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 10 

Abstractǣ  11 )n this paperǡ the real driving particle number ȋPNȌ emissions from two ChinaǦ͸ compliant hybrid electrical vehicles 12 ȋ(EVsȌ were measured using a certificationǦlevel portable emission measurement system ȋPEMSȌ and strict 13 adherence to the regulatory procedures for real driving emission ȋRDEȌ testingǤ The results show that the tripǦ14 averaged PN emission factors for the port fuel injection ȋPF)Ȍ (EV and the gasoline direct injection ȋGD)Ȍ (EV were 15 ͳǤͳͷEΪͳʹ and ͳǤ͹ͳEΪͳʹ͓Ȁkm respectivelyǡ much higher than the engineǦonly counterparts and failing the existing 16 RDE limitsǤ Enriched airǦfuel mixtures and probably lowered catalyst conversion efficiencies as a result of more 17 frequent engine stopǦandǦgoes of the (EVs are found to be the underlying reasons for the extra PN emissionsǤ The 18 test results also suggest the necessity to amend the power management strategy currently widely used in (EVs to 19 deal with the PN issueǤ 20 

Key wordsǣ particle numberǢ real driving emissionǢ hybrid vehiclesǢ port fuel injectionǢ gasoline direct injection 21 

 22 

ͳǤ )ntroduction 23 Globallyǡ ground vehicle electrification is becoming ever more popularǡ due to several unprecedented COʹ abatement 24 goals set for the transport sectorǤ )n regard to the comparably short range and high cost of battery electric vehicles 25 ȋBEVsȌǡ partially electrified vehiclesǡ namely hybrid electric vehicles ȋ(EVsȌ and plugǦin (EVsǡ seem more feasible 26 and practical in the shortǦtermǤ Undoubtedlyǡ (EVs exhibit remarkable fuel economies and therefore COʹ reduction 27 advantages over )CEǦonly vehiclesǡ particularly in combination with plugǦin technology and bioǦfuels ȋGraver et alǤ 28 ʹͲͳͳȌȋSioshansi and Denholm ʹͲͲͻȌǤ A previous study reported a greater than ͺͲΨ decrease in lifeǦcycle 29 greenhouse gas emissions from a bioǦmethane fueledǡ engine optimized ʹnd Gen Toyota Prius ȋBordelanne et alǤ 30 ʹͲͳͳȌǤ Several laboratory and realǦworld emission tests as well as case studies also demonstrated lower regulated 31 emissions from (EVs compared to )CEǦonly counterparts ȋSioshansi and Denholm ʹͲͲͻȌȋWu et alǤ ʹͲͳͷȌȋAlǦSamari 32 ʹͲͳ͹ȌȋOǯDriscoll et alǤ ʹͲͳͺȌǤ (oweverǡ little attention has been paid to the particle number ȋPNȌ emissions from 33 (EVs so farǡ to some degreesǡ due to the absence of certification and inǦservice compliance requirementsǤ 34 Currentlyǡ PN is mandatory during the certification of new diesel and gasoline direct injection ȋGD)Ȍ vehicles in the 35 EUǤ Whilst in Chinaǡ along with the promulgation of lightǦduty ChinaǦ͸ǡ a fuelǦneutral and technologyǦneutral 36 regulation has been effective in Shenzhen since Novǡ ʹͲͳͺǡ all new vehiclesǡ even port fuel injection ȋPF)Ȍ gasoline 37 and natural gas ȋNGȌ vehiclesǡ must comply with the notǦtoǦexceed ȋNTEȌ PN limit of ͸EΪͳͳ particles per kilometer 38 traveled ȋ͓ȀkmȌ for a laboratory test over the WLTC and the NTE limit of ͳǤʹ͸EΪͳʹ͓Ȁkm for RDEǤ 39 Although the measurement of PN could have higher variations than PMǡ PN is of equal importance to particulate 40 mass ȋPMȌ given its significance as a complementary metric to regulate ultrafine particles and their related adverse 41 environmental and health impacts ȋDavid B Kittelson ͳͻͻͺȌȋ(esterberg et alǤ ʹͲͳʹȌǤ 42 
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A number of studies have been conducted to disclose the PN emissions and their sizeǦresolved distributions of 43 engines and vehicles since ʹͲͳͲ ȋYin et alǤǡ ʹͲͳ͵Ȍ ȋLiu et alǤǡ ʹͲͳ͹ȌǤ The most recent ones are reported by Wang 44 ȋʹͲͳͺȌ and MendozaǦVillafuerte et alǤ ȋʹͲͳ͹Ȍǡ but these studies were primarily performed on nonǦhybrid vehiclesǤ 45 )n terms of the PN emissions from (EVsǡ the majority of existing research focused on heavyǦduty vehiclesǤ ȋSoyluǡ 46 ʹͲͳͷȌȋWangǡ ʹͲͳ͹ȌȋKean et alǤ ʹͲͲͲȌȋXuǡ ʹͲͳ͹ȌǤ 47 Regarding lightǦduty vehiclesǡ Robinson and (olmeƴn ȋʹͲͳͳȌ compared the PN emissions from a conventional Toyota 48 Camry and a hybrid one using a TS) EEPS spectrometerǤ Much higher realǦworld PN emissions were found with the 49 hybrid test vehicleǡ which was attributed to the extremely high PN emissions at each engine restartǤ This conclusion 50 accorded well with Christenson et alǤȋʹͲͲ͹Ȍǡ who used an ELP) for the testing of four marketǦavailable hybrid cars 51 under various realǦdriving conditions and concluded orders of magnitude higher PN emissions from the hybrid 52 vehicles relative to the conventional carǤ A limitation of the prior studies is the use of nonǦregulatory method for the 53 onǦboard measurement of PNǡ primarily due to the unavailability of such equipment at that timeǡ which may increase 54 the difficulty of crossǦreference evaluation since as summarized by Kittelson et alǤ ȋʹͲͲ͸Ȍǡ the results yielded from 55 these impactors could be to various degree lower than a regulatory condensed particle counter ȋCPCȌǤ 56 )n view of the current scarcity of real driving PN studies for lightǦduty hybrid vehiclesǡ especially GD)Ǧpowered onesǡ 57 and to check whether the previously reported PN issue with hybrid vehicles still exists on modern modelsǡ this paper 58 tested two hybrid vehicles ȋPF)Ǧ and GD)Ǧpowered eachȌ according to the legislative RDE proceduresǡ to investigate 59 how hybrid technologies impact the real driving PN emissions from inǦuse cars and call attention to hybrid PN issueǤ 60 

 61 

ʹǤ Test equipment and procedure 62 

 63 

FigǤͳ PEMS configuration for real driving emissions testing 64 As shown in FigǤͳǡ the realǦworld PN emissions of the two test vehicles were measured using a stateǦofǦtheǦart PEMS 65 ȋ(OR)BA OBSǦONEǡ JapanȌ and according to the EU Real Driving Emission ȋRDEȌ test protocol Package ͳǦ͵Ǥ The 66 PEMS mainly consists of a gas moduleǡ a PN moduleǡ and a pitot exhaust flow meterǤ The gas module can measure 67 COǡ COʹǡ and NOx while the PN module measures total PN using a PMPǦcompliant CPC with a thermal denuder 68 mounted prior to its sample inletǤ As regulatedǡ only the particles with aerodynamic diameters larger than ʹ͵nm 69 will be counted by the systemǤ When testingǡ the thermal denuder was heated to ͵ͲͲιC to remove any lightǦ70 molecularǦweight volatile material or water vapor that may result in measurement artifacts via condensation 71 mechanismsǤ The PN sampling probe was placed next to the exit of the exhaust flow meterǡ where a thermocouple 72 for exhaust temperature was also fittedǡ but prior to the sampling probe of the gaseous pollutants to minimize the 73 influence of turbulence on PN measurementǤ 74 



 

Two ͳʹV batteries were employed to power the testing systemǤ RealǦtime information including the concentrations 75 of PN and gaseous pollutantsǡ locationǡ altitudeǡ ambient temperatureǡ and humidityǡ were outputted per second and 76 saved to a laptop via wire connectionsǤ The laptop also acquired some realǦtime engine operating parameters of the 77 test vehicles from the OBD over the entire test tripǤ TimeǦalignment of the OBD dataǡ exhaust flow rates and pollutant 78 concentrations were automatically accomplished by a selfǦprogrammed program for data postǦprocessingǤ The tripǦ79 averaged PN emissions of the two test vehicles were calculated using the Moving Average Window methodǡ also 80 called EMROAD elsewhereǤ The stepwise description of EMROAD calculation can be found in the document of EuroǦ81 ͸Ǥ )t should be also clarified that the tailpipe emissions measured within the engineǦstartǡ warmǦup and idle were 82 all included in the calculation of tripǦaveraged emission factorsǡ in line with the draft of the Ͷth RDE PackageǤ 83 

TableǤͳ Specifications of the test vehicles 84 

Car NoǤ Engine type Model year AfterǦtreatment Mileage Emission category ͳ )nǦlineǡ Ͷ cylǡ AtkinsonǦcycleǡ ͳǤͺL NA PF)ǡ ͹͵kW  ʹͲͳ͹Ȁͳͺ Stoichiometric TWC ͸Ͳ͸ͷ ChinaǦ͸ ʹ )nǦlineǡ Ͷ cylǡ AtkinsonǦcycleǡ ʹǤͲL NA GD)ǡ ͳͳͷkWǡ  ʹͲͳ͹Ȁͳͺ Stoichiometric TWC ͳ͵͹ʹʹ ChinaǦ͸ TableǤͳ lists the key specifications of the two hybrid vehicles tested in this paperǤ Both models are among the bestǦ85 selling hybrid vehicles in China so considered to have good representativenessǤ Both test vehicles were ChinaǦ͸ 86 certified and wellǦmaintainedǤ Before the RDE testingǡ both vehicles were tested in a certification laboratory based 87 in Beijing to ensure their status was suitable for RDE test and acquire the COʹ emissions for the use as the reference 88 of trip normality verificationǤ 89 Both vehicles were fed with RONͻʹǡ ChinaǦ͸ compliant gasoline purchased from a certified supplierǤ The 90 requirement of ChinaǦ͸ gasoline standard includes but is not confined to sulfurζͳͲppmǡ benzeneζͲǤͺvolΨǡ 91 aromaticsζ͵ͷvolΨǡ olefinsζͳͺvolΨ and prohibits the use of MnǦ or FeǦcontaining additivesǤ 92 As mandatedǡ the RDE test route used in this paper comprised urbanǡ rural and highway driving stagesǤ )n the RDE 93 regulationǡ urban driving is defined as driving under ͸ͲkmȀhǤ Driving faster than ͸ͲkmȀh but not exceeding 94 ͻͲkmȀh belongs to rural drivingǡ while driving above ͻͲkmȀh is categorized as highway drivingǤ The distanceǦbased 95 portions of urbanǡ rural and highway driving in a valid RDE trip shall be ͵ͶΨǡ ͵͵Ψǡ and ͵͵Ψ respectively with a 96 άͳͲΨ allowance ȋurban must be above ʹͻΨȌǤ To ensure the driving style of the tests was fair enough so as to 97 represent carsǯ normal operationsǡ two metricsǡ namely vǤaposǦȏͻͷȐ and RPAǡ were introduced for evaluation purposeǤ 98 Both test vehicles passed the verificationsǤ The definitions of vǤaposǦȏͻͷȐ and RPAǡ and more detailed requirements 99 of the EuroǦ͸ RDE testing can be found on the official website of the European CommissionǤ 100 

TableǤʹ Summary of the test conditions and PN emissions from the tested (EVs in realǦworld driving 101 
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PFI 1.15E+12 21.82 24.4 3220 107 3.3E+12 82 54.59 78.29 2510 48 2.94E+11 18 

GDI 1.71E+12 20.4 23.17 3170 23 1.91E+12 33 48.76 76.18 2305 39 1.63E+12 67 The PEMS was calibrated with pure nitrogen and COǡ COʹǡ NOǦblended span gas of known concentrations before and 102 after the RDE trips to guarantee that zeroǦdrift and pollutant readings were always within the regulated rangesǤ For 103 each vehicleǡ RDE tests were performed strictly in accordance with the regulatory procedures and repeated until all 104 the boundary conditionsǡ including the normalityǡ completeness and dynamic parametersǡ were metǤ The ǲstandardǳ 105 drive mode of the test vehicles was used in testingǡ as mandated by the regulationǤ Typicallyǡ an RDE trip lasted for 106 



 

ͻͲ to ͳʹͲ minutes and ran ͸Ͳ to ͺͲkmǡ more details and the test results are summarized in TableǤʹǤ All the tests 107 were performed in Septemberǡ ʹͲͳ͹ in Beijingǡ where the altitude is about ͹Ͳm and the ambient temperature and 108 relative humidity were ʹ͵ǦʹͺιC and ʹͷǦ͵ͷΨ respectivelyǤ 109 

 110 

͵Ǥ Result and discussion 111 

͵Ǥͳ Comparably higher RDE PN from (EVs 112 FigǤʹ compares the real driving PN emissions from the two (EVs and their )CEǦonly counterpartsǤ Both counterparts 113 were from the same manufacturers as the (EVs tested in this paperǤ To secure persuadable comparability in betweenǡ 114 the engine displacements and technical levelsǡ vehicle sizes and curb weights were kept as similar as possible when 115 selecting the counterpartsǤ 116 )t can be seen in FigǤʹ that the real driving PN emissions from the (EVs are far higher than those from the )CEǦonly 117 counterpartsǡ especially for the PF) groupǡ the gap has been up to an order of magnitudeǤ A comparison with the EU 118 and China limit values also demonstrates that only the (EVs fail the future RDEǦPN requirementsǤ )n order to 119 investigate the reasons underlying such high real driving PN emissions from the (EVsǡ the secondǦbyǦsecond PN 120 emissions of the two tested (EVs are analyzed against a series of OBD available parameters and discussed belowǤ 121 
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FigǤʹ Real driving PN emissions from hybrid vehicles and their gasoline counterparts 123 
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͵Ǥʹ PN emissions in urban driving 125 
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 129 

FigǤ͵ Vehicle speedǡ engine speedǡ exhaust temperatureǡ and intake mass flow rate vsǤ PN concentration of 130 

the PF)Ǧ(EV within the urban driving stage 131 )n FigǤ͵ǡ the modal data of vehicle speedsǡ engine speedsǡ exhaust temperaturesǡ and intake mass flow rates of the 132 PF)Ǧhybrid test vehicle are plotted versus PN concentrationsǤ Plenty of PN spikes can be seen in the figure 133 throughout the urban driving periodǤ Many of these PN spikes linking to engineǦstarts show very high amplitudesǡ 134 some of them being even higher than ͵ǤͲEΪ͹ particles per cubic centimeter ȋ͓Ȁcm͵Ȍǡ which is roughly ͳͲͲͲ times 135 dirtier than the concentrations seen when the engine was onǤ 136 The highǦPN events in FigǤ͵ are perfectly consistent with engineǦstarts ȋsee engine speed and intake mass flow rate 137 vsǤ PNȌǡ inferring that the formation of extra PN emissions may be a consequence of transient operating of the engineǡ 138 which agrees with Robinson and (olmeƴn ȋʹͲͳͳȌǤ FigǤͶ supports this hypothesis by illustrating the secondǦbyǦ139 second CO emissions in context to PNǤ )t can be clearly seen in FigǤͶ that almost every PN spike corresponds to a CO 140 peakǡ no matter the CO concentration was high or comparably lowǤ )n theoryǡ extra CO generated during the normal 141 



 

operation of an engine is an indicator of enriched combustion inǦcylinderǡ and the overall insufficiency of oxygen inǦ142 cylinder can result in an increase in the particulate emissionsǤ (enceǡ it is reasonable to conclude that enriched 143 combustion occurred within frequent engineǦstart events was a reason for the extreme PN emissions from this PF)Ǧ144 hybrid vehicleǤ 145 

 146 

FigǤͶ CO concentration vsǤ PN concentration of the PF)Ǧ(EV within the urban driving stage 147 )n addition to fuel enrichmentǡ the relatively low temperatures of the exhaust system when engine restarted can be 148 another reason for the extra PN emissions from this PF)Ǧhybrid vehicleǤ As shown in FigǤ͵ǡ the exhaust temperatures 149 measured at the tailpipe exit dropped some ʹͲǦ͹ͲιC when engine restarted after a pause with the exhaust 150 temperature being between ͷͲιC and ͳʹͷιC during the majority of the urban tripǤ Although exhaust temperature is 151 less explicit than catalyst temperature at demonstrating catalyst efficiencyǡ it is still a good metric showing how the 152 temperature changed in the exhaust system for the nice agreement between the two temperatures has been shown 153 in previous papers ȋPetkovicǡ Pesicǡ and Lukic ʹͲͳͳǢ Obodeh and Ogbor ʹͲͲͻȌǤ Generallyǡ a substantial decrease in 154 the temperature of the exhaust system jeopardized PNǤ )t is plausible that the catalyst temperature of this PF)Ǧhybrid 155 had dropped below the lightǦoff temperature within some engineǦstart eventsǡ causing the restricted conversion 156 efficiency of the TWCǤ Untreated exhaust emissions were piped out in the initial few seconds after engineǦstart and 157 contributed a lot to the extra PN emissionsǤ 158 Unlike on )CEǦonly carsǡ the engine of this PF)Ǧ(EV worked in a generatorǦlike strategy within the urban driving 159 stageǡ where the engine typically ran only ͳͲ to ʹͲ seconds to charge the battery to a preǦdetermined battery SOC 160 level and then switched offǤ Such a power management strategy guarantees very good fuel economy but may cause 161 emission issues since it cools down the TWC quite frequently with additional air cooling outsideǤ 162 This problem may not be unique for hybrid vehiclesǡ it could happen on some modern models with idle stopǦandǦ163 go ȋ)SGȌ functions as wellǤ Neverthelessǡ this problem for the vehicles with )SG systems will be less tricky compared 164 to (EVsǡ since )SG systems only function at idle but the catalysts of (EVs receive extra airǦcooling when the engine 165 turns off while cruisingǡ decelerating or traveling downhillǤ For (EVsǡ either decreasing the frequency of engineǦ166 stop or increasing the TWC temperature via external heating andȀor thermal isolation may be helpful to mitigate 167 this issueǡ but both measures will slightly increase fuel consumptionǤ The ǲtradeǦoffǳ relationship between fuel 168 economy and particulate emissions must be carefully balancedǤ 169 FigǤͷ illustrates the secondǦbyǦsecond vehicle speedsǡ engine speedsǡ exhaust temperaturesǡ battery SOC levelsǡ and 170 throttle positions versus PN concentrations of the GD)Ǧhybrid test vehicle within the urban driving stageǤ Similar to 171 the PF)Ǧhybrid caseǡ a large number of PN spikes can be observed throughout the urban tripǤ 172 Since good correspondences among the PN spikesǡ engineǦstart events and decreases in the temperature of TWC are 173 also found with this GD)Ǧhybrid vehicleǡ it is reasonable to deduce that the formation of extra PN emissions is also 174 



 

induced by ͳȌ enriched airǦfuel mixture combusted within engineǦstartsǡ and ʹȌ restricted TWC conversion 175 efficiency due to decreased temperature of the exhaust systemǤ Compared to the maximum PN readings of the PF)Ǧ176 (EVǡ PN emitted from this GD)Ǧ(EV was about ͳȀ͵ higher and reached ͶǤͲEΪ͹ ͓Ȁcm͵Ǥ Though the PN concentration 177 of this GD)Ǧ(EV in each single highǦPN event was to various degrees higher than that of the PF)Ǧ(EVǡ the occurrence 178 of highǦPN events with this GD)Ǧ(EV was less frequent due to fewer engineǦstartsǡ underlying the comparably lower 179 distanceǦbased PN emission of this GD)Ǧ(EV within the urban driving stageǤ This comparison could also highlight 180 the contribution of frequent engineǦstart to high real driving PN emissionsǤ 181 The picture showing battery SOC level in FigǤͷ is a good example of how the power management strategy decided 182 the timings of engineǦon and off and impacted the PN emissions of this GD)Ǧ(EVǤ )n generalǡ the control unit of the 183 car endeavored to maintain the SOC level between ͶͲΨ and ͸ͷΨ during the urban tripǡ the same as described 184 previously in the discussion of the PF)Ǧ(EVǤ The timings to start or stop the engine show strong reliance on the 185 vehicle speedǡ acceleration and current SOC level instead of depending upon emission control needsǤ 186 

 187 
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 190 

 191 

FigǤͷ Vehicle speedǡ engine speedǡ exhaust temperatureǡ battery SOC levelǡ and throttle position versus PN 192 

concentration of the GD)Ǧ(EV within the urban driving stage 193 The higher PN emissions can be also attributed to the nature of GD) enginesǤ Different from PF) enginesǡ GD) engines 194 inject fuel directly into the combustion chambers only a few crank angles before the top dead centerǡ so there is very 195 limited time to finish the airǦfuel blending process before ignitionǤ Stronger heterogeneity in GD) engines gives rise 196 to heavier PM and PN emissions in comparison to PF) counterpartsǤ Recent research also demonstrated that even a 197 GD) engine starting with homogenous airǦfuel mixtures could yield an excessive amount of solid PN emissions with 198 nonǦmeasurable soot weight ȋBock et alǤ ʹͲͳͺȌǡ let alone one with enriched airǦfuel mixturesǤ 199 (enceǡ there is an argument against the integration of a GD) engine into a hybrid propulsion systemǤ Although extra 200 fuel economy benefit could be gained with GD) enginesǡ their particulate emissions Ȃ not only PN but also PM Ȃ could 201 be quite problematicǤ Againǡ for (EVsǡ the ǲtradeǦoffǳ relationship between fuel economy and particulate emissions 202 requires more considerationsǤ 203 



 

 204 

͵Ǥʹ PN emissions in rural and highway driving 205 For concisenessǡ rural driving and highway driving are discussed together in this paperǡ mainly because in Chinaǡ 206 the driving behaviors on rural roads and highways share lots of similaritiesǤ 207 FigǤ͸ illustrates the vehicle speedsǡ engine speedsǡ exhaust temperaturesǡ and intake mass flow rates versus PN 208 concentrations of the PF)Ǧhybrid test vehicle within rural and highway driving stagesǤ )t is easy to recognize that this 209 vehicle implemented different power management strategies in rural and highway modesǤ The strategy for rural 210 driving was more or less similar to the strategy in urbanǡ where the engine was frequently switched on and off to 211 maximize fuel savingǡ but vast PN emissions were producedǤ An exception was the duration from ͵͹͵Ͳs to ͵ͻͷͲsǡ 212 the engine kept running within this period so that the PN emissions were only ͳǤͺEΪ͵ to ͶǤʹEΪͶ ͓Ȁcm͵Ǥ 213 Compared to the urban and rural driving stagesǡ the power management strategy during highway driving was more 214 traditional and )CEǦonlyǦlikeǤ When this PF)Ǧ(EV was accelerated to ͺͲkmȀh and fasterǡ the engine only stopped as 215 a consequence of a UǦturn operation done by the man driver near ̱ͶͻͲͲsǡ which was undoubtedly not highway 216 driving behaviorǤ A plausible reason for this more traditional power management strategy used at high speeds is 217 that it was no longer economic or possible to propel the car solely with the motorǡ then engine intervention is neededǤ 218 The power consumed by a running vehicle is theoretically the sum of its aerodynamic dragǡ tire frictionǡ accelerationǡ 219 roadǦgrade resistance and the inertia of rotating partsǤ Since it is proportional to the third power of vehicle speedǡ 220 the aerodynamic drag is the dominant resistance and increases markedly when a vehicle cruises at high speedsǤ )t 221 can be estimated that the road load of this PF)Ǧ(EV had been roughly ͶͲkW when it ran at a constant speed above 222 ͳͲͲkmȀhǤ Given that the rated power of the electric motors in hybrid systems is typically not highǡ the car would 223 not be able to accelerate if the engine was still out of workǤ Another important reason for engine intervention during 224 highway driving was that the engine had to keep charging the power battery since the energy consumption at high 225 speeds was very fastǤ This behavior can be more clearly elaborated by the GD)Ǧhybrid vehicle in FigǤ͹Ǥ 226 )t can be seen in FigǤ͸ that the intervention of the engine benefited PN reduction due to the hotter engine and TWCǤ 227 Within the highway driving stageǡ a few PN spikes can be only found at the end of the test where the engine became 228 frequently stopǦandǦgo againǤ )n most of the highway drivingǡ the concentrations of PN were ͳǤͲEΪ͵ to ͷEΪͶ͓Ȁcm͵ǡ 229 much lower than those seen within engineǦstart eventsǤ The fully warmedǦup engine increased the temperature of 230 its intake chargeǡ promoting the homogeneity of the airǦfuel mixture so reducing PN formation resulting from poolǦ231 fire and local fuelǦrich combustion by a substantial scale ȋKayes et alǤ ʹͲͲͲȌǤ )n additionǡ an increase in the TWC 232 temperature also promoted the conversion efficiencyǡ helping remove a big part of the engineǦout PN emissionsǤ 233 
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 236 

 237 

FigǤ͸ Vehicle speedǡ engine speedǡ exhaust temperatureǡ and intake mass flow rate vsǤ PN concentration of 238 

the PF)Ǧ(EV within the rural and highway driving stages 239 )t is also worth noting that the ranges and profiles of the engine speed and exhaust temperature from ͵ʹʹͲs to 240 ̱͵ͻ͹Ͳs were generally comparable to those from ̱͵ͻ͹Ͳs to Ͷ͹ʹͲsǡ howeverǡ the PN emissions within these two 241 timeǦwindows were quite distinguishedǤ With fewer engineǦstopsǡ the PN emissions within the latter window were 242 much smallerǤ This contrast highlights the contribution of engine stopǦandǦgo to extra PN emissionsǤ 243 
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 248 

FigǤ͹ Vehicle speedǡ engine speedǡ exhaust temperatureǡ battery SOC levelǡ and throttle position versus PN 249 

concentration of the GD)Ǧ(EV within the rural and highway driving stages 250 FigǤ͹ displays the vehicle speedsǡ engine speedsǡ exhaust temperaturesǡ battery SOC levelsǡ and throttle positions 251 versus realǦtime PN concentrations of the GD)Ǧ(EVǤ Unlike the PF)Ǧ(EVǡ within the rural and highway driving stagesǡ 252 this GD)Ǧ(EV used the same power management strategy as during urban drivingǤ Within the rural driving periodǡ 253 the time between two engine pauses seems slightly lengthenedǡ but several PN spikes corresponding to engineǦ254 starts can be still found in FigǤ͹Ǥ )n the highway driving stageǡ the occurrence of highǦPN events became dense againǡ 255 because higher vehicle speed led to faster battery consumption and increased the frequency of engineǦstart for 256 battery chargingǤ )t can be seen in the pictures illustrating engine speed and throttle position that the engine speed 257 was raised from ͳ͸ͲͲrȀmin to ʹͶͲͲrȀmin and the throttle openness was also enlarged so as to realize faster 258 charging under highway operating conditionsǤ 259 The SOC profile depicted in FigǤ͹ well presents the power management strategy currently prevalent in marketǦ260 available (EVsǡ which can be called ǲsolely SOCǦtargeting strategyǳǤ The aim of this strategy is to achieve the best 261 fuel economyǡ and the measure is to use the electric motor as much as possible with the engine running in generatorǦ262 likeǡ steadyǦstate conditionsǡ and the SOC level of the power battery is maintained within preset ranges which coǦ263 determine the engine operating conditions and PN emissionsǤ Once the present SOC level goes below the preset 264 thresholdǡ the engine will be turned on to charge the battery and then shut off immediately after reaching the target 265 valueǤ )t can be seen in FigǤ͹ that in this principleǡ the SOC level was well maintained between ͶͷΨ and ͹ͲΨ during 266 the rural and highway driving of the GD)Ǧ(EV testedǤ 267 Via the SOC levelǡ energy consumption rate of the battery indirectly influences engine operating conditions and PNǤ 268 Within the urban driving stageǡ as shown in FigǤͷǡ the engine of the GD)Ǧ(EV only operated for a few seconds since 269 the energy consumption at low speeds was smallǤ Battery consumption became faster while the vehicle speeded upǡ 270 hence it can be seen in FigǤ͹ that the engine ran for a much longer time at constant speeds after each start in the 271 rural and highway modesǡ which helped reduce the frequency of engineǦstart and PN emissionsǤ 272 Although this ǲsolely SOCǦtargeting strategyǳ has been proven effective at delivering splendid fuel economiesǡ it may 273 unintendedly overlook the issue with extra PN emissions due to the absence of RDE requirements beforeǤ Since the 274 new regulation will be soon implemented more widelyǡ this drawback associated with overǦfrequent engine stopǦ275 andǦgoes seems quite problematic and calls more attentionǤ 276 FigǤ͹ also offers a comparison between the PN emissions emitted within engineǦstart events and steadyǦstate engine 277 operationsǤ )t can be observed that the PN emissions were roughly ʹEΪͷ to ͳǤʹEΪ͸͓Ȁcm͵ when the engine operated 278 at ͳ͸ͲͲ and ʹͶͲͲrȀminǤ By contrastǡ the engineǦstarts resulted in much greater PN emissionsǡ which were one to 279 two orders of magnitude larger and up to ͶǤͻEΪ͹͓Ȁcm͵Ǥ Such big differences could also explain why some (EVs can 280 



 

have much higher PN emissions than the )CEǦonly counterparts as compared in FigǤʹǤ 281 

 282 

͵Ǥ͵ Discussion on the emission factors 283 Since both the test vehicles are ChinaǦ͸ compliantǡ their real driving PN emissions can be compared to the ChinaǦ͸ 284 and EuroǦ͸ limitsǡ which is currently regulated at ͳǤʹ͸EΪͳʹ͓Ȁkm ȋCFαʹǤͳȌ and ͻEΪͳͳ͓Ȁkm ȋCFαͳǤͷȌ respectivelyǤ 285 )t can be seen in TableǤʹ that both the (EVs tested failed the EuroǦ͸ limit by exceedances of ͵ͶΨ and ͻͻǤ͵ΨǤ The PN 286 emissions from the GD)Ǧ(EV also exceeded the relatively tolerative ChinaǦ͸ limit by a factor of ͵ͷǤ͹ΨǤ Though the 287 PF)Ǧ(EV managed to meet the ChinaǦ͸ limitǡ it was approaching the limitǤ Alsoǡ it should not be ignored that ͺʹΨ of 288 the PN emissions from this PF)Ǧ(EV were emitted within the urban driving stageǤ Considering the much higher 289 population density in urban areasǡ it is very disconcerting to see such emission characteristicsǡ since the extra PN 290 emissions could substantially increase the exposure risk and induce adverse impacts on public healthǤ 291 To tackle this PN issueǡ the following changes of (EV design may serve as possible solutions but stillǡ encounter 292 several technical challengesǤ 293 ͳȌ Power management strategyǣ in addition to fuel economyǡ more considerations for exhaust emissions shall applyǡ 294 engine intervention is expected to be lengthened but this undoubtedlyǡ to various degreesǡ sacrifices fuel economyǤ 295 ʹȌ External heating andȀor thermal isolation of TWCǣ it may be difficult to determine when to start engine and heater 296 without a reliable access to predict the motivations of driversǡ and adding heaters will result in fuel economy lossesǤ 297 ͵Ȍ Gasoline particulate filterǣ GPF may be a solution but also requires good thermal management as a prerequisiteǡ 298 because longǦtime lowǦtemperature operations may render the regeneration process impractical and cause 299 blockage of the monolithǤ 300 

 301 

Conclusions 302 )n view of the limited knowledge about the realǦworld PN emission characteristics of (EVsǡ two ChinaǦ͸ compliant 303 vehicles Ȃ a PF)Ǧ(EV and a GD)Ǧ(EV Ȃ were tested in this paper using a certificationǦlevel PEMS and strictly following 304 the regulatory procedures for RDE testingǤ The results demonstrate that the PN emission factors for the PF)Ǧ and 305 GD)Ǧ(EVs were ͳǤͳͷEΪͳʹ and ͳǤ͹ͳEΪͳʹ͓Ȁkm respectivelyǡ to various degrees exceeding those from the )CEǦonly 306 counterparts and the upcoming regulatory RDE limitsǤ More than ͺͲΨ of the PN emissions from the PF)Ǧ(EV in the 307 RDE trip were found in the urban driving stageǡ which may increase the exposure level of the public to ultrafine 308 particles and pose health concernsǤ By analyzing the modal PN concentrations in contrast to the several parameters 309 obtained from the OBDǡ one can conclude that enriched airǦfuel mixtures and restricted TWC efficiencies associated 310 with the more frequent stopǦandǦgoes of the (EV engines are likely the underlying reasons for the extra PN 311 emissionsǤ To deal with the PN issueǡ amendments to the currently prevalent ǲSOCǦorientedǳ power management 312 strategy are requiredǡ despite challengesǤ 313 )t is also understood that with only two test vehiclesǡ it would be presumptive to conclude that the inǦservice (EVs 314 are high PN emittersǤ (oweverǡ the results of this paper highlight that some (EVs can encounter PN issues that might 315 have been unintendedly overlooked in the pastǡ and call on more attention to this problemǤ 316 
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Abbreviations 324 BEVǣ Battery Electrical Vehicle 325 CFǣ Conformity Factor 326 CPCǣ Condensed Particle Counter 327 EEPSǣ Engine Exhaust Particle Sizer 328 ELP)ǣ Electrical Low Pressure )mpactor 329 GD)ǣ Gasoline Direct )njection 330 GPFǣ Gasoline Particulate Filter 331 GPSǣ Global Positioning System 332 (EVǣ (ybrid Electrical Vehicle 333 )CEǣ )nternal Combustion Engine 334 )SGǣ )dle StopǦandǦGo 335 NAǣ Naturally Aspirated 336 NGǣ Natural Gas 337 NTEǣ NotǦtoǦexceed 338 OBDǣ OnǦboard Diagnostic 339 PEMSǣ Portable Emission Measurement System 340 PF)ǣ Port Fuel )njection 341 PMǣ Particulate Matter 342 PMPǣ Particulate Measurement Program 343 PNǣ Particulate Number 344 RDEǣ Real Driving Emission 345 RPAǣ Relative Positive Acceleration 346 SOCǣ State of Charge 347 TWCǣ ThreeǦway Catalyst 348 vǤaposǦȏͻͷȐǣ ͻͷ percentile of the positive values of velocity times acceleration 349 
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