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Abstract

:

The Euro 4 regulation, applicable since 2016 for L-category vehicles (i.e., two and three-wheelers, and mini cars) reduced the emission limits, but also introduced a new cycle, the WMTC (World Harmonized Motorcycle Test Cycle). The emission studies of Euro 4 motorcycles are limited, and most importantly there are no published studies comparing the results of different laboratories applying the new cycle. In this study we compared the particle and gaseous pollutants of one Euro 4 motorcycle measured in two laboratories in 2017 and 2020. The gaseous pollutant results had a variance (one standard deviation of the means) of 0.5% for CO2, 4–19% for CO, NOx, HC (hydrocarbons) and SPN (Solid Particle Number). The particulate matter mass results had higher variance of 50–60%. Additional tests with open configuration to mimic dilution at the tailpipe gave equivalent results to the closed configuration for the gaseous pollutants and SPN. The total particles (including volatiles) had significant differences between the two configurations, with the closed configuration giving higher results. The main conclusion of this study is that the new procedures have very good reproducibility, even for the SPN that is not regulated for L-category vehicles. However, the measurement of total particles needs attention due to the high sensitivity of volatile particles to the sampling conditions.
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1. Introduction


Exhaust emissions from two- and three-wheeled vehicles (referred to as L-category vehicles in European Union (EU) legislation) have been controlled since 1999 (Euro 1) by means of Directive 97/24/EC. Directive 2002/51/EC and Directive 2003/77/EC introduced the Euro 2 (2003) and Euro 3 (2006) standards for motorcycles. The required test for Euro 3 included start with cold engine. In 2014, this cold start requirement was extended to mopeds. Directive 2006/72/EC introduced the possibility to type-approve Euro 3 vehicles according to the new cycle WMTC (World Harmonized Test Cycle) and the relevant limits given in the UNECE (United Nations Economic Commission for Europe) Global Technical Regulation (GTR 2). Regulation (EU) No 168/2013 and supplemental technical Regulation (EU) 134/2014 repealed all previous L-category legislation by implementing the Euro 4 (2016–2017) and Euro 5 (2020–2021) packages. The new regulations expanded the number of L-subcategories, introduced a new emission test cycle (WMTC), tightened the gaseous compounds emission limits, and introduced a particulate matter (PM) mass limit. The Euro 4 PM mass limit for compression ignition (CI) and CI/hybrid vehicles was set to 80 mg/km. The Euro 5 limit was extended to gasoline engines with direct fuel injection and was reduced to 4.5 mg/km (i.e., the same limit as for passenger cars). Studies assessing the emissions of L-category vehicles with the new cycle are limited [1,2,3,4]. Most importantly, there are no published studies that have assessed the comparability and reproducibility between different laboratories applying the new procedures to the same emissions source (i.e., L-category vehicle).



Mopeds (of engine displacement <50 cm3) and motorcycles accounted for 35 million vehicles in the EU-28 in 2018 [5]. In Europe in 2015, the share of households with a moped or motorcycle ranged between 10% and 25% [6]; these figures are higher in Asian cities [7,8]. Registrations of new motorcycles in the EU have increased in recent years, while registrations of mopeds decreased. Interestingly, the registration of motorcycles during the COVID-19 period increased 31% compared to previous years [9]. Even though mopeds and motorcycles make up a small percentage of total vehicle kilometers traveled, they have a disproportionate impact on air pollutant levels in urban areas. A study showed that even though L-category vehicles’ emissions of CO and NOx have declined from Euro 2 to Euro 4, they remained on average 2.3–11.1 times and 1.2–6.1 times higher than the average emissions of petrol-fueled passenger cars for CO and NOx, respectively [10]. The aforementioned measurements were performed via remote sensing and the emissions were fuel-based, thus the differences would be smaller on a distance-specific (as opposed to fuel-specific) basis.



The aim of this paper is to compare the emissions from a Euro 4 motorcycle tested at two laboratories following the procedures of the recently introduced test procedure for L-category vehicles’ (mainly the test cycle). Special attention is paid to the particle number emissions—which are not included in the new regulation—and their reproducibility, in order to assess the feasibility of introducing them in the future regulations.




2. Materials and Methods


2.1. Overview


The tests were conducted at BOSMAL Automotive Research and Development Institute (Bielsko-Biala, Poland) [11] and the Vehicle Emissions Laboratory (VELA 1) of the European Commission—Joint Research Centre (JRC) (Ispra, Italy) [12]. Both laboratories (BOSMAL and JRC) tested the same motorcycle with the same fuel and driver two times (in 2017 and 2020) following the procedures described in Regulation (EU) 2014/134. The same chassis dynamometer rooms were used in both “measurement campaigns” (series of tests) of 2017 and 2020. Table 1 gives an overview of the tests conducted. Details will follow, but some important points are:



	
During each campaign (2017 or 2020) the same fuel was used (i.e., the second laboratory measured with the fuel in the tank of the motorcycle). However, between the two campaigns the fuel was different (fulfilled the same specifications EN 228, but not from the same batch) (noted as #1 and #2 in Table 1). Some of the most important specifications of the fuels can be found in Table 2. The differences between them were small and they were within the EN 228 requirements.



	
During each measurement campaign (2017 or 2020) the same driver drove the test cycles at both laboratories. The test cycle is described in the regulation (details later) and was the same for both campaigns. However, between the two campaigns the drivers were different (noted as A and B in Table 1). Both were experienced at dynamometer driving and followed the test cycle without speed trace violations (i.e., they followed precisely the cycle on the monitor in front of them, without errors).



	
During the first campaign no particulate measurements were performed. Since particulates are sensitive to the emissions sampling/transfer setup, in the second campaign JRC assessed the impact of two configurations (open and closed sample transfer connections), which will be described in detail later.







2.2. Motorcycle


A 1.2 L Euro 4 motorcycle (Table 3) with 2645 km on the odometer at the first campaign in 2017 and 4520 km at the second campaign in 2020 was used. (Between the two campaigns, tests with different aftertreatment devices were conducted at BOSMAL; no long-term modifications were made to the motorcycle.) The motorcycle had a power/weight ratio >0.2 kW/kg and a maximum power >35 kW, so it was an L3e-A3 high performance motorcycle according to the designations in the legislation. It had a manual transmission, electronic fuel injection and a three-way catalyst. The unladen mass was 244 kg.




2.3. Experimental Setup


Figure 1 presents the setup at both of the laboratories, while Table 4 summarizes the instrumentation. Both laboratories had a Zoellner 48″ single roller chassis dynamometer (from AVL, Graz, Austria). Based on the motorcycle’s mass and the requirements of the legislation, an inertia setting of 330 kg was used for testing, with resistance to motion simulated using the default zero- and second-order curve values from the legislation (selected on the basis of mass in running order). The tests at BOSMAL were conducted at an ambient temperature range of 23–25 °C and relative humidity of 30–40%, while the JRC tests at a temperature range of 24–28 °C and relative humidity of 45–55%. Both laboratories were within the regulation specifications of 20–30 °C (there are no relative humidity requirements). The exhaust of the motorcycle was diluted in a full dilution tunnel with constant volume sampling (CVS). A CVS flow rate of 6 m3/min was used by JRC in 2017, 12 m3/min by BOSMAL in 2017, and 7.5 m3/min by both laboratories in 2020.



At JRC AMA i60 analyzers (from AVL, Graz, Austria) were used to measure gaseous pollutants from the dilution tunnel in real time, while at BOSMAL MEXA 7400 analyzers (from Horiba, Kyoto, Japan). According to the legislative procedure, a small and closely controlled portion of the diluted gas was collected in sample bags (one per phase). At the end of the cycle the same set of analyzers analyzed the bags for the gaseous pollutants (Figure 1). The principle of operation of the analyzers was: non-dispersive infrared detection for CO and CO2, chemiluminescence for NOx, and hot (191 °C) flame ionization detection for total hydrocarbons (THC) and methane (CH4). During the tests, depending on the concentration levels, the analyzers automatically were using the most appropriate calibration range. The uncertainty of the analyzers (2%) combined with the uncertainty of the dilution tunnel flow (around 2%) gives 3% for the gaseous pollutants. In practice, due to the contribution of other factors (e.g., linearity, calibration gas, background contribution) the total uncertainty is higher [13,14].



The PM mass was measured with 47 mm Teflon-coated glass-fiber Pallflex (Putnam, CT, USA) TX40H120-WW filters and a flow rate of 50 L/min (JRC) or 55 L/min (BOSMAL). The PM measurements were conducted only in the 2020 campaign and followed Regulation (EU) 2014/134.



An AVL particle counter (APC) 489 (AVL, Graz, Austria) [15] at JRC and a solid particle counting system (SPCS 2100) from Horiba [16] at BOSMAL, compliant with the light-duty vehicle regulations were connected to the dilution tunnel, but only for the 2020 campaign. The systems had a hot diluter at 150 °C, an evaporation tube at 350 °C, and a final secondary diluter using room-temperature filtered air. The applied particle number concentration reduction factor (PCRF) was 150 (15 × 10) at BOSMAL and 500 (50 × 10) at JRC. The PCRF was given in the calibration certificates of the instruments and combined the dilution and average particle losses at 30 nm, 50 nm and 100 nm, as required in the light-duty vehicles regulation. Downstream of the second dilution a TSI (Shoreview, MN, USA) model 3790 condensation particle counter (CPC) with 50% counting efficiency at 23 nm [17] was measuring the concentration of solid particles >23 (SPN23_ET). At JRC a 10 nm CPC 3771 (counting efficiency 65% at 10 nm) was connected in parallel to the 23 nm CPC in order to determine solid particles >10 nm (SPN10_ET) [18,19].



For sub-23 nm measurements, according to the latest Global Technical Regulation (GTR 15) for light-duty vehicles, a catalytic stripper is necessary for the removal of volatile particles [20,21]. Thus, a second APC from AVL with catalytic stripper [22] was connected to the JRC dilution tunnel having two AVL CPCs with 50% counting efficiency at 23 nm (SPN23_CS) and 65% efficiency at 10 nm, respectively (SPN10_CS). The specific counting efficiencies are defined in GTR 15 and were the same as the counters connected to the APC with evaporation tube. The objective was to compare the two APCs having an evaporation tube and a catalytic stripper, respectively.



For the measurement of total particles (i.e., solids and volatiles) (TPN6) an Engine Exhaust Particle Sizer (EEPS 3090) (model 3090 from TSI, Shoreview, MN, USA) [23] was connected to the JRC full dilution tunnel. A simple diluter (dilution ratios around 6:1) was connected upstream of the instrument to bring the concentrations to appropriate levels for the instrument. The EEPS measured particle size distributions from 5.6 to 560 nm. The principle was particles charging and then measurement of the particles’ current at the electrometers where the particles deposited. The fractal (soot) inversion algorithm was applied.



As particles are sensitive to the sampling and dilution conditions, at JRC, two sampling configurations were applied, both allowed in the L-category regulation: the closed and the open. In the closed configuration the whole exhaust gas arrives at the full dilution tunnel raw (undiluted). At the open configuration the transfer tube was left open around the motorcycle’s tailpipe, and a first dilution was taking place already there. The ambient air in the laboratory was filtered, in order to minimize the influence of contaminants on the results. The open configuration minimizes the effect of the CVS suction on the engine of mopeds or small motorcycles. Technical details on this approach and its advantages can be found elsewhere [24]. For the experiments performed in this study, the dilution was 3.9–4.5:1 for the urban phase, 3.1–3.3:1 for the rural phase and 2.0–2.2:1 for the motorway phase (see below).



The drivers followed the speed profile of the WMTC (World Harmonized Motorcycle Test Cycle) stage 2, class 3, sub-class 3-2. It consisted of three phases of 600 s each (total duration 1800 s) (see Figure A1a in the Appendix A): The urban phase commences with startup of the cold engine and has a mean driving speed of 24.3 km/h. The rural phase has mean speed of 54.5 km/h and the last motorway phase with mean speed of 94.2 km/h. The WMTC is based on actual driving patterns and is mandatory with Euro 4. It was however allowed (as an option for type approval in the range of exhaust emissions) for Euro 3 vehicles, since 2007. For the calculations of the cycle emissions, weighing factors apply for each phase: urban and motorway 25% each, rural 50%.



At each laboratory, after an initial pre-conditioning WMTC cycle, three repetitions of the cold start cycle and three repetitions of the hot start cycle were performed.





3. Results


3.1. Laboratories’ Comparisons


Initially, the results of the laboratories will be compared. The integrated results will be presented in this section, while real time examples for gaseous pollutants are given in the Appendix. For particle number real time emissions will be discussed in the second part of this section, where particulate emissions will be presented in more details.



Figure 2 plots the results of the gaseous pollutants. Starting with CO2 (Figure 2a) the hot start WMTC emissions were around 106 g/km and the cold start WMTC around 110 g/km. The results of the two laboratories at the two years 2017 and 2020 were at the same levels with the exception of the hot start WMTC of JRC 2017 which was 1 g/km higher (<1% difference). This difference is still within the uncertainty of the measurements (3%, see Materials and Methods). The CO emissions were 160 mg/km (hot start) and 500 mg/km (cold start); more than half of the applicable Euro 4 emissions limit (Figure 2b), and all four results were close to each other. The NOx emissions were one sixth of the limit, with JRC having slightly higher values (15–20%), but with overlapping error bars (Figure 2c). The HC emissions were close to the Euro 5 limit (100 mg/km) but lower than the Euro 4 limit (Figure 2d). Results for all four cases were close to each other.



Figure 3 plots the PM mass and SPN23 emissions measured in 2020 at the two laboratories. The PM mass emissions measured at JRC (1.1 mg/km at cold start, 1.5 mg/km at hot start WMTC) were much higher than the emissions measured at BOSMAL (0.4 mg/km) (Figure 3). The emissions were much lower than the limit applicable to direct injection engines (4.5 mg/km only for Euro 5). The SPN23_ET emissions of both laboratories were at similar level (1.4 × 1011 #/km), two to three times higher than the hot start emissions. The emissions were 4–5 times lower than the limit applicable to passenger cars (6 × 1011 #/km). There is no SPN23 limit for motorcycles in the EU, nor in any other jurisdiction.



Table 5 summarizes the mean values of the four measurements in 2017 and 2020 (only two for PM and SPN23_ET both in 2020). The deviation is also given (expressed as one standard deviation of the mean, i.e., coefficient of variance). The cold start WMTC variability was small for CO2 (0.5%), 4–11% for CO, NOx, HC and SPN23_ET, but 50% for PM. For the hot start WMTC, the variability was higher for NOx (19%), HC (13.4%), and SPN23 (19%) because the emissions were lower. No difference was seen for CO2, CO and PM.




3.2. Particle Investigations


In this section the particulate emissions will be presented in more details. Initially the results with open and closed configurations will be presented. Then the systems with evaporation tube and catalytic stripper will compared.



Figure 4 compares the particulate emissions with open and closed configurations (see setup in Figure 1) for the cold start and hot start WMTC at JRC. The PM mass emissions (Figure 4a) were around 1 mg/km, with no difference for open and closed setups for the cold WMTC, but with higher emissions for the hot WMTC with closed configuration. Still, the levels were within the variability of the cold start tests.



Figure 4b compares SPN and TPN emissions with the two configurations. In general, the SPN23_ET and SPN10_ET emissions were at similar levels between open and closed configurations. The SPN23_ET cold start emissions were double the hot start emissions, but the cold and hot SPN10_ET emissions had a difference <20%, indicating that the solid particles were smaller at the hot cycle. The TPN6 emissions, which were similar for both cold and hot start cycles, were higher with the closed configurations (3.1 × 1013 #/km vs. 0.9 × 1013 #/km with the open configuration). The reason that TPN6 was the same for both cold and hot cycles for the same configuration is that these particles were appearing at high concentration at the third phase of the test cycle during high speed driving and exhaust gas temperatures. The particle concentrations at the first two phases of the cycle (including the cold start) were much lower and were not making any difference to the final emissions result.



Figure 5 compares the two systems with evaporation tube (ET) and catalytic stripper (CS) that were used at JRC in 2020. The results are plotted separately for 23 nm and 10 nm systems. The differences were within ±10% for the majority of the tests, without any particular trend in function of the concentration levels. This means that the two systems had similar results at both low and high concentrations, thereby confirming that they were linear and there were no particular cases where volatile artifacts would appear.



Figure 5b plots the ratio of SPN10/SPN23 separately for the systems with evaporation tube (ET) and catalytic stripper (CS). The ratio was around 2–3 for emission levels >1 × 1011 #/km and exceeded 10 in many cases at low concentrations <4 × 1010 #/km. The ratio remained <5 even at low concentrations for the third phase (high speed) of WMTC. The ratios were similar for both ET and CS systems. Both Figure 5a,b confirm that the results of the two systems were equivalent.



Figure 6 plots real time SPN23 and SPN10 emissions with the two systems with evaporation tube (ET) and catalytic stripper (CS). Both signals followed the speed profile, i.e., spikes of emissions could be seen during accelerations. The difference between the CS and ET systems were negligible (e.g., compare blue lines 23_ET with 23_CS or red lines 10_ET with 10_CS). This means that ET and CS were equivalent in our results, as discussed previously. Differences between SPN10 and SPN23 (e.g., compare 23_ET with 10_ET) could be seen during cold start (e.g., around 50 s), during some of the accelerations (e.g., around 500–800 s), and during idle (e.g., around 1100 s), and at the last high speed phase of the cycle (1500–1800 s). The formation of sub-23 nm particles coincides with incomplete combustion. The presence of fuel-rich zones in the combustion chamber results in the formation of nascent soot cores or heavy molecular hydrocarbons in the sub-23 nm range. The level of 108 #/km corresponded to 1 #/cm3 at the CPC, which was approximately the background level of the dilution tunnel and the particle number system.



Figure 7 plots the SPN10 and TPN6 for the open and closed configurations. The SPN10 and TPN6 were close to each other until 1400 s, where the TPN6 increased orders of magnitude. This is the phase of the cycle with the high speed (and high exhaust gas temperature) (see Figure A1a in the Appendix A) which can result in volatile nucleation mode formation, as will be discussed in the Section 4. The TPN6 with open and closed configurations started to deviate at approximately 1600 s at the last phase of the cycle (see Discussion for explanations).



Even though the concentration of volatiles was very high, the ET with closed or open configuration did not deviate, confirming that there was no interference of the SPN measurement from volatiles for the ET case. If there would be interference of volatiles on SPN measurements, one would expect higher SPN measurements with the closed configuration (where the volatiles concentration was higher as the high TPN6 concentration revealed, and it would be more likely to break through the evaporation tube resulting in measurement artifact).



Figure 7 helps in better understanding of Figure 4b: the TPN6 concentration of the third phase of the cycle (after 1200 s) is much higher compared to the first two phases. It also shows where the difference between open and closed configurations comes from (last phase of the cycle with high speed and exhaust gas temperature).



Table 6 summarizes the JRC 2020 results with open and closed configurations, including gaseous pollutants. The agreement was good, in most cases within experimental uncertainty. The differences were around 0.5% for CO2, 5% for CO, 13–26% for NOx, 4–8% for HC, 20% for SPN. As mentioned before, the TPN6 emissions were much lower (70%) with open configuration.





4. Discussion


In this study the emissions of a Euro 4 motorcycle were measured in 2017 and 2020 by two laboratories. According to our knowledge, this is the first study to compare long term emissions of a motorcycle at two different test facilities. Even the comparability of laboratories for measurement of exhaust emissions from two-wheelers is not well studied: according to our knowledge, there is only one inter-laboratory study with two motorcycles that took place in Brazil [25]. Most importantly, there are no published studies comparing laboratories following the new procedure that was introduced in 2016 for L-category vehicles (i.e., two and three-wheelers, and mini cars) in the European Union (EU). This procedure is also described in the UNECE (United Nations Economic Commission for Europe) Global Technical Regulation (GTR 2) and thus may be introduced in the future in other regulations around the world. Although a full statistical analysis could not be performed on the basis of results obtained from only two laboratories, the variance (expressed as one standard deviation of the differences) of the cold start WMTC emissions was 0.5% for CO2, 7% for CO, 11% for NOx, and 6% for HC (as presented in Table 5). It was much higher for PM mass (50%), but low for SPN23_ET (4%). The hot start cycle, due to the lower emission levels, had higher variance for NOx (19%), HC (13%), and SPN23_ET (19%). The values were much lower than in the Brazilian inter-laboratory study, even though the emissions of this study were much lower. For example, for 30 mg/km NOx the reported variance was 43% in the Brazilian study vs. 11% at 15 mg/km and 19% at 8 mg/km in our study. The CO2 variance was 4.2% for 50–65 g/km, while in our study 0.5% for 105–110 g/km. It should be also recalled that the tests for the Brazilian inter-laboratory exercise were conducted with different drivers, which further increased the variance (see e.g., [3]). The emission levels of our study were similar with other Euro 4 or Euro 5 motorcycles reported in the literature, i.e., [3,24,26,27]. The significant contribution of cold start to the total emissions has also been reported by others [28,29]. Even though the WMTC is based on data from real driving pattern, more studies are necessary to confirm that there is no big gap between WMTC and on-road emissions [30]. For example, a study found that the WMTC gave similar results with a real world cycle, except for CO [31]. Another study also found high CO emissions on the road for a Euro 5 equivalent small motorcycle [32].



The emissions reported in this study were measured with approximately 5% ethanol content. In general, higher ethanol percentages or other alternative fuels result in lower emissions [33,34,35,36,37,38,39,40,41]. Even further reductions are expected with other combustion concepts [42] or hybridization [43]. Thus the emissions of future mopeds and motorcycles should be closely monitored.



One point that needs special attention is the measurement of particulate emissions. For L-category vehicles, only PM mass is regulated and only for direct injection engines (gasoline or diesel). Regarding particle number measurement, concerns have been raised many times about the feasibility of introducing particle limits in the L-category regulation [24,26,44]. One concern is that the lower size cut-off of 23 nm misses a significant portion of the emissions. In our study, the particles between 10 and 23 nm were 3–8 times higher than the particles >23 nm (summarized in Table 6: cold WMTC 4.5 vs. 1.3 × 1011 #/km, hot WMTC 3.3 vs. 0.4 × 1011 #/km). Similar values have also been reported in the literature [3,24,26,27]. Lowering the cut-off size to 10 nm would better cover the emitted particles’ size distribution, however there is a higher risk of artifacts. Such artifacts include the inefficient removal of the volatile particles in the SPN systems, or re-nucleation of the volatiles downstream of the thermal pre-treatment of the SPN system [45]. Here it was shown that a system with only an evaporation tube could remove the volatiles as efficiently as the system with a catalytic stripper, and both SPN23 and SPN10 measurements with evaporation tube or catalytic stripper were equivalent (see e.g., Figure 5 and Figure 6). The highest mass concentration estimated from the instrument connected at the dilution tunnel (EEPS), when the evaporation tube and catalytic stripper systems were measuring in parallel, was 0.8 mg/km (assumed density 0.8 g/cm3). This mass is lower, but close to the future requirement for particle number systems of volatile removal of 1 mg/m3. This mass could be efficiently removed by the SPN system with evaporation tube of our study (with PCRF dilution 500:1) since the evaporation tube and catalytic stripper results were equivalent. The ratio of the two systems remained the same for all tests, even though the mass estimated by EEPS was decreasing. Nevertheless, the catalytic stripper is obligatory in the proposed methodology of >10 nm particle measurements [20]. The mass calculated from the EEPS was around 0.4 mg/km; a value lower than the PM mass collected on the filter (up to 1.5 mg/km was measured in our tests).



The high PM mass measured at JRC compared to BOSMAL indicates that these volatiles partly originated from the tube between the motorcycle and the dilution tunnel. Indeed, there was a clear decreasing trend of the volatile concentration over time (Figure 8). The volatiles can be approximated by the number concentration that EEPS measured at the last phase of the cycle, where it deviated significantly from the rest of the instruments measuring solid particles. The volatile nucleation mode particles are typically formed when there is sulfuric acid or very high concentration of organics [46]. At high exhaust gas temperatures, the SO2 to SO3 conversion at the oxidation catalyst is favored [21]. Then, SO3 will form sulfuric acid as soon as the exhaust gas is cooled down in the dilution tunnel. Organics grow the sulfuric acid nuclei (which are of size ~1 nm) to a size which is within the measurement range of the instruments (>6 nm), or they can even nucleate if they are at very high concentrations [47]. Emissions from the third phase of the WMTC (last phase of the cycle) decreased from approximately (TPN6) 2.9 × 1014 #/km to 8.5 × 1013 #/km after seven cycles. Nevertheless, this decreasing trend cannot explain the differences between results obtained using the closed and open configurations: From 8.5 × 1013 #/km with closed configuration the emissions were 2.5 × 1013 #/km with open configuration and continued decreasing to 1.2 × 1013 #/km after four cycles (Figure 8). Even extrapolating the trends of closed and open configurations, a noteworthy difference between the two configurations still remained (Figure 8). The reason for the difference is that with the closed configuration during high speed driving the high exhaust gas temperature resulted in desorption of material from the tube connecting the motorcycle exhaust to the dilution tunnel. The desorbed material contributed to the growth (or formation) of the nucleation mode particles, as reflected in the results. In the open configuration, due to high dilution at that point, the exhaust gas temperature was lower and consequently less material was desorbed and consequently the final size of particles was smaller and/or fewer nucleation mode particles were formed. High concentration of nucleation mode particles due to desorption was reported in a dedicated study on the influence of the transfer line on particulate emissions [48]. Previous tests at JRC with another motorcycle found nucleation mode particles with the closed configuration, but not with the open configuration [3]. In that study, the nucleation mode with the closed configuration was on average around 6 × 1012 #/km, i.e., at least 10 times lower than results presented in this paper. Thus, the measurement of total particles will not have good reproducibility as it depends on the dilution point (tailpipe or dilution tunnel) and contamination of the transfer tube from previous tests. As mentioned previously, these volatiles did not influence the measurement of the solid particles; even though the concentration of volatiles was high, the concentration of solids was comparable between open and closed configurations (Figure 4b), between evaporation tube and catalytic stripper (Figure 5), and between different laboratories (Figure 3). These results confirm that SPN23 or SPN10 methodologies are robust enough and could be introduced in the future motorcycle regulations. The necessity or not depends on the absolute emission levels of future motorcycles and their fleet share. To put the emission levels of the motorcycle of our study into perspective, the SPN23 emissions were 5 times lower than the current passenger cars emission limit of 6 × 1011 #/km), but the SPN10 were 3 times higher than the proposed Euro 7 SPN10 limit for passenger cars of 1 × 1011 #/km [49].




5. Conclusions


In this study the emissions of a Euro 4 motorcycle were measured at two laboratories in 2017 and 2020. The new procedure and test cycle WMTC (World Harmonized Motorcycle Test Cycle) were followed. The cold start emission levels (mean and variance of the four measurements at the two laboratories in 2017 and 2020) of the gaseous pollutants were 110 g/km (0.5%) for CO2, 490 mg/km (7%) for CO, 15.5 mg/km (11%) for NOx, and 90 mg/km (6%) for HC. The respective hot start emission values were 106 g/km (0.5%) for CO2, 160 mg/km (6%) for CO, 19 mg/km (19%) for NOx, and 52 mg/km (13%) for HC.



Additionally, the particulate matter (PM) mass and particle number emissions were measured, even though not applicable for this motorcycle. The PM mass emission levels were around 1 mg/km (50–60%) for both cold and hot start cycles. The solid particle number emissions >23 nm (SPN23) were 1.3 × 1011 #/km (4%) at the cold start cycle and 2.5 times lower at the hot start but with 5 times higher variance. SPN10 were 3.5–8.0 times higher than SPN23, confirming that a large proportion of particles is not counted when applying the current methodology for passenger cars. Comparison of systems with evaporation tube or catalytic stripper gave similar results for both SPN23 and SPN10. Additional tests with open configuration to mimic dilution at the tailpipe gave equivalent results for the gaseous pollutants and the SPN, confirming that both configurations can be allowed in the regulation (as is currently the case). However, the total particles (i.e., including volatiles) had significant differences, with the closed configuration giving higher results confirming that the measurement of total particle number emissions is not suitable for introduction in the regulation.



The main conclusions of this study are: (i) the new legislative exhaust emissions test procedures had very good reproducibility for gaseous pollutants; (ii) the reproducibility of the filter PM method was not good due to the low levels measured and the influence of volatiles in one laboratory; (iii) the reproducibility of the SPN method, which is not currently regulated for L-category vehicles, was good, but not for the total particles (i.e., including volatiles); (iv) open and closed sampling configurations gave equivalent results for gaseous pollutants and SPN (observed differences were within experimental uncertainty); (v) the emissions of this motorcycle were half of the applicable limits (or lower).
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Appendix A


Figure A1 gives examples of real time emissions at the 2017 and 2020 campaigns at the two laboratories. The cycle profile (with the three phases) and the exhaust gas temperature is given in Figure A1a. There is a good agreement particularly for CO2 (Figure A1b), while for NOx (Figure A1c) different levels of spikes can be seen. The NOx emissions were slightly higher at JRC (Figure 2a of the main text).





[image: Energies 14 08101 g0a1 550] 





Figure A1. Examples of real time emissions at the four measurement campaigns: (a) Exhaust gas temperature; (b) CO2; (c) NOx. 
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Figure 1. Experimental setup. The two configurations with open and closed transfer tube to the full dilution tunnel are shown in dashed lines. In blue are equipment used only at JRC 2020 campaign. CVS = Constant Volume Sampling; CS = catalytic stripper; EEPS = engine exhaust particle sizer; ET = evaporation tube; PM = particulate matter; SPN = solid particle number; TPN = total particle number. 
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Figure 2. Emissions of gaseous pollutants at the two laboratories (BOSMAL, JRC) at the two campaigns in 2017 and 2020 for cold start and hot start cycles: (a) CO2; (b) CO; (c) NOx; (d) HC (hydrocarbons). Dashed red lines show the Euro 4 limits applicable to this motorcycle, and green dashed lines the Euro 5. 
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Figure 3. Particulate matter (PM) mass and solid particle number >23 nm with the evaporation tube system (SPN23_ET) emissions. 
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Figure 4. Particulate emissions with open and closed configurations for cold start and hot start WMTCs: (a) Particulate matter (PM) mass for different configurations; (b) Solid (SPN) and total particle number (TPN) for various lower sizes (6, 10, 23 nm). For SPN the system with evaporation tube (ET) was used. 
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Figure 5. Comparisons of evaporation tube (ET) and catalytic stripper (CS) systems. Each point is a phase of the WMTC (see Figure A1 for cycle and its phases): (a) Differences of the two systems in function of emissions levels; (b) Ratio of SPN10/SPN23 for the two systems. SPN = solid particle number. WMTC = World Harmonized Test Cycle. 
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Figure 6. Real time solid particle number (SPN) emissions with the systems with evaporation tube (ET) and catalytic stripper (CS) from 23 nm or 10 nm. 
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Figure 7. Real time total particle number (TPN) or solid particle number (SPN) emissions with the open (o) and closed (c) configurations. ET = evaporation tube. 
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Figure 8. Total particle number >6 nm (TPN6) emissions of the third phase of the WMTC (World Harmonized Motorcycle Test Cycle) over consecutive tests. 
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Table 1. General overview of the measurement campaigns in 2017 and 2020. For the additional tests with “open configuration” setup, see Figure 1. “No PM, SPN23” means no measurements were taken for the specific pollutants.
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	Year/Month
	Lab
	Fuel
	Driver
	Cycles
	Comment





	2017/02
	BOSMAL
	EN 228 #1
	A
	WMTC cold & hot
	No PM, SPN23



	2017/03
	JRC
	EN 228 #1
	A
	WMTC cold & hot
	No PM, SPN23



	2020/10
	JRC
	EN 228 #2
	B
	WMTC cold & hot
	



	2020/10
	JRC
	EN 228 #2
	B
	WMTC cold & hot
	Open configuration



	2020/11
	BOSMAL
	EN 228 #2
	B
	WMTC cold & hot
	







PM = particulate matter; SPN = solid particle number; WMTC = world harmonized test cycle.
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Table 2. EN 228-compliant fuel specifications.
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	Property
	Limits
	2017
	2020





	RON
	≥95
	95.0
	95.4



	MON
	≥85
	86.8
	85.2



	Density (at 15 °C) (kg/m3)
	720–775
	736.3
	740.0



	Sulfur content (mg/kg)
	≤10
	1.1
	6.5



	Maximum oxygen content
	2.7% (m/m)
	1.9%
	2.0%



	Ethanol
	<12% (v/v)
	4.7%
	4.9%







m = mass; v = volume.
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Table 3. Characteristics of the motorcycle.
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	Model
	BMW R 1200 GS





	Swept volume
	1170 cm3



	Maximum engine power
	92 kW (7750 rpm)



	Aftertreatment
	Three-way catalyst (TWC)



	Mileage 2017 and 2020
	2645 km and 4520 km



	Emission level
	Euro 4
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Table 4. Overview of measurement instrumentation.
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	Equipment
	BOSMAL
	JRC





	Chassis dynamometer
	AVL Zoellner 48″
	AVL Zoellner 48″



	Gas analyzers
	Horiba MEXA 7400
	AVL AMA i60



	Dilution tunnel
	Horiba CVS 7400 S
	CGM 308



	Particle number
	Horiba SPCS 2100
	AVL APC 489
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Table 5. Mean values and variance (as standard deviation of means, i.e., coefficient of variance) of the (four) measurements in 2017 and 2020 with the two laboratories. For PM and SPN23 only two measurements were available (in 2020).
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	WMTC
	CO2

g/km
	CO

mg/km
	NOx

mg/km
	HC

mg/km
	PM

mg/km
	SPN23_ET

#/km





	Cold start
	109.7
	488
	15.5
	89.8
	0.7
	1.3 × 1011



	
	0.5%
	6.9%
	11.1%
	5.5%
	50%
	4%



	Hot start
	105.9
	157
	8.5
	51.7
	1.0
	0.5 × 1011



	
	0.5%
	6.2%
	18.7%
	13.4%
	60%
	19%







PM = particulate matter; SPN = solid particle number.
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Table 6. Differences between open and closed configurations.
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	WMTC
	CO2

g/km
	CO

mg/km
	NOx

mg/km
	HC

mg/km
	PM

mg/km
	SPN23_ET

#/km
	SPN10_ET

#/km
	TPN6

#/km





	Cold closed
	109.5
	473
	18
	96
	1.1
	1.3 × 1011
	4.5 × 1011
	305 × 1011



	Cold open
	109.4
	492
	16
	101
	1.1
	1.5 × 1011
	5.3 × 1011
	89 × 1011



	Difference
	−0.1%
	4.0%
	−13.0%
	4.6%
	−4.3%
	14.7%
	17.8%
	−71.0%



	Hot closed
	105.5
	143
	11
	62
	1.52
	0.4 × 1011
	3.3 × 1011
	311 × 1011



	Hot open
	104.8
	150
	8
	56
	0.67
	0.5 × 1011
	2.8 × 1011
	95 × 1011



	Difference
	−0.6%
	5.4%
	−26.4%
	−8.5%
	−56.2%
	21.0%
	−14.6%
	−69.6%







PM = particulate matter; SPN = solid particle number; TPN = total particle number.
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