useful life (currently set in Regulation (EC) 715/2007 at 160,000 km). On the contrary, it has been reported that GPFs are robust up to temperatures of 1100 °C and the filtration efficiency increases after 20,000 km [67]. In another study the filtration efficiency reached 99.7% after an equivalent aging of 200,000 km [68]. Finally, the effect of fuel, which might be important [69,70,71] was not investigated as all tests were conducted with the same market fuel (E10). A study found a factor difference of 5 among market fuels and 10 among market and certification fuels [72]. Finally, the effectiveness of GPFs has to be assessed under future Euro 7 limits. The final proposal is expected in 2022, but the proposal of CLOVE (Consortium for ultra LOw Vehicle Emissions), tasked by the European Commission to give guidelines for the upcoming Euro 7 emission standards, suggested a limit of 1 × 1011 p/km for a distance of 16 km. The first morning cycle after the dynamic test had emissions of 6 × 1011 p/km (TfL), while the urban part of the evening cycle had emissions of 2 × 1011 p/km (RDE short); thus, only 9 km of driving with the TfL cycle resulted in a soot load high enough to improve significantly the filtration efficiency. Nevertheless, these results highlight the need of the latest generation GPFs, which deliver >90% filtration efficiency “out of the box” (i.e., low mileage <200 km) [73].




4. Materials and Methods


4.1. Instrumentation


The test campaign was carried out in the European Commission’s Joint Research Centre (JRC) vehicle emissions laboratory (VELA 8); a chassis dynamometer test cell with controlled temperature and relative humidity. The four-roller dyno was set in rear-wheel drive—forward synch mode, so that both rear (powered) and front (non-powered) axles rotated synchronously. For all tests conducted, regulated gaseous emissions were measured in the full dilution tunnel in real-time with an AMA i60 bench (AVL, Graz, Austria). Solid particle number emissions from approximately 23 nm were measured with an advanced particle counter (APC 489) (AVL) [74] connected to the full dilution tunnel. The system included an evaporation tube at 350 °C to remove volatiles. A 3010 condensation particle counter (CPC) (TSI, Shoreview, MN, USA) connected to the APC measured particles from approximately 10 nm. The emissions were calculated as with the 23 nm counter (i.e., using the mean particle concentration reduction factor of 30, 50, and 100 nm, as suggested in the future regulation: UNECE global technical regulation 15). This meant that the losses in the 10–23 nm region were not taken into account (approximately 50%) [20]. Consequently, the 10–23 nm concentrations reported were underestimated by a factor of two (i.e., the 10–23 nm percentages reported can be multiplied by two to get the “true” concentration). Details can be found elsewhere [20]. A thermocouple was used to measure the temperature at the tailpipe.




4.2. Vehicle and Fuel


The test vehicle was a 2019 model-year (Euro 6d-Temp-Evap-ISC), direct-injection gasoline passenger car with a 135 kW four-cylinder, in-line 2.0 L engine, with a close-coupled three-way catalyst (TWC) and an underfloor uncoated gasoline particle filter (GPF) as emissions controls. A vehicle rental company sourced the vehicle. Gasoline (E10) market fuel was used for all tests. The odometer reading at start of the test campaign was 24,130 km. The vehicle air conditioning (A/C) system was used and set at a temperature of 21.5 °C for all tests. No other auxiliary system was used on any test (no defrost function).



Prior to the start of the test, the vehicle was physically checked and no anomalies or malfunctioning was identified. An on-board diagnostics (OBD) scan was also performed on modalities 3/7/A and 9 and showed no errors.




4.3. Test Cycles


The vehicle was driven on a variety of driving cycles that aimed to reproduce standard as well as challenging driving situations (see also Figure 8, Table A1, Table A2 and Table A3 (Appendix A)).




	
WLTC: The type 1-approval cycle: worldwide harmonized light-vehicle test cycle (WLTC).



	
TfL: The Transport for London urban interpeak (TfL) cycle represented urban driving characterized by stop-and-go traffic under congested conditions.



	
BAB: From the German Bundesautobahn, (“federal highway”), the BAB 130 cycle represented high-speed motorway driving up to 130 km/h with frequent and sharp acceleration from 80 to 130 km/h and from 110 to 130 km/h.



	
RDE short: The short real-driving test (RDE) was a 1 h test that reproduced an on-road test on the dyno with a time share of 53% urban driving, 28% rural, and 19% motorway with a road slope ranging from −9.6 to 9.2%. The distance shares were 34%/30%/36%.



	
RDE boundary: A 2 h on-road test on the dyno used a speed profile that recreated the most dynamic drive possible within the RDE boundaries of speed times acceleration, with 90% payload (RDE boundary). The urban/rural/motorway time shares were 65%/20%/15%, and the distance shares were 38%/30%/32%.



	
Uphill: An uphill-only driving cycle (speed <60 km/h) was used involving modified dyno loads to simulate (i) towing a 800 kg trailer on a 5% constant slope (uphill tow) and (ii) driving on a 5% constant slope loaded to 85% payload capacity and towing a 1700 kg trailer (85% of maximum trailer weight) (uphill tow 85%).



	
RDE road: The type 1A-approval on-road test (RDE road). Two different RDE compliant routes were tested. These tests were conducted on the road with portable emissions measurement system (PEMS), in contrast to the rest tests, which were conducted on the chassis dynamometer. The PEMS was the MOVE from AVL based on diffusion charging for counting particles [28]. The system included a catalytic stripper at 300 °C to remove volatiles.








All cycles conducted on the chassis dynamometer, except the BAB, were tested with an engine cold start, i.e., soaked at the temperature of the dyno for the specific test (i.e., between −30 and 50 °C). The soaking of the vehicle before the on-road tests was done at a soaking area of approximately 17–20 °C.



The WLTC tests were conducted using the test mass and the road-load coefficients declared on the CoC (Certificate of Conformity), after road-load derivation on the dyno. For the rest cycles, the test mass and the dyno coefficients were adjusted depending on the simulated conditions (e.g., slope, extra weight). Road-load coefficients (F2) were not increased by 10% at sub-0 °C temperatures. Details can be found in Table A1, Table A2 and Table A3. For driving dynamics, the RDE boundary motorway part was at the 95th v × a limit (26.8 m2/s3), while the motorway cycle BAB exceeded it. The RDE boundary urban part exceeded the 95th v × a limit (18.5 m2/s3), but was below when considering the whole cycle, as it would be done at the RDE evaluation.




4.4. Test Protocol


Each day, two cold-start tests were performed (Table 1). The morning test (TfL followed by BAB) was preceded by an overnight soaking period of about 12 h at the test temperature. The soaking between the morning and evening tests was about 5 h and forced cooling was applied before the evening test (i.e., fan at 60 km/h with the engine compartment cover open). The evening test was usually the RDE short cycle. Based on coolant and exhaust gas temperatures (Figure A1 and Figure A2), and the trends on PN emission levels from morning and evening tests, we assumed that the forced cooling would sufficiently cool down the GPF. No other vehicle was tested in the laboratory during this period. A 12 V battery was charged prior to each test of the campaign at the ambient temperature of the forthcoming cycle. The ambient temperatures tested were −30, −10, −7, 5, 23, and 50 °C.



A value of 45% relative humidity was chosen for the positive temperature tests since this was appropriate for regulated measurements at 23 °C. The temperatures −30 and 50 °C were selected for testing because any optimized calibration from the OEM (original equipment manufacturer) is unlikely. Note that such temperatures are not expected in Europe; hence, the vehicle is not expected to comply with any EU limits.




4.5. RDE Compliance


None of the laboratory RDE-like cycles were Euro 6d RDE compliant. The RDE short was only 1 h long (RDE requires 1.5–2 h) and the urban distance was 12.7 km (RDE requires >16 km). The tests at −30, −10, and 50 °C were outside the RDE temperature boundaries (−7 to 35 °C). The RDE boundary cycle had an urban 95th v × a of 18.7 m2/s3, which is higher than the RDE limit of 18.5 m2/s3. Furthermore, it was run at −10 °C, which is outside the RDE lower temperature boundary of −7 °C. The TfL was the only urban cycle with distance of 8.9 km (RDE requires >16 km). As with the RDE short cycle, the TfL tests at −30, −10, and 50 °C were outside the temperature boundaries (−7 to 35 °C). The uphill cycles were not compliant because they simulated towing a trolley with 40–85% of the trolley maximum payload (RDE does not allow towing a trolley). In addition, one of the uphill tests, at −10 °C, was outside the RDE temperature boundaries. The BAB was the motorway cycle with a 95th v × a of 43.5 m2/s3, which exceeded the RDE limit of 27.3 m2/s3. Furthermore, the tests at −30, −10, and 50 °C were outside the temperature boundaries (−7 to 35 °C).



At the moment there is no official proposal from the European Commission regarding Euro 7. Based on the CLOVE proposal, the boundaries will not be fundamentally different [75]. For example, the reference distance will be kept at 16 km, but allowing shorter trips the suggested temperature range is −10 to 40 °C. Dynamic driving over a trip is still under discussion, and alternative indicators are under consideration.





5. Conclusions


A Euro 6d-temp gasoline vehicle with TWC (three-way catalyst) and GPF (gasoline particulate filter) was tested on the road according to the type 1A on-road real-driving emissions (RDE) procedure at 17–20 °C and in a laboratory according to the type 1 worldwide harmonized light-vehicles test procedure (WLTP) at 23 °C. Additional urban, motorway, dynamic, and uphill-driving cycles with different payloads were conducted in the laboratory at temperatures between −30 and 50 °C.



The particle number (PN) emissions were below the limit under all driving conditions, confirming the effectiveness of the GPF. Emissions close to the limit were measured at the cycles after the dynamic RDE test. It was assumed that the GPF would passively regenerate during the dynamic cycle and that the emissions would be high at the subsequent cycles due to the decreased filtration efficiency, thereby highlighting the importance of vehicle pre-conditioning. Relatively elevated emissions were measured during the cold start and cycles that included strong accelerations. There was also some evidence that driving at very low temperatures increased GPF soot loading and had a favorable effect on filtration efficiency. No particular trend was observed in function of ambient temperature or dynamicity expressed as the 95th percentile of speed times acceleration, an index prescribed in the RDE regulation. The sub-23 nm fraction was around 14–60% depending on the cycle and ambient temperature. Higher percentages were measured during the first minutes of a cold start and low ambient temperatures, but the absolute levels were at least two orders of magnitude below the PN limit.



Even though the effectiveness and necessity of GPFs was clearly shown in this paper, more research is necessary for the upcoming Euro 7 regulation, when it is likely that the limit will be lower and the boundary conditions slightly wider. The next generation of GPFs have to be evaluated in particular under a wide range of environmental, driving, and fuel conditions.
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Appendix A


Characteristics of the test cycles.
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Table A1. Characteristics of the complete cycles.






Table A1. Characteristics of the complete cycles.





	

	
Complete

	
WLTC

	
RDE Short

	
RDE Boundary

	
RDE Road 1

	
RDE Road 2






	
Trip characteristics

	
Duration (s)

	
1800

	
3600

	
7088

	
6812

	
6630




	
Distance (km)

	
23

	
50

	
100

	
96.4

	
99.0




	
Mean speed (km/h)

	
46.5

	
49.5

	
50.9

	
50.9

	
53.7




	
Max speed (km/h)

	
131

	
120

	
136

	
149.6

	
135.2




	
95th v × a (m2/s3) 1

	
-

	
-

	
-

	
-

	
-




	
Cold start

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Temperatures 2 (°C)

	
23 °C

	
all

	
−10 °C

	
20

	
17




	
Test mass

	
Inertia (kg)

	
1817

	
1817

	
2150

	
1930

	
1930




	
Road load coefficients 3

	
F0 (N)

	
221

	
221

	
253

	
-

	
-




	
F1 (N/(km/h))

	
−0.224

	
−0.224

	
−0.224

	
-

	
-




	
F2 (N/(km/h)2)

	
0.03147

	
0.03147

	
0.03147

	
-

	
-




	
Slope range

	
(%)

	
No

	
−9.6 to 9.2%

	
−8.1 to 6.5%

	
−7.3 to 9.2%

	
−9.8 to 10.6%








1 Not applicable for complete RDE cycles. 2 All refers to −30, −10, 5, 23, and 50 °C. 3 The road-load coefficients (F0–F2) correspond to the road coefficients. The applied dyno coefficients were based on the WLTC coast-down coefficients, modified accordingly for the rest cases. The RDE road mass includes the PEMS, the driver and the co-pilot.
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Table A2. Characteristics of the urban cycles (TfL, uphill) and the urban parts of the RDE tests and the WLTC (low and medium phases).






Table A2. Characteristics of the urban cycles (TfL, uphill) and the urban parts of the RDE tests and the WLTC (low and medium phases).





	Urban
	WLTC
	TfL
	Uphill Tow
	Uphill Tow 85%
	RDE Short
	RDE Bound.
	RDE Road 1
	RDE Road 2





	Duration (s)
	1022
	2310
	1110
	1110
	1850
	4540
	4478
	4179



	Distance (km)
	7.9
	8.9
	9.2
	9.2
	12.7
	38.0
	35.8
	34.8



	Mean speed (km/h)
	27.6
	14.0
	29.3
	29.1
	24.7
	30.1
	28.8
	30.0



	Max speed (km/h)
	76.6
	52
	53.9
	53.0
	48.7
	60.8
	60.0
	60



	95th v × a (m2/s3) 1
	10.9
	7.5
	8.7
	8.5
	10.1 (11.3)
	18.7
	8.8 (14.8)
	9.9 (12.8)



	Cold start
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes



	Temperatures 2 (°C)
	23 °C
	all
	−10 °C
	−7 °C
	all
	−10 °C
	20
	17



	Inertia (kg)
	1817
	1817
	2617
	3570
	1817
	2150
	1930
	1930



	F0 (N) 3
	221
	221
	1592
	2172
	221
	253
	-
	-



	F1 (N/(km/h))
	−0.224
	−0.224
	−0.224
	−0.224
	−0.224
	−0.224
	-
	-



	F2 (N/(km/h)2)
	0.03147
	0.03147
	0.03147
	0.03147
	0.03147
	0.03147
	-
	-



	Slope range (%)
	No
	No
	5% to F0
	5% to F0
	−9.6 to 8.8%
	−8.1 to 6.3%
	−7.3 to 9.2%
	−9.8 to 10.6%







1 In brackets following the regulated procedure, i.e., when speeds < 60 km/h from the whole cycle are considered. Outside the brackets for the urban parts defined in Figure 8. The limit is 0.136 v + 14.44, where v is the mean speed. For example, for 14.1 km/h is 16.3 m2/s3, and for 30.1 km/h it is 18.5 m2/s3. 2 All refer to −30, −10, 5, 23, and 50 °C. 3 The road-load coefficients (F0–F2) correspond to the road coefficients. The applied dyno coefficients were based on the WLTC coast-down coefficients, modified accordingly for the rest cases. The RDE road mass includes the PEMS, the driver and the co-pilot.
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Table A3. Characteristics of the motorway cycle (BAB), the extra-high part of WLTC and the motorway parts of the RDE cycles.






Table A3. Characteristics of the motorway cycle (BAB), the extra-high part of WLTC and the motorway parts of the RDE cycles.





	Motorway
	WLTC
	BAB
	RDE Short
	RDE Boundary
	RDE Road 1
	RDE Road 2





	Duration (s)
	323
	800
	700
	1091
	881
	1054



	Distance (km)
	8.3
	25
	19.1
	32.2
	29.0
	34.2



	Mean speed (km/h)
	94.0
	112.7
	98.5
	106.3
	118.4
	116.8



	Max speed (km/h)
	131.3
	130
	121
	138
	148.8
	135.2



	95th v × a (m2/s3) 1
	15.1
	43.5
	13.7
	26.7
	24.9 (23.0)
	21.5 (17.9)



	Cold start
	No
	No
	No
	No
	No
	No



	Temperatures 2 (°C)
	23 °C
	all
	all
	−10 °C
	20
	17



	Inertia (kg)
	1817
	1817
	1817
	2150
	1930
	1930



	F0 (N) 3
	221
	221
	221
	253
	-
	-



	F1 (N/(km/h))
	−0.224
	−0.224
	−0.224
	−0.224
	-
	-



	F2 (N/(km/h)2)
	0.03147
	0.03147
	0.03147
	0.03147
	-
	-



	Slope range (%)
	No
	No
	−5.1 to 6.4%
	−5.0 to 5.3%
	−6.6 to 6.2%
	−7.2 to 5.8%







1 In brackets following the regulated procedure, i.e., when speeds >90 km/h from the whole cycle are considered. Outside the brackets for the urban parts defined in Figure 8. The limit is 0.0742 v + 18.966, where v is the mean speed. For example, for 94 km/h it is 25.9 m2/s3, and for 118.4 km/h is 27.8 m2/s3. 2 All refer to −30, −10, 5, 23, and 50 °C. 3 The road-load coefficients (F0–F2) correspond to the road coefficients. The applied dyno coefficients were based on the WLTC coast-down coefficients, modified accordingly for the rest cases. The RDE road mass includes the PEMS, the driver and the co-pilot.











Figure A1 plots coolant temperatures as registered from the OBD (on-board diagnostics). Note that the recordings from the 23 °C day were not available. The morning TfL tests after >12 h soaking had an almost identical starting temperature with the evening RDE short tests after 6 h of forced cooling.



Figure A2 plots exhaust gas temperatures for the complete cycles (TfL + BAB) and RDE short. The start temperature is higher than the ambient temperature due to the heat transfer from the heated lines of the analyzers connected to the tailpipe.
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Figure A1. Coolant temperature during cold start (300 s): (a) TfL; (b) RDE short. 






Figure A1. Coolant temperature during cold start (300 s): (a) TfL; (b) RDE short.



[image: Catalysts 11 00607 g0a1]







[image: Catalysts 11 00607 g0a2 550] 





Figure A2. Exhaust gas temperature: (a) TfL + BAB; (b) RDE short. 






Figure A2. Exhaust gas temperature: (a) TfL + BAB; (b) RDE short.
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Figure 1. Particle number (PN) emissions for various cycles and ambient temperatures (in chronological order): Type 1 (WLTC), Type 1A on-road RDE (RDE road), RDE-like cycles tested on the chassis dynamometer (RDE short, RDE boundary). Dashed lines give the laboratory and on-road PN limits for this vehicle. RDE = real driving emissions; WLTC = worldwide harmonized light vehicles test cycle. 
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Figure 2. Short RDE driven on the chassis dynamometer: (a) Particle number (PN) > 23 (blue line) and >10 nm (orange line) at 23 °C, and; (b) −10 °C. The speed profile is given in grey background. 
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Figure 3. Urban cycle TfL and motorway BAB driven on the chassis dynamometer: (a) Particle number (PN) > 23 (blue line) and >10 nm (orange line) at −30 °C; (b) 5 °C, and; (c) 50 °C. The speed profile is given in grey background. 
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Figure 4. Particle number (PN) > 23 (blue line) and >10 nm (orange line) over sections of the dynamic RDE cycle at the boundaries of the RDE dynamicity limits (RDE boundary) driven on the chassis dynamometer at −10 °C: (a) urban section and; (b) parts of the urban, rural, and motorway sections. The speed profile is given in grey background. 






Figure 4. Particle number (PN) > 23 (blue line) and >10 nm (orange line) over sections of the dynamic RDE cycle at the boundaries of the RDE dynamicity limits (RDE boundary) driven on the chassis dynamometer at −10 °C: (a) urban section and; (b) parts of the urban, rural, and motorway sections. The speed profile is given in grey background.



[image: Catalysts 11 00607 g004]







[image: Catalysts 11 00607 g005 550] 





Figure 5. Particle number (PN) emissions of urban cycles (TfL, Uphill) or urban parts of the rest cycles (RDE short, RDE boundary, RDE road, WLTC) in function of ambient temperature. The emissions of the low (L) and medium (M) parts of the WLTC are also given. (a) PN > 23 nm; (b) PN > 10 nm. Percentages give the excess particles between 10 nm and 23 nm. RDE = real-driving emissions; WLTC = worldwide harmonized light vehicles test cycle. 
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Figure 6. Emissions of motorway cycle (BAB) or motorway parts of the rest cycles (RDE short, RDE boundary, RDE road, WLTC) in function of ambient temperature. The emissions of the extra-high part of the WLTC are also given. (a) PN > 23 nm; (b) PN > 10 nm. Percentages give the excess particles between 10 nm and 23 nm. RDE = real-driving emissions; WLTC = worldwide harmonized light vehicles test cycle. 
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Figure 7. Particle number (PN) emissions > 23 nm in function of dynamicity expressed as 95th percentile of v × a of (a) urban cycles (TfL, Uphill) or urban parts of the rest cycles (RDE short, RDE boundary, RDE road, WLTC); (b) motorway cycle (BAB) or motorway parts of the rest cycles (RDE short, RDE boundary, RDE road, WLTC). Dashed lines show approximate dynamicity limits which depend on the mean speed. RDE = real-driving emissions; WLTC = worldwide harmonized light vehicles test cycle. 
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Figure 8. Cycles: (a) TfL, BAB, uphill, WLTC; (b) short RDE (c); RDE boundary; (d) RDE on-road 1; (e) RDE on-road 2. The division in urban, rural and motorway parts is also shown. Cycles “road 1” and “road 2” were driven on the road, while the rest were conducted on the chassis dynamometer. 
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Table 1. Test protocol.
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	Day 1
	Day 2
	Day 3
	Day 4
	Day 5
	Day 6
	Day 7
	Day 7
	Day 8





	Place
	Road
	Lab
	Lab
	Lab
	Lab
	Lab
	Lab
	Lab
	Lab



	Temp.
	17–20 °C
	23 °C
	23 °C
	−10 °C
	−30 °C
	−10 °C
	5 °C
	50 °C
	−7 °C



	Morning
	RDE road 1
	WLTC
	TfL + BAB
	TfL + BAB
	TfL + BAB
	Uphill tow
	TfL + BAB
	TfL + BAB
	TfL + BAB



	Evening
	RDE road 2
	WLTC
	RDE short
	RDE short
	RDE short
	RDE boundary
	RDE short
	RDE short
	Uphill tow 85%
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