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Abstract

:

The upcoming Euro 7 regulation for Heavy-Duty (HD) vehicles is calling for a further tightening of the Solid Particle Number (SPN) emissions by means of both lowering the applicable limits and shifting the lowest detectable size from 23 nm (SPN23) to 10 nm (SPN10). A late-technology diesel HD truck was tested on a chassis dynamometer in order to assess the necessary particle filtration requirements for a continuously regenerating system. The study showed that passive regeneration under real-world operating conditions can lead to a significant release of SPN10 particles from the current technology Diesel Particulate Filter (DPF) when soot-loaded, even exceeding the currently applicable emission limits. The actual emissions during passive regeneration and following the clean-up of the DPF exceeded the proposed Euro 7 limits by more than an order of magnitude. A prototype DPF, exhibiting a 99% filtration efficiency when clean, was shown to effectively control SPN10 emissions under both operating conditions. The shift to SPN10 also necessitates control of nanoparticles forming inside the Selective Catalytic Reduction (SCR) system, which for the tested truck exceeded the proposed (hot) limit by up to 56%. A dedicated particle filter specifically designed to capture these particles was also evaluated, showing a better than 60% efficiency. The key message of this study is that SPN emissions can be kept at low levels under all conditions.
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1. Introduction


The introduction of progressively tighter emission standards in the European Union (EU) has brought significant reductions in automotive exhaust emissions since their first implementation in the early 90s. The continuous development of emission control systems was of paramount importance in achieving the set emission targets. However, road transport remains a major source of air pollution, accounting for 39% of NOx, 11% of fine particulate matter (PM2.5) and 26% of black carbon [1]. Consequently, a proposal for a new (Euro 7) emission standard was recently published, calling for further emission reduction over a wider range of operating conditions and an extended useful life, taking advantage of state-of-the-art emission control technologies [2,3]. With respect to particulate emissions, the elevated solid particle number (SPN) levels during and immediately after the regeneration of the Diesel Particulate Filter (DPF), as well as the emission of sub-23 nm nanoparticles, were identified among the most relevant unregulated conditions [2].



The SPN regulation was introduced in 2011 for Euro 5 light-duty cars [4] and in 2013 for Euro VI Heavy-Duty (HD) engines [5] as a more sensitive technique from the conventional gravimetric method (PM), with the intention to require the installation of DPFs in all diesel-fueled vehicles to reduce particulate emissions. The SPN methodology is targeting solid particles (defined as those surviving thermodilution at 300 °C to 400 °C). Currently, the regulation requires particle counters with a lower detection size at 23 nm (SPN23), mainly due to concerns about volatile artifacts typically residing at sizes below 20 nm [6]. However, following extensive investigations, the necessary modifications that would allow robust measurements down to 10 nm (SPN10) have been incorporated in the recently updated Global Technical Regulation to which the Euro 7 regulation will be referring [7].



All modern light-duty and HD diesel vehicles homologated in the EU are equipped with DPFs in order to meet the SPN23 limit [8,9]. DPF systems can regenerate either actively or passively, depending on the means of oxidizing the accumulated particles (predominantly soot) [10,11]. Active systems rely on active management of the exhaust gas temperature to periodically regenerate the DPF. Passive systems utilize catalysts to promote soot oxidation (mainly with NO2) at temperatures encountered during normal vehicle operation. Since the two approaches can complement each other, combined systems are also common. Purely passive systems are only encountered in the HD sector.



The current EU HD regulation [12] classifies emission control devices as periodic or continuous, depending on whether the regeneration process occurs periodically in less than 100 h of normal operation. Continuously regenerating emission systems need to comply with the emissions limits under all operating conditions (even during passive regeneration events). For periodically regenerating systems, a procedure is defined to weigh the emissions during active regeneration and during normal operation based on the frequency of regeneration events, allowing exceedance of the regulatory limits during regeneration. However, this procedure is currently applicable only to PM and not to SPN23, effectively implying that SPN emissions during active regenerations are not considered.



A number of publications have investigated the SPN emissions during active regeneration of HD diesel vehicles and trucks [13,14,15,16,17,18,19,20,21,22,23]. Dedicated hot start tests on two HD engines suggested that SPN23 emissions during regenerations exceeded 1013 #/kWh, constituting 43% to 81% of what would be a weighted certification value [15]. It should be noted, however, that the specific engines were certified only for PM and not for SPN23 (Japanese 2009 regulation). Such high SPN levels during active regenerations have also been reported by other studies [19,20]. One study measured the SPN23 emissions of two Euro VI HD trucks over a period of more than a month each, including active regeneration events [19]. The calculated weighted SPN23 emissions were reported to be below but close to the Euro VI limit. With a further tightening of the SPN limits, some improvements in the DPF filtration efficiency would be required even when weighing the results.



Limited information is available in the literature on emissions during HD passive regeneration [6,24,25]. This is partly due to the difficulty in identifying such events since no signal from the engine Electronic Control Unit (ECU) is available for these operating conditions. Dedicated experiments on a model–year 2021 HD diesel engine highlighted the importance of DPF soot load as well as the relative concentration of NOx to soot (NOx to soot ratio–NSR) on the SPN emissions downstream of the DPF during passive regeneration. More specifically, operation at high NSR and exhaust temperatures in the 300 to 400 °C range (typical for passive systems) led to very fast soot oxidation rates in a soot-loaded DPF that resulted in significant SPN emissions [24]. In contrast, SPN emissions from an initially clean DPF remained at low levels following some soot built up at the beginning of the tests [24]. Still, SPN10 emissions from current technology DPFs were found to exceed the proposed Euro 7 limits during passive regeneration, even when tested clean [6]. The importance of soot load on particle emissions during passive regeneration was also highlighted in dedicated tests using commercial carbon black (Printex-U) [25].



The shift to SPN10 has also highlighted the importance of controlling particles emitted from Selective Catalytic Reduction (SCR) systems. Size distribution measurements suggested that the mean size lies below 20 nm [26,27], while typical exhaust SPN10 concentrations are in the order of several tenths of thousand #/cm−3 [26,28,29,30,31]. Brake-specific SPN10 emissions from the SCR system were reported to range between 0.2 × 1011 to 2 × 1011 #/kWh [6,27,29], that is between 10 and 100% of the proposed Euro 7 90th percentile limit of 2 × 1011 #/kWh.



The main objective of this work was to investigate the effect of SCR and DPF regeneration on the SPN10 emissions of a continuously regenerating Euro VI step E HD diesel truck in order to establish the necessary filtration requirements for Euro 7 applications. To this end, two dedicated Euro 7 filters designed to address the SPN10 emission during regeneration and the SPN10 emissions forming in the SCR, respectively, were evaluated. The study suggested that an improvement of more than an order of magnitude in the filtration efficiency of the Euro VI DPFs will be required to address the SPN10 emissions during and following passive regeneration. The SPN10 emissions originating from the SCR system led to an exceedance of the 90th percentile limit of 2 × 1011 #/kWh by 25% to 55%. The two Euro 7 filters tested were effective in controlling the SPN10 emissions of the truck within the new limits under all operating conditions studied.




2. Materials and Methods


2.1. Vehicle


The test vehicle was a 4 × 2 tractor equipped with a 13 l, 500 hp diesel engine homologated to Euro VI step E. The reference work (Wref) over the World Harmonized Transient Cycle (WHTC) was 34 kWh [32]. The vehicle and the Original Equipment Manufacturer (OEM) filter had an accumulated mileage of ~44,500 km and 20,000 km, respectively, at the start of the campaign. Commercial diesel fuel (fulfilling EN590 specifications) and urea solution were used in the tests.




2.2. Emission Control Systems


The OEM after-treatment of the truck utilized a diesel oxidation catalyst, SCR, and catalyzed DPFOEM technologies to control exhaust emissions. The specific vehicle relied on passive regeneration of the DPF.



A prototype high filtration efficiency cordierite (HFC) wall flow filter (DPFHFC3.0) of the same size and cell density (18 l, 300 cpsi) with the DPFOEM was also evaluated. Both filters had asymmetric cell designs for increased ash storage capacity. The prototype DPFHFC3.0 was processed via Corning’s proprietary Accelerated Purification Technology (APT), resulting in a hierarchical microstructure with smaller pore sizes at the surface compared to the bulk of the wall [33]. This technology offers improved filtration efficiency of clean filters at a target pressure drop and has been widely employed in filters installed on direct injection gasoline vehicles since the Euro 6 step E [33]. An oxidation catalyst-based washcoat was also applied to the DPFHFC3.0.



A second, brand-new (no ash accumulated) DPFOEM was also specifically purchased for this study and was pre-loaded with soot at a level of 3 g/L on an engine test bench at Corning Inc. (Painted Post, NY, USA).



A 4.6 l Ø9.5″ × 4″ long, rear-plugged particle filter of 300 cpsi cell density was also evaluated as a dedicated filter targeting particles forming inside the SCR. The specific filter is referred to here as the Corning® DuraTrap® Emissions Finishing Cordierite (EFC) component. It is intended to be integrated with the SCR system downstream of the DPF, which, in the case of the test truck, is a dual-leg system within the same after-treatment box and may also be washcoated. However, in the present study, a single uncoated EFC was installed in a dedicated canning downstream of the after-treatment box.




2.3. Test Cell


All measurements were conducted at the HD vehicle laboratory of the Joint Research Centre (JRC) of the European Commission, located in Ispra (Italy). The laboratory is equipped with a four-wheel drive, two-axis roller chassis dynamometer specifically designed for HD vehicles. All tests were conducted at a climatically controlled ambient temperature of 23 °C. The temperature was well controlled within ±1 °C, with some parts of the cycle with high engine demands reaching +2 °C from the set point. The exhaust tailpipe was connected to a full dilution tunnel with a Constant Volume Sampler (CVS) operating at a total flow rate of 100 m3/h.




2.4. Test Protocol


The truck was tested under a pre-determined In-Service-Conformity (ISC) cycle developed at JRC for N3 category trucks [34]. The cycle is compliant with the Euro VI step E regulation [35] requirements. It contains distinct urban, rural, and highway sections, with relative time shares of 27.1%, 26.4%, and 46.5%, respectively. The corresponding average speeds are 23, 59, and 80 km/h. The vehicle speed and road slope profiles, as well as the corresponding engine map, are illustrated in Figure 1. The slopes of the urban part were very low because the area was quite flat. We decided not to include them as the values were close to the experimental uncertainty of determining them. All ISC tests were performed with the engine cold and the coolant temperature below 30 °C as prescribed in the Euro VI step E regulation.



A sequence of steady speed tests at 30, 60, and 90 km/h under road load were also performed twice (following the ISC cycle), focusing on the characterization of the EFC filtration efficiency at different exhaust flows.



The after-treatment system was conditioned at the end of each measurement day by running the truck at 80 km/h and full load to regenerate the DPFs. No information on the soot load of the DPF was available from the ECU. Therefore, the SPN recordings were used to monitor the progress of the soot clean-up. The test was stopped upon stabilization of SPN emissions for at least 5 min, following a rise indicative of soot cake consumption. This conditioning process lasted between 25 and 35 min. Following the conditioning, the vehicle was soaked at 23 °C for at least 12 h.



Table 1 summarizes the exact test sequence. Both the ISC and the steady speed tests were performed with a simulated gross vehicle weight of 29 tn on the dyno, corresponding to ~66% of the maximum permissible gross weight of the truck (44 tn). The road load coefficients (inertia m = 29 tn, F0 = 1815 N, F2 = 0.205 N/(km/h)2 were estimated from the equations in the literature [36] for the aerodynamic drag F2 = 0.5 × Cd × A × ρair and friction coefficient F0 = m × g × μ, where ρair is the air density and g = 9.8 m/s2. The Cd × A value (4.4 m2) is representative of a long-haul truck with aerodynamic features in the European fleet, according to [37]. The average value of the fuel efficiency class of the tires mounted on the vehicle was chosen for the rolling resistance μ = 6.5 N/kN, according to Regulation (EU) 2020/740.




2.5. Measurement Instrumentation


Two Advanced Particle Counters (APC model 489) (AVL GmbH, Graz, Austria) were employed for the measurement of the SPN emissions. Each APC was equipped with both a 10 nm and a 23 nm Condensation Particle Counter (CPC). The APC incorporates a primary chopper diluter operating at 150 °C, a volatile particle remover at 350 °C, and a secondary mixer diluter operating at ambient temperature. Both APCs were equipped with a catalytic stripper as required in the recent specifications for 10 nm SPN measurements for HD vehicles [7]. An AVL pressure reduction unit was installed on each device to ensure that inlet pressure remained within the specifications of ±25 kPa. The APCs were connected to the pressure reduction unit with a metal transfer line heated to 100 °C. The length of the heated line was 0.5 m at all sampling locations besides the outlet of the turbocharger, where, due to space limitations, a 1 m long heated line was used instead. The Particle Concentration Reduction Factor (PCRF) was set to 500, except at turbocharger out sampling, where a PCRF of 3000 was necessary to maintain concentrations at the inlet of the CPC within its specifications (<30,000 #/cm3). The actual sampling position during each test is provided in Table 1.



An AVL Micro Soot Sensor (MSS) was installed at the outlet of the turbocharger through a dedicated AVL pressure reduction unit to monitor in real-time the mass concentration of the emitted soot. The MSS is a photoacoustic sensor calibrated to report the soot mass concentration [38].



Additional thermocouples and pressure sensors were installed to monitor the temperature and pressures at the outlet of the turbocharger as well as at the inlet and outlet of the first DPF and the downstream SCR. Engine speed, torque, and fuel consumption were recorded from the truck ECU using a dedicated data logger (UniCAN 2, CSM GmbH, Filderstadt, Germany). Exhaust flow rate was calculated from the measured dilution air and total flow through the CVS tunnel.




2.6. Evaluation Methodology


The reported APC concentrations are corrected for the calibrated average Particle Concentration Reduction Factors (PCRF) at 30, 50, and 100 nm and the calibration factors of the connected CPCs. Particle concentrations and exhaust flows were normalized to 0 °C and 1 atm, time aligned, and subsequently multiplied to calculate the instantaneous emissions rates in s−1. The necessary brake power was calculated from the engine speed and torque signals recorded from the ECU.



The SPN emissions over the ISC cycle were calculated following both the Euro VI step E and the proposed Euro 7 methodologies.



2.6.1. Euro VI Step E Analysis


The Moving Average Window (MAW) methodology forms the basis for the assessment of the SPN23 emissions in the Euro VI step E regulation [35]. All recordings during the first 10 min of the test where the coolant temperature was below 30 °C were discarded. The cumulative number of particles over each segment of the remaining test for which the engine work equals Wref was then calculated, proceeding at increments of 1 s. The ratio of the cumulative particle numbers to the reference work yielded the emission rates of the individual MAW segment. The average brake power exceeded the regulatory threshold of 10%, the maximum engine power for all MAW, so all of them were included in the analysis. The largest emission rate for the MAWs starting at a coolant temperature of less than 70 °C constitutes the cold start emissions, while the 90th percentile of the remaining MAWs corresponds to the hot start emissions. The regulated emissions are determined by a 14% and 86% weighing of the cold and hot start results, respectively. The weighted average results should be below 6 × 1011 #/kWh, with an extra 1.63 conformity factor for on-board measurements of SPN23 (i.e., 9.78 × 1011 #/kWh).




2.6.2. Euro 7 Analysis


The proposed Euro 7 regulation is also based on analyzing segments of the test where brake work matches the reference work (provided that the engine brake work over the test trip is longer than 3 × Wref, as was the case with the ISC cycle). These segments are now referred to as Moving Windows (MW). However, in Euro 7, the analysis starts from engine ignition while the minimum average power requirement is tightened to 6%. The brake-specific SPN10 emissions overall MWs are calculated, and the 90th and 100th percentiles should be below 2 × 1011 #/kWh and 5 × 1011 #/kWh, respectively.






3. Results


3.1. Emission Performance of the OEM Aftertreatment Layout Following the Euro VI Step E Methodology


Figure 2 summarizes the emission results evaluated in accordance with the Euro VI step E calculation methodology for the tests with the DPFOEM. The SPN23 emissions of the vehicle in its OEM configuration (downstream of the SCR) for the first two repetitions were at 75% and 57% of the applicable limit. SPN23 emissions over the cold start phase for these two tests were 3.5 × 1012 #/kWh and 2.9 × 1012 #/kWh, with the corresponding hot start emissions being 3.4 × 1011 #/kWh and 2.5 × 1011 #/kWh, respectively. The elevated cold start emissions reflect the clean state of the DPFOEM, as both tests were conducted having regenerated the filter the day before. The SCR increased the SPN23 emissions downstream of the DPFOEM by ~1.0 × 1011 #/kWh.



The corresponding emissions over the third repetition, where the DPFOEM was loaded with 3 g/L soot, showed a completely different pattern. The cold start SPN23 emissions were more than three orders of magnitude lower, at 1.1 × 109 #/kWh. The DPFOEM regenerated during this test, starting from the rural section of the cycle (Section 4.1). The regeneration led to a large slip of soot particles, manifested as an increase of the SPN23 emissions with the 90th percentile reaching 2.1 × 1012 #/kWh downstream of the DPFOEM. APC was not available downstream of the SCR in the specific test, but tailpipe emissions are expected to have been higher by the additional contribution of particles forming inside the SCR (~1.0 × 1011 #/kWh for SPN23). Effectively, the soot slip during the regeneration led to an exceedance of the regulatory limit by at least 88%, as the weighted SPN23 emissions were 1.8 × 1012 #/kWh at the outlet of the DPFOEM.




3.2. Emission Performance of the OEM Aftertreatment Layout Following the Proposed Euro 7 Methodology


Figure 3 summarizes the emission results from the same tests (DPFOEM) shown in Figure 2, evaluated in accordance with the proposed Euro 7 calculation methodology. The SPN10 emissions of the vehicle in its OEM configuration (SCR out) were above the proposed Euro 7 limits in all tests.



Focusing on the first two repetitions, which were performed with the DPFOEM in a clean state, the 100th and 90th percentile results were ~1.2 and 2.2 times higher than the corresponding cold and hot start results evaluated following the Euro VI step E methodology (Figure 2). This is a consequence of the shift from 23 nm to 10 nm and the inclusion of all MW (starting from engine ignition) for the evaluation of both percentiles. Under the specific test conditions (tests performed following regeneration of the DPFOEM), the 100th percentile proposed limit of 5 × 1011 #/kWh represents a more demanding performance criterion, with the two tests exceeding it by 10.3 and 8.5 times. The 90th percentile results are above the corresponding proposed limit of 2 × 1011 #/kWh by 5.3 and 3.2 times, respectively. The effect of SCR was more pronounced on the 90th percentile results, with SPN10 emissions increasing by 2.1 × 1011 #/kWh to 2.4 × 1011 #/kWh, representing a 42 to 76% increase over SPN23. The 100th percentile results were less affected, with the percentage differences (+3% and −2%) being within the measurement uncertainty of SPN measurement equipment.



The results over the third repetition with the DPFOEM filter loaded to 3 g/L show a distinctly different pattern from the preceding tests. The 100th and 90th percentile results were 2.6 × 1012 #/kWh and 2.0 × 1012 #/kWh, exceeding the corresponding limits by 6 and 11 times, respectively. Thus, the 90th percentile limit was the most demanding criterion when a loaded DPFOEM regenerated during the ISC. Both percentiles corresponded to MWs from the highway section of the test and not the beginning of the urban section, which was the case in the previous two repetitions.




3.3. Emission Performance of DPFHFC3.0 and EFC Following the Euro 7 Evaluation Methodology


Figure 4 summarizes the results from the three ISC repetitions with the DPFHFC3.0, following the Euro 7 calculation methodology.



The 100th and 90th percentile SPN10 emissions at the outlet of the DPFHFC3.0 averaged at 1.2 × 1011 #/kWh and 4.5 × 109 #/kWh, respectively. These levels were 38 and 130 times lower compared to the tests with the clean DPFOEM (Figure 3) and well within the proposed Euro 7 limits. However, particles forming inside the SCR increased the SPN10 levels in the 2.6 × 1011 #/kWh to 4.8 × 1011 #/kWh range for the 100th percentile and 2.5 × 1011 #/kWh to 3.1 × 1011 #/kWh for the 90th percentile. These results suggest that ~3 × 1011 #/kWh are forming inside the SCR. This emission level is already on its own above the proposed Euro 7 90th percentile limit of 2 × 1011 #/kWh.



To meet the Euro 7 requirements, the specific SCR system would require some dedicated filter solution. The EFC evaluated in the study reduced the SPN10 results by 50% and 60% for the 100th and 90th percentile, respectively. The actual emission levels downstream of the EFC were at 26% and 52% of the corresponding thresholds of 5 × 1011 #/kWh and 2 × 1011 #/kWh.





4. Discussion


4.1. High Soot Emission Events


Figure 5 summarizes the SPN10 moving windows from all ISC tests at each of the four different measurement locations. All tests performed following conditioning of the after-treatment system at full load revealed a decrease of SPN10 emissions downstream of the DPF with time (as evident in the unsorted MW results). The elevated cold start emissions observed at the engine-out position partly contributed to the observed emission reduction. The decline in emissions was much sharper downstream of the DPF, however, suggesting an improvement in the filtration efficiency of both filters with time. This emission pattern is indicative of soot built up in and on the filter walls, resulting in a gradual increase in the filtration efficiency [39].



The tests with the DPFHFC3.0 started at ~40 times lower level and dropped significantly faster compared to those with the DPFOEM. This performance improvement is a direct consequence of the hierarchical microstructure in the DPFHFC3.0. The reduced porosity at the surface of the filter wall improves the overall filtration efficiency. At the same time, this hierarchical microstructure limits the accessibility of the larger wall pores for the soot particles, thus leading to a faster build-up of the soot cake that drastically improves the filtration efficiency [33]. It should be stressed that the APT is tunable, allowing for further performance improvements if needed [24].



The tests with the soot-loaded DPFOEM showed a distinctly different emission pattern. SPN10 emissions were more than three orders of magnitude lower at the start of the ISC compared to the tests where the DPFOEM was conditioned over full load. Emissions started increasing gradually from the 1200th MW, reaching a maximum after 6800 MWs (during highway driving). This emission behavior is indicative of regeneration, where accumulated soot, which is very efficient in trapping particles, is oxidized [40].



Figure 6 provides some more insights into the performance of the two filters. The real-time SPN10 slip, defined as the ratio of downstream to upstream SPN10 concentrations, is compared for the different filters over all ISC and full load tests. The duration of the full-load testing was sufficient to stabilize the SPN10 slip at the same levels between repetitions with the same type of filter. In the case of the DPFHFC3.0, SPN10 slip stabilized at ~0.01, corresponding to 1 − 0.01 = 99% filtration efficiency, which matches the clean filtration efficiency for the specific prototype. This suggests that the conditions prevailing at the specific mode (DPF inlet temperature and NOx concentration of ~475 °C and 1000 ppm, respectively) suffice for a nearly complete clean-up of the DPF. The corresponding filtration efficiencies of the DPFOEM dropped to 1 − 0.28 = 72% for the original DPFOEM, and 1 − 0.4 = 60% for the soot loaded new DPFOEM. The ash accumulating on the original DPFOEM over 20,000 km could explain the improved filtration efficiency. These filtration efficiencies are representative of unloaded Euro VI step E technology DPFs [41].



As expected, the SPN10 slip at the start of the ISC test was at the same levels as that at the end of the preceding full load cycle and then gradually dropped as soot accumulated, improving the filtration efficiency over time. In the case of the loaded DPFOEM, the SPN10 slip starts from as low as 10−5 and exhibits some sharp rises that coincide with sharp increases in the DPF inlet temperature above 375 °C, at 3000, 4300, and 6300 s, approximately. Interestingly, the temperature profiles indicate that over the specific test, the exhaust temperatures increased by an average of ~50 °C after approximately 2000 s of operation. It appears that the thermal management of the engine changed to support the regeneration of the filter. This was most probably triggered by the elevated pressure drop measured at the start of the cycle (see also Section 4.5).



It has been previously reported that SPN10 slip during passive regeneration is higher for a soot-loaded DPF [24]. Depending on exhaust temperature and the NSR, regeneration in a soot-loaded DPF can lead to non-uniform soot distribution and even local exposure of the wall microstructure. This results in a higher fraction of the exhaust flowing through these low-flow resistance segments, where filtration efficiency is lower. The NSR at the inlet of the first DPF was ~290:1, suggesting very fast soot oxidation that can promote such high SPN10 slip levels [24]. The soot oxidation rates (proportional to accumulated soot mass [42]) would be considerably lower in a relatively clean DPF, thus inhibiting the consumption of soot cake. This could explain why no increase in the soot slip was observed over the highway section of the cycle for any of the other ISC tests performed with the DPF clean.



Overall, both DPFOEM states led to an exceedance of the proposed Euro 7 90th and 100th percentile limits. However, the regeneration of the loaded DPFOEM was found to be a more demanding operating condition in the sense that it resulted in prolonged operation at elevated SPN10 emissions compared to cold start operation with clean DPF, albeit with a 25% to 35% 100th percentile result. This is reflected in the sorted MW results in Figure 5 (bottom panel). Namely, it took ~4100 and 4600 windows for the SPN10 results to reach the proposed Euro 7 limits of 5 × 1011 #/kWh and 2 × 1011 #/kWh, respectively, with the regeneration of the DPFOEM. With an empty DPFOEM, the corresponding thresholds were reached after 1050 and 2050 MWs, respectively.



While the DPFHFC3.0 was not tested pre-loaded, it is expected that it would still fulfill the Euro 7 requirements since the 100th percentile results lay below 2 × 1011 #/kWh (at 1 and 1.4 × 1011 #/kWh, respectively) starting from a clean state.




4.2. High SPN10 Emissions from the SCR System


A comparison of the emissions downstream of the SCR to those downstream of the preceding DPF in Figure 5 reveals a relatively stable release of SPN10 inside the SCR at a level of 2.5 × 1011 #/kWh to 3 × 1011 #/kWh. This emission level is already above the proposed 90th percentile Euro 7 threshold of 2 × 1011 #/kWh, implying that a dedicated filter would be necessary to tackle particles forming inside the specific SCR system.



The observed tailpipe SPN10 emissions were at similar levels with previously published data [6,27,29,30,31,43]. Tests of another Euro VI step E truck of the same after-treatment layout, displacement, and power rating under the same operating conditions (simulated 29 tn gross weight on the same chassis dyno) resulted in 1.3 × 1011 #/kWh SPN10 emissions over the same test cycle [6]. Tailpipe concentrations were as high as 3 × 104 #/cm3 [6], compared to 5.5 × 104 #/cm3 in the present work. The ratio of SPN10 to SPN23 emissions was also similar, reaching ~3:1 in both campaigns, suggesting a mean particle size in the range of 15 nm [6]. A recent study on a 12 l China VI certified diesel HD engine observed a 1.5 × 1011 #/kWh increase in SPN23 emissions when activating urea dosing [43], which is even higher than the ~1 × 1011 #/kWh increase observed here. An earlier study on a 5 l Euro VI diesel HDE and a 13 l Euro VI diesel HD truck reported up to 3.5 × 104 #/cm3 SPN10 emissions forming on the SCR systems [27]. Similarly, scanning mobility particle sizer measurements suggested a mean size peaking below 20 nm [27]. Published data on the effect of urea dosing on SPN10 emissions of Euro VI HD engines suggest contributions to tailpipe concentrations that span from 1 × 104 #/cm3 [29] to 8 × 104 #/cm3 [31]. Significantly higher emissions, indicative of measurement artifacts, were observed under some conditions in some studies [30,31], although using equipment that did not utilize a catalytic stripper as required in the SPN10 regulation [7]. Measurements of SCR particles with and without a catalytic stripper revealed that the latter are prone to volatile artifacts at high exhaust temperatures [6].



While some progress was made in understanding the effect of spray formation [43], mixing and decomposition processes [44], and urea solution composition [45] on particle formation, the potential offered in reducing SPN10 emissions forming in SCR systems is still not well understood. Unless the emissions are reduced to a level below the proposed threshold within a safe engineering margin, a dedicated filter will be required.




4.3. Performance of the EFC


Figure 7 compares the measured filtration efficiency of the EFC overall steady speed and full load tests. Results are plotted as a function of the space velocity defined as the ratio of the volumetric flow rate (calculated at standard conditions of 21 °C and 1 atm) to the EFC volume. Filtration efficiency ranged between 62% and 67% up to 125,000 h−1. At the highest tested space velocity of ~225,000 h−1, the filtration efficiency dropped to 47–55%. It should be stressed that the specific condition falls outside the targeted range of space velocities owing to the use of a single EFC instead of two in parallel.



Rear-plugged filters should be relatively insensitive to the operating flow rates [46]. The filtration efficiency of rear-plugged filters is proportional to the fraction of exhaust gas flowing through the walls, which in turn depends on the relative magnitude of the pressure drop along the open channel, Δpch, and the pressure drop through the wall, Δpw [11,46]:


Δpch = 2∙f0∙μ∙L/dch2∙vch



(1)






Δpw = μ/kw∙vw∙w + β∙ρ∙vw2



(2)




where f0 is the friction coefficient and equal to 14.2 for square channels, L is the channel length, dch is the channel diameter, w the wall thickness, ρ is the gas density, μ the gas viscosity, kw the wall permeability, β the inertial (Forchheimer) resistance coefficient, vch the channel velocity and vw the velocity through the wall. The latter is defined as the ratio of the total flow rate to the total filtration surface area and, thus, is proportional to the volumetric flow. Consequentially, both pressure drops exhibit a first-order dependence on the volumetric flow rate, provided that flow remains low enough for second-order inertial effects to become important. At high flows, Δpw increases disproportionally to Δpch, resulting in relatively lower fractions of inlet flow passing through the walls and, thus, a reduction in the filtration efficiency. The experimental data suggest that this transition happens at space velocities outside the targeted operating range of the EFC.



The performance of the EFC will be affected, however, by the accumulation of particles on its walls, reducing the effective wall permeability (kw in Equation (2)). Published experimental data on the filtration efficiency of rear-plugged filters suggested a drop from 60% to 30% as soot loading increases up to 4.5 g/L [46].




4.4. Estimations on the Mass Accumulated in the EFC


Two distinct types of particles will be collected on the EFC, namely, soot particles escaping the upstream DPF and particles forming inside the SCR system. Based on the total number of particles forming inside the SCR system (taken as the difference between those measured at the outlet of the SCR to those measured at the outlet of the upstream DPF) and assuming a lognormal distribution with a mode at 15 nm and a density of 2000 kg/m3 [6,26,27], a total emitted mass of 0.55 mg was calculated over the ISC. This would correspond to an average emission rate of 0.55/9300 = 5.9 × 10−5 mg/s.



The actual soot emissions reaching the EFC will depend on the filtration efficiency of the upstream DPF. Figure 6 suggests that the filtration efficiency of an initially clean DPF will reach 99.99% (i.e., 10−4 slip) within 600 s for DPFHFC3.0 and ~9000 s for DPFOEM. Elevated soot slip emissions during passive regeneration were reported to last ~6000 s [24] in reasonable agreement with what was observed with the ISC test using a soot-loaded DPFOEM (Figure 6). Since soot concentration measurements were only performed at the outlet of the turbocharger, the ratio of SPN10 emissions downstream to that upstream of the first DPF was used to estimate the soot mass emission rates reaching the EFC under these conditions (Table 2). In the case of the DPFOEM, the total soot mass and number of particles emitted during the passive regeneration event (considered to be the last 5000 s of the ISC) and the soot built up over an entire ISC (9300 s) were 2.6 + 5.3 = 7.9 g and 4.3 × 1015 + 9.5 × 1015 = 1.4 × 1016 #, respectively. The corresponding total number of particles at the outlet of the first DPF was 2.1 × 1014 + 1.5 × 1014 = 3.6 × 1014 #. Therefore, the total soot mass at the outlet of the first DPF was estimated to be 7.9 × 3.6 × 1014/(1.4 × 1016) ≈ 0.2 g, which would correspond to an average emission rate of 0.015 mg/s over a period of (9300 + 5000)/3600 ≈ 4 h. In the case of the DPFHFC3.0, the soot build-up took ~600s, and the total mass and number of particles emitted from the engine over these 5600 s would be 2.6 + 0.7 = 3.3 g and 4.3 × 1015 + 1.6 × 1015 = 5.9 × 1015 #, respectively. In lack of experimental data on the SPN slip during regeneration for the DPFHFC3.0 filter, the ratio of its clean state filtration efficiency to that of the DPFOEM was used, suggesting a 2.1 × 1014 × (1 − 0.99)/(1 − 0.72) = 7.5 × 1012 # over a similar passive regeneration event. The total mass and number of soot particles emitted over the first 600 s of the ISC were 0.7 g and 1.4 × 1015 #, while the total particles escaping an initially clean DPFHFC3.0 over the same period was 4.7 × 1012 #. Accordingly, the total mass of soot reaching the EFC over a high SPN slip regeneration event using DPFHFC3.0 is estimated to be (2.6 + 0.7) × (7.5 × 1012 + 4.7 × 1012)/(4.3 × 1015 + 1.4 × 1015) = 0.007 g. This would correspond to an average emission rate of 0.002 mg/s over a duration of (600 + 5000)/3600 ≈ 1.6 h. In between such high SPN slip events, the filtration efficiency of the DPF is expected to be 99.99%, irrespective of its technology. Based on the average engine out soot mass emission rate over the ISC of 0.65 mg/s, the corresponding emission rate at the inlet of the EFC is expected to be 0.65 × (1 − 0.9999) = 6.5 × 10−5 mg/s.



Establishing a representative average soot emission rate reaching the EFC over the useful life of the vehicle is rather challenging. On the one hand, the frequency of passive regeneration would strongly depend on the operating conditions. On the other hand, not all passive regeneration events would lead to high soot slip. As a worst-case condition, the minimum interval of 100 h specified in the definition of continuously regenerating systems in the European regulation [12] was assumed. For reference, based on data from field operation of several long-haul trucks (most suited for passive regeneration systems) in the United States of America, the frequency of active regeneration typically falls in the 50 to 100 h of engine operation [24,47]. As a consistency check, at an average engine-out emission rate of 0.65 mg/h, it would have taken ~23 h to accumulate 3 g/L of soot on the 18 l DPFOEM if no significant oxidation took place. With a 100 h interval between high soot slip regeneration events, the weighted average soot mass emission rates reaching the EFC would be (6.5 × 10−5 × 100/104 + 0.014 × 4/104) = 6 × 10−4 mg/s for the DPFOEM and (6.5 × 10−5 × 100/101.6 + 1 × 10−4 × 2.5/101.6) = 8 × 10−5 mg/s for the DPFHFC3.0.



Assuming a useful life of 875,000 km (based on the Euro 7 proposal) and the average ISC speed of 47 km/h, the total operating hours are calculated to be 875,000/47 ≈ 18,600 h. At an average emission rate of 6 × 10−5 mg/s, a total mass of 4 g, or equivalently 0.43 g/L, originating from the SCR system would have reached the two parallel EFCs. The corresponding soot mass escaping the upstream DPF would be 0.57 g/L in the case of DPFHFC3.0 (with an average emission rate of 8 × 10−5 mg/s) and 4.3 g/L in the case of the DPFOEM (with an average emission rate of 6 × 10−4 mg/s). Given the finite filtration efficiency of the EFC, at a maximum, 60% of the above masses would eventually be trapped. The results suggest that even if no oxidation takes place, the accumulated mass on the EFC is expected to be at maximum (0.43 + 0.57) × 0.6 = 0.6 g/L when a DPFHFC3.0 is employed upstream. These levels are too low to have any significant impact on the filtration efficiency of the EFC [46]. With the DPFOEM, however, some deterioration in the filtration performance is to be expected unless the accumulated soot can be oxidized.



Some oxidation of particles collected on the EFC is to be expected. The exact positioning of the EFC in the SCR system layout will define whether NO2 will be available. Under the worst-case condition, the EFC will be located at the outlet of the SCR catalyst, where O2 would be the only relevant oxidant.



A simple 0D oxidation kinetics model can help establish rough estimates of the anticipated oxidation of soot accumulating in the EFC. Assuming a single global reaction kinetic equation, being first order in oxygen and in total accumulated soot, the rate of mass accumulation would be described by [11,48]:


dms/dt = ηf∙ṁs,in − kms∙xO2



(3)




where ms is the mass of accumulated soot on the filter, ṁs,in the soot emission rate at the inlet of the EFC, ηf is the filtration efficiency of the EFC, xO2 the molar fraction of O2, and k the reaction rate constant. Equation (3) is a first-order differential equation which, under fixed operating conditions (emission rate, filtration efficiency, and exhaust temperature) starting from a clean state, has the analytical solution:


ms = ηf∙ṁs,in/(xO2∙k)∙(1 − exp(−xO2∙k∙t))



(4)







Figure 8 shows the calculated evolution of accumulated soot on the EFC for the two DPFs based on published reaction constants [42]. The graphs also include the limiting case for which soot oxidation is negligible (in which case Equation (3) has the solution ms = ηf∙ṁs,in∙t). The results indicate that even in the absence of NO2, some oxidation is anticipated, although this is rather limited at temperatures below 300 °C. Minimizing soot mass concentrations at the inlet of the EFC would be the preferable path in safeguarding against excessive soot accumulation that could impair the performance of the EFC. It is necessary, however, to support these findings with experimental data. Some research work is currently underway in this direction. In commercializing such a solution, it is also important to consider potential failures of the upstream filter or even coarse deposits from the urea dosing system that may increase the mass load and potentially necessitate maintenance requirements.




4.5. Pressure Drop and Fuel Consumption


Figure 9 compares the pressure drop over the first DPF for all six ISC tests performed. The test with the soot-loaded DPFOEM led to a more than two times higher pressure drop at the start of the cycle. As the regeneration of the DPF progressed, the pressure drop gradually decreased, reaching the levels of the other two tests with the conditioned DPFOEM at approximately 5000 s. Considering the relatively low exhaust flow rates over the urban part of the cycle, these elevated pressure drops are registered as excessive flow resistance by the ECU. This triggered the latter to modify the thermal management of the engine to increase exhaust temperatures (Figure 6) and support the regeneration of the DPF.



The installation of the DPFHFC3.0 in place of the DPFOEM resulted in an approximately 55% increase in the pressure drop at empty soot load conditions. This rather large change is due to the use of an early washcoated prototype. Previous tests with uncoated DPFHFC3.0 showed equivalent pressure drops to Euro VI technology DPFs [6]. There are ongoing development projects with washcoaters to optimize the pressure drop penalty, targeting similar levels with Euro VI step E DPFs. Despite the nonideal pressure drop performance, no penalty could be observed on the measured CO2 and the ECU-reported fuel consumption over the ISC, being on average 1.7% and 0.3% lower, respectively, with the DPFHFC3.0.



The pressure drop over the EFC was not monitored in the campaign. This would be a subject of a future campaign with an EFC of the appropriate size to meet the targeted space velocity range and potentially washcoated and integrated with the DeNOx system.





5. Conclusions


A Euro VI step E technology diesel truck, relying on a continuously regenerating DPF system, was tested over a test cycle designed for compliance with the applicable regulatory requirements for real driving emission measurements [35]. The vehicle was able to clean up the original DPFOEM during the 2.5 h of the test cycle when pre-loaded with 3 g/L of soot. The regeneration led to elevated particle emissions, exceeding the currently applicable SPN23 limit of 9.8 × 1011 #/kWh (which includes a 1.63 factor for the measurement equipment on the road) by approximately 90%. This was found to be the most demanding operating condition for an otherwise Euro VI step E-compliant truck, even when tested with a clean, full-load-conditioned DPF.



Controlling particle emissions during regeneration would be even more demanding in Euro 7 applications. The introduction of separate limits for both the 90th and 100th percentile requires more than an order of magnitude improvement in the filtration efficiency at a clean state to address both the actual emissions during regeneration and cold start emissions during follow-up tests. It was demonstrated here, as well as in our previous study [6], that advanced filters such as the tested DPFHFC3.0 can meet these requirements.



The shift of the lowest detection size from 23 to 10 nm also introduces additional requirements for the control of nanosized particles forming in the SCR system. These were found to be 26 to 56% above the proposed 90th percentile limit for the tested truck (i.e., around 2–3 × 1011 #/kWh). The use of a DPFHFC3.0 downstream of the SCR would be beneficial, as it would effectively relax the required particle emission performance improvements in SCR systems. A dedicated filter specifically designed to address these nanoparticles was also evaluated in the study. Based on theoretical calculations, only limited soot accumulation on such a “2nd Filter” is anticipated when used in combination with an upstream DPFHFC3.0. Nevertheless, more experimental work is needed to assess long-term performance and maintenance requirements.
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	Acronyms
	



	APC
	AVL Particle Counter



	CF
	Conformity Factor



	CO2
	Carbon Dioxide



	CPC
	Condensation Particle Counter



	CVS
	Constant Volume Sampler



	d
	Diameter



	DPF
	Diesel Particulate Filter



	ECU
	Electronic Control Unit



	EFC
	Emissions Finishing Cordierite



	EU
	European Union



	HD
	Heavy Duty



	ISC
	In-Service Conformity



	JRC
	Joint Research Centre



	k
	Permeability–reaction rate constant



	MAW
	Moving Average Window



	MSS
	Micro Soot Sensor



	MW
	Moving Window



	OEM
	Original Equipment Manufacturer



	m
	Accumulated Mass



	ṁ
	Mass Emission Rate



	η
	Efficiency



	NO2
	Nitrogen Dioxide



	NOx
	Nitrogen Oxides



	NSR
	NOx to Soot Ratio



	PM
	Particulate Matter



	PCRF
	Particle Concentration Reduction Factor



	SCR
	Selective Catalytic Reduction



	SPN
	Solid Particle Number



	v
	Velocity



	W
	Work



	w
	Wall Thickness



	WHTC
	World Harmonized Transient Cycle



	x
	Molar Fraction



	Greek
	



	β
	Inertial (Forchheimer) Resistance Coefficient



	Δp
	Pressure Drop



	μ
	Gas viscosity



	ρ
	Gas density



	Subscripts
	



	10
	10 nm



	23
	23 nm



	ch
	Channel



	f
	Filtration



	HFC3.0
	High Filtration Cordierite



	in
	Inlet



	O2
	Oxygen



	OEM
	Original Equipment Manufacturer



	out
	Outlet



	ref
	Reference



	s
	Soot



	w
	Wall
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Figure 1. (Top panel): Vehicle speed (blue curve) and road slope (grey curve) profiles of the ISC cycle. (Bottom panel): Operating engine map over the ISC cycle (red dots), the steady speed points (blue dots), and the full load conditioning (green dot). ISC = In-Service-Conformity cycle. 
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Figure 2. Summary of Solid Particle Number (SPN) emissions following the Euro VI step E evaluation methodology for the tests where DPFOEM was used. Charts on the left and right planes correspond to emission levels at DPF out and SCR out positions, respectively. Charts on the top, middle, and bottom panels correspond to the three ISC repetitions, the last one (depicted with white stripes) being performed with a pre-loaded DPFOEM. Blue bars correspond to SPN23, while red bars to SPN10. The dashed lines indicate the applicable limit (1.63 × 6 × 1011 = 9.78 × 1011 #/kWh), while the numbers on top correspond to the conformity factors (ratio of average emissions over applicable limit). Owing to the swapping of APC sampling positions (Table 1), SPN measurements were not available (n.a.) for some tests. HFC = High Filtration efficiency Cordierite; CF = Conformity Factor; DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; SCR = Selective Catalytic Reduction. 
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Figure 3. Summary of Solid Particle Number (SPN) emissions following the proposed Euro 7 evaluation methodology for the tests where DPFOEM was used. Charts on the left and right planes correspond to emission levels at DPF out and SCR out positions, respectively. Charts on the top, middle, and bottom panels correspond to the three ISC repetitions, the last one (depicted with white stripes) being performed with a pre-loaded DPFOEM. Blue bars correspond to SPN23, while red bars to SPN10. The dashed lines indicate the proposed limit (5 × 1011 #/kWh for the 100th percentile and 2 × 1011 #/kWh for the 90th percentile), while the numbers on top correspond to the conformity factors (ratio of average emissions over applicable limit). Owing to the swapping of APC sampling positions (Table 1), SPN measurements were not available (n.a.) for some tests. HFC = High Filtration efficiency Cordierite; CF = Conformity Factor; DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; SCR = Selective Catalytic Reduction. 
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Figure 4. Summary of Solid Particle Number (SPN) emissions following the proposed Euro 7 evaluation methodology for the tests where DPFHFC3.0 was used. Charts on the left, middle, and right planes correspond to emission levels at DPF, SCR, and EFC out positions, respectively. Charts on the top, middle, and bottom panels correspond to the three ISC repetitions. Blue bars correspond to SPN23, while red bars to SPN10. The dashed lines indicate the proposed limit (5 × 1011 #/kWh for the 100th percentile and 2 × 1011 #/kWh for the 90th percentile), while the numbers on top correspond to the conformity factors (ratio of average emissions over applicable limit). Owing to the swapping of APC sampling positions (Table 1), SPN measurements were not available (n.a.) for some tests. HFC = High Filtration efficiency Cordierite; CF = Conformity Factor; DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; SCR = Selective Catalytic Reduction; EFC = Emissions Finishing Cordierite. 
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Figure 5. Calculated SPN10 MWs (top panels) and sorted SPN10 MWs (bottom panels) from all ISC tests at the different sampling positions. Dots on the bottom panels show the 90th percentile, while the intersection of the curves with the y-axis corresponds to the 100th percentile. HFC = High Filtration efficiency Cordierite; DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; SCR = Selective Catalytic Reduction; EFC = Emissions Finishing Cordierite. 
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Figure 6. DPF inlet temperatures (top panels) and SPN10 slip (bottom panels) over the ISC (left-hand panels) and the Full load (right-hand panels) tests. DPF = Diesel Particulate Filter; HFC = High Filtration efficiency Cordierite; OEM = Original Equipment Manufacturer; ISC = In-Service-Conformity cycle. 






Figure 6. DPF inlet temperatures (top panels) and SPN10 slip (bottom panels) over the ISC (left-hand panels) and the Full load (right-hand panels) tests. DPF = Diesel Particulate Filter; HFC = High Filtration efficiency Cordierite; OEM = Original Equipment Manufacturer; ISC = In-Service-Conformity cycle.



[image: Vehicles 05 00089 g006]







[image: Vehicles 05 00089 g007] 





Figure 7. Filtration efficiency of the EFC as measured over the steady speed (blue dots) and the full load (red dots) tests. The shaded blue area indicates the targeted space velocity for the EFC. EFC = Emissions Finishing Cordierite. 
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Figure 8. Calculated accumulated soot mass on the EFC in the absence of NO2 as a function of operating temperature and hours, based on the worst-case weighted average inlet mass concentrations using DPFHFC3.0 (left-hand panel) or DPFOEM (right-hand panel). Dotted blue line indicates the upper boundary corresponding to insignificant oxidation. Estimated useful life in operating hours was based on the 47 km/h average speed over the ISC. DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; HFC = High Filtration efficiency Cordierite; EFC = Emissions Finishing Cordierite. 
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Figure 9. Measured pressure drops over the first DPF (top panel) and CO2 (bottom left panel) and brake-specific fuel consumption (bottom right panel) over the six repetitions of the ISC cycle. DPF = Diesel Particulate Filter; HFC = High Filtration efficiency Cordierite; OEM = Original Equipment Manufacturer; ISC = In-Service-Conformity cycle; BSFC = Brake Specific Fuel Consumption. 
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Table 1. Test protocol. ISC = In-Service-Conformity cycle; DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; SCR = Selective Catalytic Reduction; HFC = High Filtration efficiency Cordierite; EFC = Emissions Finishing Cordierite.
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	Day
	Cycle
	DPF1
	APC1 Position
	APC2 Position





	1
	ISC
	DPFOEM
	DPFOEM out
	SCR out



	1
	Full Load
	DPFOEM
	DPFOEM out
	SCR out



	2
	ISC
	DPFOEM
	DPFOEM out
	SCR out



	2
	Steady Speeds
	DPFOEM
	DPFOEM out
	EFC out



	2
	Full Load
	DPFOEM
	DPFOEM out
	SCR out



	3
	ISC
	DPFOEM (3 g/L)
	Turbo out
	DPFOEM out



	3
	Full Load
	DPFOEM (3 g/L)
	Turbo out
	DPFOEM out



	4
	ISC
	DPFHFC3.0
	DPFHFC3.0 out
	SCR out



	4
	Steady Speeds
	DPFHFC3.0
	SCR out
	EFC out



	4
	Full Load
	DPFHFC3.0
	DPFHFC3.0 out
	SCR out



	5
	ISC
	DPFHFC3.0
	DPFHFC3.0 out
	SCR out



	5
	Full Load
	DPFHFC3.0
	DPFHFC3.0 out
	SCR out



	6
	ISC
	DPFHFC3.0
	DPFHFC3.0 out
	SCR out










 





Table 2. Estimations of soot mass emission rates reaching the EFC during a sequence of passive regeneration and cake built-up. DPF = Diesel Particulate Filter; OEM = Original Equipment Manufacturer; HFC = High Filtration efficiency Cordierite.
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DPF

	

	
Regeneration

	
“Soot Cake” Built-Up

	
Combined






	
DPFOEM

	
Duration [s]

	
5000

	
9300

	
14,300




	
Total soot DPFin [g]

	
2.6

	
5.3

	
7.9




	
Total SPN10 DPFin [#]

	
4.3 × 1015

	
9.5 × 1015

	
13.8 × 1015




	
Total SPN10 DPFout [#]

	
2.1 × 1014

	
1.5 × 1014

	
3.6 × 1014




	
Total mass DPFout [g]

	
0.13

	
0.08

	
0.21




	
Emission DPFout [mg/s]

	

	

	
0.015




	
DPFHFC3.0

	
Duration [s]

	
5000

	
600

	
5600




	
Total soot DPFin [g]

	
2.6

	
0.7

	
3.3




	
Total SPN10 DPFin [#]

	
4.3 × 1015

	
1.4 × 1015

	
5.7 × 1015




	
Total SPN10 DPFout [#]

	
7.5 × 1012

	
4.7 × 1012

	
1.2 × 1013




	
Total mass DPFout [g]

	
0.005

	
0.002

	
0.007




	
Emission DPFout [mg/s]

	

	

	
0.001

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
EFC filtration efficiency [%]

Targeted space velocity

B —————
100
801"

o® @
601" & %
40
200 OSteady speed
OFull load
o . 1 ! I |
0 50,000 100,000 150,000 200,000 250,000

Space velocity [h7™]





media/file4.png
SPN [#/kWHh] SPN [#/kWHh]

SPN [#/kWh]

DPFgenm + SCR

SPNyg

CF=0.75
\ . .

n.a.

Cold

n.a. n.a.

Hot Combined Cold

Hot Combined

2"d repetition 1% repetition

3" repetition (3 g/)





media/file18.png
CO, [g/kWh]

ApDPF1 [mbar]

5 ,'l

; i i I |
), ] 1WA
. Ny X ‘
1 F] :ir“' . ;
p » ;:,‘ ] ~,KL‘J\_‘ 4
IR Iy ' 4 ("
‘ I-L l" '
L~ W5 s VA

8000

—— DPF 1
—— DPF gy #2
~—— DPFoe#3 (3 g/1)
— HFC3.0#1
----- HFC3.0#2
- HFC3.0#3

10,000

Bl DPF ., #1

0 2000 4000 6000
Time [s]
540 180
< 1750
520 = ,
<
20 1701
@)
500 5
o 165
480 160

1 2 3 4 5 6
Test sequence [#]

B DPF 2
Y/ DPF ., #3 (3 g/)
B HFC3.0#1
Bl HFC3.042
.~ HFC3.043

1 2 3 4 5 6
Test sequence [#]





media/file3.jpg
SPN [#/kWh] SPN [#/kWh]

SPN [#/kWh]

DPF,

oem + SCR

PNy

CF 0.75!

77

AMMITINNN

n.a.

na. na.

Cold

Hot Combined Cold

Hot Combined

2" repetition 1% repetition

3 repetition (3 g/I)





media/file7.jpg
SPN [#/kWh] SPN [#/kWh]

SPN [#/kWh]

DPFygc3o+SCR DPFygcyq+ SCR + EFC

na.

na.

100" -tile 90 -tile

100" -tile 90" -tile 100" -tile

1% repetition

2" repetition

3 repetition





media/file10.png
SPN,, [#/kWh]

SPN,, [#/kWh]

Engine Out DPF Out SCR Out EFC Out

10'% :
103 -
1012;_ —— DPFge\ #1 s
E |==== DPFgep #2
1011+ |—DPFoen#3 (38/1) SRR SIS e SA—
: ——DPFyec3 0 #1 ;
1010 ===~ DPFyigc3 o #2 8
| DPFees o #3 : E
109- 1 1 __. : e, W o D I SRV (VRN (N NN (S -
0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000 8000
» Moving Window [#]
107 f
th ¢: . . ‘ i
10125_100 tile limit _\E i
: mmmmmsstammee
11 & R e TS S
10 90"™-tile limit
1010, :
109_ ; | J L , | | : 1 ; | i k ; | ; | A |

0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000 8000
Sorted Moving Window [#]





media/file19.png





media/file14.png
EFC filtration efficiency [%]

Targeted space velocity >

<

100

O 0B ©
E

O Steady speed
O Full load

0

50,000 100,000 150,000 200,000 250,000
Space velocity [h™}]





media/file11.jpg
IsC

Full load

— DPFgey #1
- DPFggy H2 ‘
— DPFoeyt3 (3g/1)
—— DPFyyees 0 #1
- DPFyecs 0 H2

SPN1g Slip (1M giation)

0 2000 4000 6000 8000 O
Time [s]

500 1000 1500 2000 2500





media/file6.png
SPN [#/kWh] SPN [#/kWh]

SPN [#/kWh]

1013

1012
1011
1010

10°

DPF ey + SCR

SPN,

CF|3

CF=5.3
- N

CF=2.0

-

|

CF=3.2

CF=6.3

-

-
e
-
e e e - = e an
-

-

| —_—— e —
-

-

-

-

b

-

-

-

-

-

-

-

-

CF=12.0 |

—— e

NN

100™ -tile

n.a.

n.a.

90" -tile

100" -tile

90" -tile

2" repetition 1% repetition

3" repetition (3 g/I)





media/file15.jpg
Accumulated mass [g/I]

-4
Y

o
=

o
~

DPFircso

875,000 km
useful life

Accumulated mass [g/I]

DPF gy

No oxidation

i325°C

=4
°

0

10,000 20,000
Operating hours [h]

10,000 20,000
Operating hours [h]





nav.xhtml


  vehicles-05-00089


  
    		
      vehicles-05-00089
    


  




  





media/file16.png
Accumulated mass [g/I]

DPFHFC3.0

DPFoem

No oxidation

|

0.6 4
875,000 km —
useful life . 5
04" U
..b°. g
.’ '/ E 20
L)
- e -
0.2 £ |
- é i
<
0.0 ' ‘ : 0
0 10,000 20,000 0

Operating hours [h]

10,000 20,000
Operating hours [h]





media/file2.png
Vehicle speed [km/h]

Brake torque [Nm]

Urban Rural Highway

100

i

50

25

10

|',,Wl’u . I

| T i | I

| | . | A _10

2000 4000 6000 8000
Time [s]

3000

|

2000

|

1000

Full load—<#55

1000 1500 2000
Engine speed [rpm]

Road slope [%]





media/file5.jpg
SPN [#/kwWh] SPN [#/kwWh]

SPN [#/kwWh]

1083+

1012
101

101

DPFOEM

CF=3.9

DPF gy + SCR

5 CF=85
