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Abstract

:

Air pollution remains a serious concern for European citizens. The relative contribution of mopeds and motorcycles to air pollution started to increase as the levels from other vehicles started to decrease. The information on emission levels of Euro 4 motorcycles is limited because they were only recently introduced into the market (2016). In this study, the emissions of a 1 L Euro 4 motorcycle were determined with two drivers and two different sampling configurations (i.e., open or closed transfer tube to the dilution tunnel; both allowed in the current regulation). The motorcycle respected the current Euro 4 limits and even the future Euro 5 limits for most pollutants (CO 600 mg/km, NOx 48 mg/km, total hydrocarbons 60 mg/km). The particulate emissions, which are not regulated for this category of vehicles, were also very low and fulfilled the current limits of passenger cars (particulate mass < 0.5 mg/km, particle number 3 × 1011 p/km). The total particle emissions (i.e., including volatiles) were also low with the open configuration (6 × 1011 p/km). They increased more than one order of magnitude with the closed configuration due to desorption of deposited material from the transfer tube. For the gaseous pollutants, there was no significant difference between open or closed configuration (CO2 within 0.3%, rest pollutants 10%), but they were different between the two drivers (CO2 1.3%, rest pollutants 25%–50%). The main message from this work is that open and closed configurations are equivalent for gaseous pollutants but the open should be used when particles are measured.
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1. Introduction


Air pollution and climate change are the biggest environmental concerns for European citizens. As a result, there is growing political, media and public interest. Although air pollution affects the whole population, certain groups are more vulnerable to its effects on health, such as children, elderly people, pregnant women and those with pre-existing health problems. People living next to busy roads or industrial areas face higher exposure to air pollution. The European Union’s (EU) clean air policy is based on three main pillars [1]:




	
Ambient air quality standards set out in the Ambient Air Quality Directives.



	
National emission reduction commitments established in the National Emission Ceilings (NEC) Directive.



	
Emission and energy efficiency standards for key sources of air pollution, from vehicle emissions to industry.








In 1997, Directive 97/24/EC implemented Euro 1 standards to reduce air pollutant emissions from two- and three-wheel vehicles, referred to as L-category vehicles in later directives. Standards were adopted in two stages for mopeds and one stage for motorcycles. Directive 2002/51/EC amended Directive 97/24/EC in 2002 and implemented standards Euro 2 and 3 for motorcycles (Table 1). In 2013, Regulation (EU) No 168/2013 and in 2014, supplemental technical Regulation (EU) 134/2014 expanded the number of L-categories and established implementation dates for Euro 4 and 5. The Euro 5 emission limits are at the same levels with the limits of passenger cars. However, in contrast to passenger cars, solid particle number (SPN) emissions are not regulated. Many studies have shown that motorcycles’ SPN emissions can be high, exceeding the SPN limit of passenger cars. Furthermore, there is a high fraction of particles below 23 nm, which is the current lower size in the regulations [2,3]. In a study with Euro 4 mopeds and motorcycles, half of the motorcycles exceeded the limit [4] and the concentration of 10 to 23 nm particles was 10%–65% of the >23 nm particles. Another study found that the total particles (i.e., including volatiles) were 2 to 4.4 times higher than the SPN >10 nm levels [3]. However, concerns were raised regarding whether the setup of L-category vehicles is appropriate for PN measurements [5]. Due to the higher exhaust gas temperatures and the long residence times in the tube connecting the vehicle to the dilution tunnel, artefacts were noted with the typical “closed” configuration: desorbed material from the tubing formed particles that were considered as particles from the vehicle [6]. Using an open configuration, (i.e., diluting at the tailpipe) no such artefact particles appeared [6].



Registered mopeds (engine displacement < 50 cm3) and motorcycles, collectively called powered two-wheelers (PTWs) accounted for more than 35 million vehicles in EU-28 in 2017, more than 10% of the passengers’ mobility fleet [7,8]. More than 25% of the PTWs are registered in Italy. In Europe, the share of households holding PTWs in 2015 was 10%–25% [9]; however, the percentage is much higher in Asian cities [9,10,11]. The annual registrations of motorcycles in the EU increased in recent years, exceeding one million both in 2018 and 2019. The registrations of mopeds, which are one third of the motorcycles, on the other hand decreased. The relative contribution of mopeds and motorcycles to air pollution started to increase as the levels from other vehicles started to decrease. The market share of Euro 4 motorcycles in 2020 is estimated to be around 10%–15% assuming that 65%–100% of registrations since 2016 fulfil the Euro 4 standards, and assuming a fleet of 25 million motorcycles (it was 24 million in 2018). There are many studies that have examined the emissions of motorcycles [12,13,14,15,16,17,18,19,20,21,22,23,24], but not many for large displacement motorcycles [25,26,27,28]. However, the data for Euro 4 motorcycles are almost non-existent, with limited data in the Euro 5 L-category study [29] (no emission results for Euro 4 motorcycles) or sometimes at reported values from type approval authorities [30].



The objective of this work is to present the gaseous and particulate emissions of a Euro 4 motorcycle. The variability of different drivers and different setups (open or close transfer tube to the dilution tunnel) will also be examined.




2. Materials and Methods


The motorcycle was Euro 4 type approved, with 1 L engine displacement, 70 kW max power at 7500 rpm and 100 Nm max torque at 6000 rpm, with 1100 km on the odometer. It belonged to the high-performance motorcycles category (L3e-A3) because the power/weight ratio was >0.2 kW/kg, and the maximum power > 35 kW. It had manual transmission, electronic injection and three-way catalyst. The empty mass was 230 kg and an inertia of 310 kg was used for testing. Reference gasoline fuel with 5% ethanol content was used.



Figure 1 presents the setup. The Vehicle Emissions Laboratory (VELA 1) of the European Commission—Joint Research Centre (JRC) (Ispra, Italy) is a climatic emission test cell with a single axis roller dynamometer. All tests were conducted at an ambient temperature of 23–25 °C and relative humidity of 45%–55%. The exhaust of the motorcycle was diluted in a full dilution tunnel with constant volume sampling (CVS). A CVS flow rate of 7.2 m3/min was used.



Gas pollutants were measured from the dilution tunnel in real time with analyzers AMA i60 (from AVL, Graz, Austria). A small part of the diluted gas was also collected in bags and was analyzed for the gaseous pollutants at the end of the cycle with the same set of analyzers (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). The gas analyzers had different calibration ranges and the most appropriate was used during the tests, depending on the measured concentration. The typical uncertainty was 2% for concentration levels above the limit of detection, as in this study. Combined with the uncertainty of the calibration gases, linearity, and dilution tunnel flow (around 2%), a combined uncertainty of 5% was calculated for the gaseous pollutants [31].



For the determination of PM mass, 47 mm Teflon-coated glass-fiber Pallflex (CT, United States) TX40H120-WW filters were used with a flow rate of 50 L/min, as described in the Regulation (EU) 2014/134.



An AVL particle counter (APC) 489 (AVL, Graz, Austria) [32], compliant with the light-duty vehicle regulations, was connected to the dilution tunnel. The system consisted of a hot diluter at 150 °C, a catalytic stripper at 350 °C [33], and a final porous diluter operating with room-temperature filtered air. For sub-23 nm, a catalytic stripper is necessary for the removal of volatile particles according to the latest Global Technical Regulation (GTR 15) for light-duty vehicles [34,35]. The applied particle number concentration reduction factor (PCRF) was 500 (50 × 10). The PCRF was determined by the manufacturer during the calibration of the instrument and combined the dilution and average particle losses at 30, 50 and 100 nm, as required in the light-duty regulation. Downstream of the second dilution two AVL butanol condensation particle counters (CPCs) with 50% counting efficiency at 23 nm and 65% efficiency at 10 nm were used to measure the PN concentrations of solid particles > 23 (SPN > 23 nm) and >10 nm (SPN > 10 nm), respectively. The specific counting efficiencies are defined in GTR 15 [35].



An engine exhaust particle sizer (EEPS 3090) (model 3090 from TSI, Shoreview, MN, USA) was connected to the full dilution tunnel using a simple diluter (dilution ratios 2:1 to 3:1). The EEPS measured particle size distributions from 5.6 to 560 nm, based on particle charging and measuring their current at the electrometers where they deposited. The fractal (soot) inversion algorithm was applied [36]. As there was no thermal treatment, all particles (i.e., solids and volatiles) were measured (PN > 6 nm).



Two sampling configurations were applied, both allowed in the L-category regulation: the closed, where the whole exhaust gas was diluted at the full dilution tunnel, and the open were the transfer tube was left open around the motorcycle’s tailpipe, thus some dilution was taking place already there. The open configuration is sometimes used when mopeds or small motorcycles are tested in order to minimize the effect of the CVS suction on the engine. The dilution and cooling reduces the exhaust gas temperature, but it does not necessarily avoid condensation [37,38]. No differences of gaseous pollutants are expected, but for particles there might be an effect due to the dilution and cooling [37]. Disadvantages include mixing with unfiltered air, risk of contamination from dust suspended from the cooling fan, and uncontrolled and variable dilution at mixing point. For the experiments of this study, the dilution was 3.9–4.7:1 for the urban part, 2.8–3.9:1 for the rural part and 1.8–2.2:1 for the motorway part. The ambient air in the chassis dynamometer room was filtered.



The cycle was the WMTC (World Harmonized Motorcycle Test Cycle) stage 2, class 3, sub-class 3-2. The tests consisted of three parts of 600 s each. The first part represented urban driving, starting with cold engine and had a mean speed of 24.3 km/h. The second part represented rural driving with mean speed of 54.5 km/h and the last part motorway driving with mean speed of 94.2 km/h. The WMTC was introduced with Euro 4 and is based on actual driving patterns. For the calculations of the cycle emissions, the weighing factors of part 1 and part 3 were 25%, and 50% for part 2.



The tests were conducted with two drivers. The first one was experienced and conducted more tests in order to precondition the vehicle, thus driver 1 results should be considered more representative of the actual behavior of the motorcycle. The second driver had less experience with chassis dynamometer driving and did not practice driving the specific motorcycle. Both followed the cycle without speed trace violations. There are no driving indexes prescribed in the L-category regulation, but the driving style will be discussed in the Discussion section based on the driving indexes of the light-duty Regulation (EU) 2018/1832.




3. Results


Figure 2 presents real-time examples of the gaseous pollutants with the two drivers. Most CO2 was emitted during the motorway driving (last part of the cycle). Similarly, for NOx, at the high-speed part NOx emissions were high, with a significant contribution from the transients. CO and THC had high emissions during cold start and at the last part of the cycle. In general, there is good agreement of the two drivers for CO2, while for CO and THC (total hydrocarbons) driver 2 generated higher spikes during cold start. For NOx, driver 2 generated more spikes during the whole cycle.



Figure 3 summarizes the cycle averaged results for the gaseous pollutants with the two drivers and the two configurations. The cycle average emissions were calculated weighing part 1 and part 3 at 25%, while part 2 was at 50%. The applicable Euro 4 limits are given, as well the future Euro 5 limits. All results were below the applicable Euro 4 limits. They were (including NMHC) also lower than the future Euro 5 limits, except for NOx with driver 2. The two drivers had 1 g/km difference for CO2, but for the same driver there was no difference between open and closed configurations. Similarly, for CO there was a difference between the two drivers, but not between open or closed configurations for the same driver. For NOx and THC there was difference between the two drivers; no difference between open and close configurations for driver 1, but a small difference for driver 2, probably due to the small differences in driving for the two cases.



Figure 4 summarizes the particulate emissions. The PM mass was lower than 0.5 mg/km (Figure 4a); almost 10 times lower than the future Euro 5 limit for diesel and gasoline direct injection engines. For driver 1 (open configuration), the PM mass was almost 0 mg/km (only 7 μg the filter weight increase). These low levels were close to the background levels of the facility. For this reason, no differences could be seen between drivers or configurations. The SPN > 23 nm emissions were 2–3 × 1011 p/km; less than half of the passenger cars’ SPN > 23 nm limit. The SPN > 10 nm levels were double, reaching 6 × 1011 p/km. The GMD (geometric mean diameter) as determined by the EEPS was 15.5 to 17.5 nm (open configuration) justifying the high sub-23 nm particle concentration. The SPN emissions of driver 1 were lower than those of the second driver. The closed and open configurations were similar for SPN > 23 nm, but the SPN > 10 nm was lower with the closed configuration compared to the open. The PN > 6 nm were at the SPN > 10 nm levels for the open configuration but more than one order of magnitude higher with the closed.



Figure 5 plots the real-time SPN emissions above 23 and 10 nm, along with the PN emissions above 6 nm. Most particles were produced during accelerations. The cold start emissions were not particularly high, compared to the rest of the cycle. The closed configuration had lower concentrations, except at the high-speed part with the EEPS measuring PN > 6 nm. The concentrations increased by orders of magnitudes when the exhaust gas temperature exceeded 300 °C.




4. Discussion


This study examined the emissions of a 1 L Euro 4 motorcycle with two drivers and two configurations (open and closed). The first driver was more experienced in chassis driving and practiced the cycle before the official tests, while the second did not. In the closed configuration, the whole exhaust gas was transferred to the full dilution tunnel via a 4 m tube heated at 80 °C. In the open configuration, ambient air was mixed with the exhaust gas at the tailpipe (dilution ratios around 2–4:1) and the diluted exhaust was transferred to the dilution tunnel. This resulted in lower exhaust gas temperatures in the transfer line.



For the gaseous pollutants, there was no significant effect of the sampling configuration, while the influence of the driver was significant (Table 2). The influence of the driver on CO2 (fuel consumption) and emissions in real driving is well known [39]. In a predetermined cycle, though, the influence is much smaller and in some cases it can be attributed to different gear selection [40]. Here none of these are the reason, because they were the same for the two drivers. Small differences could only been seen in the lambda values (see Appendix A, Figure A1) and only minor in the speed traces (see Appendix A, Figure A2). In all cases the emissions respected the Euro 4 limits and they were much lower compared to those reported in the literature for older motorcycles [26,27,28]. The specific motorcycle could also fulfil the upcoming Euro 5 limits (except NOx with driver 2). Euro 5-compliant motorcycles will have to reduce non-methane hydrocarbons without increasing NOx; the former (NMHC, but also THC and CO) needs the catalyst at lean conditions and the second (NOx) needs the catalyst at rich conditions [41]. Thus, the future challenge is being at stoichiometric conditions in all transient operations across the test cycle. Nevertheless, the current results indicate that at least for large engine displacement motorcycles the emissions have been improved significantly and probably motorcycles are the class with the lowest emissions in the L-category. However, this statement has to be confirmed with more vehicles, assessment of the emissions on the road, and after more mileage accumulation. Higher emissions on the road have often been reported for passenger cars, even for gasoline ones for CO and NOx [42]. On-road testing of motorcycles is challenging due to the need of small portable emission measurement systems (PEMS). Recent studies showed that this is feasible [43]. Until Euro 3 there were no durability requirements. A durability study [44] on a 500 cm3 one-cylinder scooter found that the CO emissions exceeded the Euro 3 limit after only 2000 km and NOx after 5000 km. Durability mileage, also indicated as useful life values, as determined in Annex VII of Regulation (EU) No 168/2013, is 35,000 km for motorcycles with maximum speed > 130 km/h. The Euro 4 deterioration factors are 1.3 for CO and 1.2 for NOx and THC. This would mean that a 20%–30% increase is expected until the end of the useful life of the motorcycle.



The driving style had an effect also on the SPN emissions, which were in general higher with the second driver (Table 2, last row). Yet, they were below the applicable SPN limit for passenger cars. One important finding was that the closed configuration resulted in approximately 30% lower SPN >10 nm emissions compared to the open configuration (Table 2). This was not so evident for the SPN >23 nm emissions (differences within ±10%). This has been noted in other studies as well and has been attributed to particle agglomeration from the tailpipe to the dilution tunnel, when the tailpipe particle concentrations are high for both light-duty vehicles [45] and two-wheelers [37]. The SPN >23 nm concentrations were at levels that the agglomeration was not significant, while the SPN >10 nm levels were high enough to result in a 30% decrease. The most interesting finding of this study, though, was the huge difference of PN >6 nm measurements between open and closed configurations. The high increase started when the exhaust gas temperature exceeded 300 °C. At such high temperatures any deposited or desorbed material in the transfer line could be released. It can be assumed that the released material nucleated during cooling and dilution in the full dilution tunnel and resulted in high particle concentrations. Such desorption and high concentration of nucleation mode particles was reported in a dedicated study on the influence of the transfer line on particulate emissions [46]. With the open configuration, the exhaust gas temperature in the transfer tube was much lower due to the dilution taking place directly at the tailpipe (<200 °C vs. <450 °C). Thus, no desorption took place in the transfer line and there were no precursors to nucleate in the dilution tunnel. It is not clear though whether sub-6 nm particles (which was the lower detection size of the EEPS instrument) pre-existed (i.e., emitted from the motorcycle). In this case, the high concentrations with the closed configuration would be due to heterogeneous nucleation of the desorbed material on the pre-existing particles. The high scatter and their appearance when the solid particles concentration was low indicate that they were volatile in nature and not true emissions of the motorcycle. Similar results and conclusions were drawn from regeneration tests of a diesel vehicle, where the EEPS at the tailpipe measured low PN >6 nm concentrations, while at the full dilution tunnel it was orders of magnitude higher [47]. Similar volatile artefacts have been reported in the past for passenger cars [48,49]. The high amount of volatile particles might interfere with the solid particle measurements [3].



Table 3 summarizes the contribution of cold start and the last relatively constant high-speed part on the emissions with the two drivers. The contribution of each part (urban, rural, motorway) is given in the Appendix A in Table A1. The highest contribution to gaseous pollutants emissions came from the high-speed driving (around 50% of the emissions). The engine was running slightly rich, resulting in lower conversion efficiency in the three-way catalyst (TWC) (see Appendix A, Figure A1). It is also possible that the catalyst was sized for the specific speed so that the limits would be respected without oversizing it to achieve near zero emissions. Cold start also contributed significantly (14%–38%), and was even higher than the highway driving when expressing the contribution of emissions as ratios to CO2. Driver 2 resulted in higher emissions during cold start than driver 1. This was due to the small differences in the driving style to follow the cycle route (see Appendix A, Figure A1). It is difficult to characterize the driving style. The RMSSE (root mean squared speed error) of the two drivers had a small difference of 0.07 km. However, the IWR (inertial work rating) had 7% difference. To put the differences into context, although not comparable due to different cycles, for light-duty vehicles the limits are RMSSE < 1.3 km and IWR < 4%. Details for the calculations can be found in SAE J2951. Applying the speed-distance CO2 correction which is applicable to light-duty vehicles since September 2019, the second driver would need to reduce 0.7 g/km more than the first driver, bringing the CO2 emissions of the two drivers very close to each other. Details for the calculation can be found in the Commission Regulation (EU) 2018/1832 amending the Commission Regulation (EU) 2017/1151 or in the literature [50].




5. Conclusions


In this study, the emissions of a 1 L Euro 4 motorcycle were measured with two drivers and two configurations (open and closed transfer tube to the full dilution tunnel). Open and closed configurations gave similar results on gaseous pollutants (CO2 within 0.3%, rest pollutants 10%) but the driving style had an influence on the emissions (CO2 1.3%, rest pollutants 25%–50%). This raises concerns of whether driving indexes, similar to those used in the light-duty regulations, should be introduced. Nevertheless, the emission levels respected the Euro 4 limits and they were even lower than the upcoming Euro 5 limits with the exception of NOx with one driver (CO 600 mg/km, NOx 48 mg/km, total hydrocarbons 60 mg/km). The majority of the emissions (around 50%) was produced in the high-speed part of the cycle, but cold start also contributed significantly (around 25%). The findings of this study should be confirmed with more vehicles, on-road driving emissions, and higher mileage at the odometer, close to the end of the useful life of the motorcycle.



One important finding was that the open configuration was more representative of the actual particulate emissions of the motorcycle (3 × 1011 p/km). The closed configuration resulted in lower solid particle emissions due to agglomeration (30%), but most importantly very high total particle emissions (i.e., including volatiles) (more than one order of magnitude) due to desorption of deposited material in the transfer tube to the dilution tunnel during high-speed driving. Thus, mixing directly at the tailpipe (e.g., open configuration or mixing tee) should be preferred for motorcycle measurements.
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Appendix A


The lambda value during the cycle with the two drivers (closed configuration) is plotted in Figure A1. Deviation from 1 is noted during the urban part (>1) and the highway part (<1), and during decelerations.
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Figure A1. Real-time lambda values over the cycle with the two drivers (closed configuration). 






Figure A1. Real-time lambda values over the cycle with the two drivers (closed configuration).
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Figure A2 compares the speed traces of the two drivers for the urban part, where the highest differences were noted.
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Figure A2. Actual speed traces with the two drivers. 






Figure A2. Actual speed traces with the two drivers.
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The emissions of each part [mg/km] or [p/km] can be calculated by multiplying the percentages (Table A1) with the emission rates (Figure 3 and Figure 4) and the ratio d/di where di is the distance of the respective part (urban 4 km, rural 9 km, motorway 15.7 km) and d is the total distance (=28.8 km).
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Table A1. Contribution of cold start urban part (first 600 s) and motorway part (last 600 s) to the total emissions with the two configurations and drivers (no weighing factors).






Table A1. Contribution of cold start urban part (first 600 s) and motorway part (last 600 s) to the total emissions with the two configurations and drivers (no weighing factors).





	Part of Cycle
	Config.
	Driver
	CO2
	CO
	NOx
	THC
	CH4
	SPN23
	SPN10
	PN6





	Urban 600 s
	Closed
	1
	18%
	20%
	20%
	35%
	29%
	27%
	22%
	1%



	Urban 600 s
	Open
	1
	18%
	18%
	21%
	35%
	29%
	13%
	15%
	21%



	Urban 600 s
	Closed
	2
	18%
	25%
	25%
	41%
	32%
	28%
	24%
	0%



	Urban 600 s
	Open
	2
	18%
	16%
	23%
	34%
	27%
	10%
	17%
	21%



	Motorway 600 s
	Closed
	1
	55%
	68%
	61%
	51%
	56%
	35%
	39%
	98%



	Motorway 600 s
	Open
	1
	55%
	68%
	58%
	52%
	55%
	42%
	41%
	39%



	Motorway 600 s
	Closed
	2
	54%
	62%
	52%
	44%
	52%
	34%
	40%
	99%



	Motorway 600 s
	Open
	2
	54%
	68%
	54%
	50%
	56%
	45%
	44%
	46%
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Figure 1. Experimental setup showing the two configurations with open and closed transfer tube to the full dilution tunnel. APC = AVL particle counter; CVS = constant volume sampling; CS = catalytic stripper; EEPS = engine exhaust particle sizer; PN = particle number; SPN = solid particle number. 
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Figure 2. Real-time emissions of the gaseous pollutants with the two drivers (Driver 1: blue line, Driver 2 red dashed line): (a) CO2; (b) NOx; (c) CO; (d) THC (total hydrocarbons). The speed profile is also plotted with grey dotted lines. 
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Figure 3. Cycle emissions of the gaseous pollutants with the two drivers and configurations: (a) CO2; (b) NOx; (c) CO; (d) THC (total hydrocarbons), NMHC (non-methane hydrocarbons), CH4 (methane). The applicable Euro 4 limits are given with the red continuous lines, while the future Euro 5 with dashed lines. 
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Figure 4. Particulate emissions with the two drivers and the two sampling configurations: (a) particulate matter (PM) mass. The grey dashed line shows the limit applicable to Euro 5 diesel and gasoline direct injection (D.I.) engines; (b) particle number (PN) and solid particle number (SPN) emissions. The grey dashed lines shows the SPN >23 nm limit applicable to passenger cars. 
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Figure 5. Real-time particle number (PN) emissions with the same driver 2 and the two sampling configurations: open (upper panel) and closed (lower panel). 
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Table 1. Emission limits for motorcycles (displacement > 150 cm3 for Euro 3, or L3e-A2/A3 with maximum speed > 130 km/h for Euro 4 and 5).
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	Standard
	Regulation
	Applicable from
	Cycle
	CO
	THC
	NOx





	Euro 3
	Directive 2002/51/EC
	2006
	ECE R47
	2000
	300
	150



	Euro 4
	Regulation 168/2013
	2016
	WMTC
	1140
	170
	90



	Euro 5
	Regulation 168/2013
	2020
	WMTC
	1000
	100 1
	60







1 Plus NMHC limit of 68 mg/km. ECE = Economic Commission for Europe; WMTC = World Harmonized Motorcycle Test Cycle.
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Table 2. Comparisons of emissions between open and closed configurations and between drivers.
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	Comparisons
	CO2
	CO
	NOx
	THC
	CH4
	PM
	SPN23
	SPN10
	PN6





	Open vs. closed (Driver 1)
	−0.3%
	3.2%
	−6.1%
	4.4%
	−1.3%
	−91%
	9%
	36%
	−91%



	Open vs. closed (Driver 2)
	0.3%
	1.4%
	28.4%
	−11.1%
	−7.2%
	−1%
	−10%
	27%
	−88%



	Driver 2 vs. Driver 1
	1.3%
	25.0%
	47.0%
	34.9%
	15.3%
	47%
	79%
	56%
	−13%
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Table 3. Contribution of cold start (first 300 s) and last 400 s of high-speed driving to total emissions with the two configurations and drivers.
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	Part of Cycle
	Config.
	Driver
	CO2
	CO
	NOx
	THC
	CH4
	SPN23
	SPN10
	PN6





	First 300 s
	Closed
	1
	10%
	19%
	15%
	31%
	21%
	24%
	19%
	0%



	First 300 s
	Open
	1
	10%
	17%
	16%
	32%
	21%
	13%
	13%
	18%



	First 300 s
	Closed
	2
	10%
	24%
	15%
	38%
	25%
	28%
	21%
	0%



	First 300 s
	Open
	2
	10%
	15%
	15%
	31%
	21%
	8%
	14%
	17%



	Last 400 s
	Closed
	1
	43%
	63%
	52%
	47%
	51%
	14%
	17%
	97%



	Last 400 s
	Open
	1
	43%
	60%
	45%
	46%
	49%
	19%
	20%
	21%



	Last 400 s
	Closed
	2
	43%
	56%
	36%
	40%
	47%
	20%
	24%
	98%



	Last 400 s
	Open
	2
	43%
	62%
	33%
	44%
	51%
	20%
	22%
	29%
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