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Abstract.

We present an exploratory study carried out withea miniature portable emission measurement sy¢kéim-PEMS)
specifically designed at the Technical University_iberec (CZ) for applications on 2-wheeler vebi&lbwing to its reduced
size (45 x 30 x 20 cm) and weight {5 kg). It measures the exhaust gas concentratibhgdrocarbons, carbon monoxide
and dioxide with non-dispersive infrared methodragjen mono- and di-oxides and oxygen using artrelgzemical cell. In
addition, the instrument acquires the engine spitbedmanifold absolute pressure, the inlet and esthgas temperature, the
geo-localization and vehicle speed. The exhaussrilaw rate is calculated from engine and emisgiata. The Mini-
PEMS was validated on three 2-wheelers (1 mopedZanbtorcycles) against laboratory-grade instruitéon in the
Vehicle Emissions Laboratory of the European Comiois in terms of measured concentrations, exhaost, ffuel
consumption and mass emission of pollutants. Thaennadsolute deviations of gas concentrations weréd HC, 8% for
CO, 13% for NQ and 2% for C@ while the mass emissions (which include the exhflos determination uncertainty)
were 7% for HC, 7% for CO, 9% for N@nd 5% for CQ An agreement of 2% was achieved between thechredumption
measured in the laboratory and calculated by th&-MEMS. As an application, the instrument wasetgsin board of the
vehicles during on-road trips. The emissions meabwn-road were consistent among repeated runh, difterences
between laboratory and on-road tests much larger tihose between Mini-PEMS and laboratory. We fagimdlar or larger
HC and NOx real-driving emissions, larger CO fromtancycles and smaller for the moped. Consideringsize and
weight, the Mini-PEMS proved to be an efficientltéar vehicle monitoring, research and developraam could be tested
for in-service monitoring applications related tarlson monoxide and nitrogen oxides emissions. Aatem approach to
characterize particulate mass and particle numbsrpresented and compared to the existing filtehaadeand non-volatile
particle number protocol.
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1 Introduction

Exhaust emissions from internal combustion engieesain to be one of the primary source of air g in populated
areas, and are believed to be responsible in thepEan Union (EU) for an order of magnitude momenmature deaths than
traffic accidents (EEA, 2018)

Two wheelers such as mopeds and motorcycles anerkimo be strong emitters of particulate matter,rbgdrbons and
carbon monoxide and their contribution to air ptidio can be amplified by their mode of use, maintpan and at cold
engine conditions (e.g., Kumar et al., 2011; Rdadl., 2014 and references therein). In additioa,aged exhaust emissions
from 2-stroke mopeds were demonstrated to be aatitbe production of secondary organic aerosaisthaeit the term
“asymmetric pollution” was introduced to describe tow share of the total vehicle fleet along wtfik large contribution to
air pollution (Platt et al., 2014). The use of dditgd fuels with only trace content of aromatic pounds (< 1% vol/vol
concentration compared to 29-35% vol/vol conceatnain standard gasoline) proved to be extremehekeial in terms of
particulate emissions and secondary aerosol foomats demonstrated by Zardini et al. (2014).

Improvements in engines and exhaust after-treatnectinology for 2-wheelers and recent legislativevedopment
(introduction of Euro 3 emission standards for nuspén 2014 and Euro 4 for all 2-wheelers in 201680have
considerably enlarged the distribution width of ssions (Clairotte et al., 2016). As a result, tirewtating fleet of 2-
wheelers is very heterogeneous in terms of exfemisions, including older Euro 2 mopeds (registénghe period 2002-
2013) together with the new Euro 4 motorcyclesr¢idticed in 2016). In addition, the presence of &g vehicles which
are modified for better performance by acting am phopulsion unit and/or after treatment system foatpher increase the
emission distribution width (Zardini et al., 2016a)

Exhaust emissions from vehicles need to be cayefddressed during laboratory type-approval tdmis they generally
tend to be higher during real-driving conditionscégse of various factors such as driving style {marm speed,
accelerations, and gear-shift strategy), ambientditions (e.g., temperature, humidity, wind, aliié) and road friction),
engine and vehicle general conditions (e.g., tyesgure, additional weight, aging of the afterttrent system) (Weiss et
al.,, 2011). In order to reduce the discrepancy betwreal-driving emissions (RDE) and type-appremissions, the
characterization of RDE using portable emissionsitodng systems (PEMS) has been introduced intoUhited States
and EU legislation for heavy duty vehicles and pagsr cars (US-EPA, 2005; EC, 2011; EC, 2012; ©C72; EC, 2018).
The EU type-approval legislation has been recanilyated for what concerns 2-wheelers, tricyclescquatiricycles such as
mini cars and quads (EC, 2013; EC, 2014). Thes&heshare grouped in the so called L-category farfol which two
environmental packages were introduced: Euro 4 206 and Euro 5 from 2020. Additional featuredéoassessed for
post-Euro 5 environmental measures are stipulateedital 12 of Regulation EU 168/2013 (EC, 2018) anvolve the
feasibility of particle number measurements (Giegiel et al., 2015) and off-cycle emissions, imon-type-approval

driving cycles run on a chassis dynamometer. Tieelbvee concept promoted by the European Commidsidinat an L-
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category vehicle should be clean and energy effidie each point of its possible operation rangeaddition to the type-
approval driving cycle (Zardini et al., 2016b).

Before the introduction of Euro 5 for the L-categothe European Commission undertook an environaheffect study
(Zardini et al., 2016b; EC, 2017b) which includegraliminary assessment of RDE. The effect studyckaled that the
concentrations of pollutants can be measured wittagketable, small, portable system exhibiting @erage discrepancy of
about 10% during chassis dynamometer tests, eXoephydrocarbons affected by more than 50% discrepaThe
disagreement in hydrocarbons measurements stemgdifterent applied techniques: flame ionizatioedéor with the use
of a hydrogen cylinder in the test-cell; non-digdes infrared in the PEMS (in order to exclude safesues related to the
transportation of a hydrogen cylinder on a 2-whgeMass emissions during lab tests and RDE on-teat$ compared to
lab tests were instead vehicle and compound depénded affected by larger uncertainty and disanepadue to the
additional estimate of the exhaust flow. Exhausssrféow meters mounted on passenger cars aréostiteavy and energy
consuming to be deployed on 2-wheelers during R&3Est(see EC, 2017b, for further details) and esthwisations might
be an issue for them.

PEMS use analyzers to continuously measure theeotradions of the pollutants of interest, and mdshto measure or
estimate the instantaneous flow of exhaust. The dat then synchronized and concentrations matiplby the
corresponding exhaust flow to obtain instantanenass emissions of the measured pollutants. EafSeelied on simple
automotive exhaust analyzers such as those udha iGalifornia Air Resources Board periodic insp@tiprograms, with
the exhaust flow neglected (Kelly and Groblicki, 989, inferred from engine operating data (Vojtidekn, 1997), or
measured by a Pitot tube (Breton, 2000), or sintitavice.

With few exceptions (e.g., Lenaers, 2003), the nigjof PEMS use standard non-dispersive infra{féDIR) analyzers to
monitor carbon monoxide (CO) and dioxide (Cchemiluminescence or non-dispersive ultra-viapectroscopy for
nitrogen monoxide (NO) and dioxide (MQand flame ionization detection (FID) for hydrdoans (HC). Some early PEMS
(Vojtisek-Lom and Cobb, 1997; Breton, 2000) weredzhon analytical components from garage-grade/zeral (HC, CO
and CQ measured with NDIR, NO and,Qwith electrochemical cells). Despite the considkraminiaturization and
improvements in recent PEMS technology, only a o PEMS models are at present marketable femfuechnical
specifications suitable for the L-category: lightight, small size, simultaneous measurements ofi-gas concentrations,
engine parameters and geo-localization. The systisigned for passenger cars and heavy duty vehi@egh tens of kg
(about 100 kg including exhaust flow meter anddras, thus disproportionally increasing emissiahen on-board of an
L-category vehicle) and are excessively bulky fifiesnstallation on a 2-wheeler.

To our knowledge, the peer-reviewed scientifiarditare about tailpipe emissions from L-categoryiciels relies entirely on
laboratory measurements using chassis dynamomdétesame cases, the speed profile was recordechglueal-world
driving and used for subsequent emissions measuatéma laboratory (Zamboni et al., 2011; Murenalet2019).

The goal of this study was to demonstrate a mirgaEMS device (Mini-PEMS, hereafter) suitable ® fiited on

motorcycles, scooters and mopeds, compare it agstimsdard laboratory instrumentation during robench tests, and to
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assess its performance during on-road tests of theheelers, 1 moped and 2 motorcycles. The ‘aidavas conducted
with the intended use of the Mini-PEMS as a toolrssearch and development, road worthiness (deabithispections) and

screening tool for the market surveillance (e.gyiation EU 2017/1151).

2. Experimental

Tailpipe exhaust emissions from 3 L-category vedsdl moped, 2 motorcycles) were characterizechduji legislative
driving cycles on a roller bench in the Vehicle Bsibns Laboratory of the European Commission -t Résearch Centre
(JRC) and ii) real-driving tests with a miniature-lboard measurement system (Mini-PEMS, Technicalésgity of
Liberec, Czech Republic). A schematic summary & deployed techniques in the test cell and in thei-MEMS is

presented in Table S1. Overall, 8 laboratory emisgests and 9 on-road trips were performed.

2.1 Test cell

The test facility has already been described irdidaret al. (2014, and references therein). Hereflgr the vehicles were
driven on a 48" roller bench (Zoellner GmbH) ameit raw and diluted exhaust analyzed in accordaitteRegulation EU
134/2014 (EC, 2014); see schematic in Figure lalTydrocarbons (THC), carbon monoxide (CO) andogién oxides
(NO,) are regulated by the EU legislation on 2-wheeéénsing at reducing air pollution. Carbon dioxide() is instead
reported for energy efficiency assessment and gleheming related issues, but not yet regulatedticar class of vehicles.
We monitored the raw exhaust at 1 Hz via a 1®®eated line with the following techniques (integd in the AMA i60
Exhaust Measurement System, AVL): flame ionizataetector for THC, chemiluminescence detector forxN@on-
dispersive infrared for CO and GO'he same on-line techniques were deployed atdhstant volume sampler (CVS) after
dilution of the exhaust through a Venturi nozzlkitihn tunnel (CVS flow= 5 nf/min; average dilutior: 25). Finally, a
constant volume sample taken from the CVS flow wakected in tedlar bags and analyzed off-lineraftee test. The
results of the bag analysis yield the legislativeission factors (EFs) given in mass/distance upilowing a well-
established methodology, bag values were corrdoteexhaust extracted from the tailpipe due to esaust sampling by
multiple devices. For instance, the range of masseted/total mass of GQs between 9% for Vehicle 2 and 21% for the
moped. In particular, the laboratory setup can jpi@three sets of EFs obtained from: (i) the rawagst concentrations and
flow rate, (ii) the diluted exhaust concentratiarsd constant flow rate and (ii) the off-line anadyef bag sampling as
prescribed by the EU legislation. In the laboratdawo methods are typically applied for the deteration of the exhaust
flow: (i) the difference between the CVS constdotvfand the dilution air flow and (ii) the well-eflished CQ tracer
method based on raw (tailpipe) and diluted (CVS), Gitnultaneous measurements (Wiers et al. 1972). tDube low
exhaust flow rate of 2-wheelers, the differencevieen two flows of similar magnitude (CVS and ditutiair) measured by

different flowmeters results in large uncertairftherefore, the C&tracer is the method of choice in the present work
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The AVL Particle Counter (APC) 489 (AVL, Graz, Ada), compliant with the light-duty vehicle regutats, was
connected to the dilution tunnel to measure nomtilel particles to measure particles >23 nm and mh0(Giechaskiel et
al., 2009; Giechaskiel et al., 2010). Particulatatter mass was measured on Teflon coated glass Radiflex TX40

HI20WW filters according to the regulation (availenly for the cold start cycles)..

2.2 Vehicles and driving cycles

The technical specifications of the vehicles uridgestigation are given in Table 1. We have chddqropular in-use 2-
wheelers type-approved and sold in the Europeakehéiased on the stocktaking and market sales ginaty Clairotte et
al. (2016): 1 moped and 2 medium performance mgties, as per EU terminology (EC, 2013). The EUslegjon sets the
emission limit values for the gaseous pollutantsCTNG, and CO depending on the Euro standard of homatwgand the
vehicle L-subcategory, as summarized in Table Sfelkhat the provisions for the durability of aftezatment devices, i.e.
compliance with limit values within a prescribedleaige, were not enforced for Euro 2 and Euro 3tegary vehicles.
Therefore it could be possible not to comply withigsion limits at the time of testing. The 2-whegleere fuelled with E5
reference petrol containing 5% vol/vol of ethanol (see EC, 2014, for refereriael specifications) and their fuel
consumption measured with a fuel consumption measent system (KMA, AVL). Figure S1 and Table 2 disxthe two
driving cycles for tailpipe emission monitoring:ettynited Nations ECE-R47 (UNECE, 1981) driving eycun by the
moped and the Worldwide-harmonized Motorcycle Tegtle (WMTC) for motorcycles (EC, 2014). The ECE7Réest
cycle consists of eight elementary, consecutivéesyand lasts 896 s in total. Only during Phassds? called hot phase (the
latter 4 elementary cycles), the exhaust gas shbaldampled to produce the EFs described abovéyperapproval
purposes of Euro 2 mopeds (as of July 2014, the-agproval of vehicles requires the sampling ofethiire cycle - Euro 3
test procedure for mopeds). However, we sampledrgpolrted both cold and hot phases of the ECE-R4Ié dn order to
maximize the range of application of the Mini-PEMI& to report more realistic EFs. The WMTC cyclenendatory from
the introduction of the Euro 4 step for motorcycledile it was an alternative option for type-apgb of Euro 3
motorcycles as those in our study. The prescribedT®W for a specific vehicle is assigned depending emgine
displacement and vehicle maximum speed out of af&ét different driving cycle types (EC, 2014): \feles 2 and 3
performed the WMTC type 2-2 and type 2-1, respetyiysee Figure S1). The moped was additionallyseion-tested over
a wide-open throttle cycle consisting of running trehicles at constant roller speeds with the tlergiate fully open in
order to increase the dynamic range of Mini-PEM%isneements.

The real-driving tests were performed for each elehby repeating 3 times a 2.24 km nearly flat-llowp (average altitude
~ 200 m above sea level; altitude rang&0 m) mimicking urban/suburban driving with coldhmt engine start; see details
in Table 2 and Figure S2. The loops were choserlypdor the Mini-PEMS validation and were neithezsiyned to be
comparable to legislative driving cycles on thdeobench, nor to fulfil PEMS legislation requiremi® in EU, which at

present are specific only to passenger cars angd/fukdy vehicles.
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2.3 Mini-PEMS

The on-road tests were conducted with a miniatoréaple on-board emissions monitoring system (NAEMS), according
to a general concept developed by Vojtisek-Lomle{1®97; 2009), where instantaneous emissionsdatermined as a
product of the measured concentrations of the faolts of interest and the estimated mass flow ehtthe exhaust. The
parameters of the system are given in Table 3,aaschematic in Figure 2. The system samples uediltaw exhaust at
nominally 8 litres per minute. The sample is cootemlvn by natural convection in the sample line,spdsthrough a
condensation bowl from which the condensate isisoatisly removed by a pump, and reheated in a cdppe immersed
in a bath of transformer oil heated by resistareatihg to approximately 60 °C. The sample is thered into two paths.
In one path, the sample is filtered, passed thr@augbn-dispersive infra-red (NDIR) analyzer to meaghe concentrations
of HC, CO and Cg and subsequently divided into three electrochahtells measuring the concentration of oxygen,
nitrogen monoxide (NO) and nitrogen dioxide (NOIn the second path the sample runs through a-smmdensing
integrating nephelometer (635 nm, 45° forward secialg) tuned to provide reading proportional to tigtg mass
concentrations, and subsequently through a heatedation chamber’{’Am, 30 kBq), where the particles present in the
chamber deplete the ions, decreasing the curréweba two electrodes on which a small voltage diffiéal is applied. The
change in ionization current has been shown tcetade to the total particle length (independentlyhe particle size), with
a useful measurement range starting at levels smoreling to particle number concentrations of agpprately 510°
particles/cr (Vojtisek-Lom, 2011). These methods, althoughmegsuring directly mass or number, can be corg:lars|
to the current methods, i.e. gravimetry of filtarsl condensation particle counters, respectivelgdi@askiel et al. 2014).
The engine speed was measured by an optical sposted to a reflective tape placed on the engowieg fan mounted
on the crankshaft. Alternatively, the setup caredeine the engine speed by sensing signals fromk gpag or injector
wiring, or using vibration sensors. Access to titake manifold was obtained either from the exgstiacuum system, or, in
its absence, by drilling a small hole into the ketananifold downstream of the throttle plate; setuPe S1.

Vehicle speed and position were measured by a GRidstioning System (GPS) receiver. All data waequired by a built-
in industrial computer. The system has a footmfrt5 x 31 cm, a height of 18 cm, and mass of 1,3akg operates on 9-14
V with a consumption of approximately 50 W. Theatahass of the system, including power electrorsessors, cables and
sample lines, was 17.7 kg. The setup was mountebeoluggage rack of the 2-wheelers and powereahbgxternal battery
(12V, 20Ah LiFeYPo, 3.4 kg, allowing 3-4 hours aftanomy) attached to the platform for the ridegstf The installation
of the system is shown in Picture S1, with detaflengine speed sensor, intake manifold pressurplgag point, and
exhaust sampling given in Picture S2.

A second Mini-PEMS system (Mini-PEMS No. 2) basedtiee same measurement techniques explained adodajsing
the same key components (except for the light egaff sensor which was omitted), but smaller agttér than Mini-

PEMS No. 1, was deployed in parallel during theoBer bench tests of Vehicle 2; see Picture S3edtured a built-in
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battery allowing 3-4 hours of autonomous run tiaégotprint of 40x20 cm, height of 20 cm, and tatelss of less than 10
kg.

The fuel consumption measured by the KMA flow metas compared to the fuel consumption inferred ftbenemissions
measured by the Mini-PEMS and by the laboratoryodth cases, the mass emissions of carbon werelai@d from THC,
CO and CQ@emissions and then divided by the 86.6% carboretdof the fuel to obtain fuel mass flow rate (MFR

MFR [931] = ( MclMco *CO [gsl] + MclMcoz* CO, [gs'l] + MclMHC *HC [gsl] ) /0.866 (1)

whereM, is the molar mass of carbon (C), CO, £Md HCx [g.s"] is the mass flow of compoung 0.866 represents the
mass fraction of carbon in the fuel. A molar weighHC = 14 g/mol was calculated from fuel propestiEmissions over a
test run are obtained by integrating the instardasemissions, and dividing the total emissiongy(ams per test) by the
total distance driven to obtain emission factorsgiikm. Note that the EU legislation prescribes feehsumption
calculations based on integrated off-line bag tesplartly to avoid the uncertainty caused by syowization and dynamic
correction of instantaneous data.

The exhaust flow rate is inferred from the intakelaw, which is estimated using the speed-densigthod from measured
engine speed and intake manifold pressure and ramope, engine displacement and known or assumgiderolumetric
efficiency (Vojtisek-Lom, 1997; Vojtisek-Lom and B, 1998). The original formula assumed generalumeitric
efficiency (0.9-0.95 at higher loads) of automotigagines, which is excessively high for small eeginEmpirical
adjustments were therefore introduced based omdédry tests to account for considerable lower watric efficiencies for
small motorcycle engines, especially in the lowmed ef their rpm range. The intake flow rate canreéf@re be obtained

from:
M [9.5%] = 0.0289 [kg.mol] * nyg * V [dm?] * rpm [min™] * (MAP [kPa] —puar [kPa] / CR) / Tt [K] (2)

wheremy;, is the intake mass flow rate, 0.0289 is the mefeight of ambient air in the standard atmospheris, ttie engine
displacementy,q is the engine volumetric efficiencypm is the engine rotational speddAP is the manifold absolute
pressurepy, is the barometric pressui@R is the dimensionless engine compression rajiois the intake air temperature.

Two scenarios were considered:

a) constant volumetric efficiency ofyo.cong = 0.5 for all combinations of engine speed and ;lahis approach is

believed to provide a reasonable estimate for aliyuaspirated engines without EGR (see Section 3)

b) engine speed- and load-dependent volumetric efiigie, ..o Calculated using the empirical formula derived by

comparing instantaneous fuel consumption obtaiyeditect measurement and calculated from Mini-PEh&:

Mvovar = [(1vol-const + (L/CR)I{1 — [ Poar/ (CR*MAP)]} + [(rpm-5000)/3200] — 0.0015*Pye *[1-(1/CR)] — MAP} ©)



whereCR is the dimensionless engine compression ratigoghds the barometric pressure in kPa.

In both scenarios, the empirical values were okthiteratively by comparing instantaneous massffael rate calculated

by the Mini-PEMS with the instantaneous fuel conption measured by the laboratory (results not rieglonere).

While exhaust flow can be inferred from known extaand fuel composition and from either fuel orak@ air flow
5 (Vojtisek-Lom and Cobb, 1997), for simplicity, thrtake flow as described above was used in liethefexhaust flow in

Mini-PEMS fuel flow and exhaust calculations. Adalitally, the volumetric efficiency included a varia dry-to-wet

correction (Giechaskiel et al. 2019a) applied t@asueed C@and CO.

The emission factors from PEMS measurements wirestyf calculated as follows:
10 X [g.s"] = my, [mol.s'] * [X] * M [g/mol’] 4)

wherem; is the molar flow of the intake airX] is the volume fraction of th¥ compound in the undiluted exhaust, dhgd
is the molar weight of th¥ compound.
The validation of the Mini-PEMS against laboratémgtrumentation over roller bench tests performeddcordance with
15 Regulation 134/2014 (EC, 2014) was based on thepadson of (i) the pollutant concentration profilem the raw
exhaust, (ii) the exhaust flow rates and (iii) #mission factors. Ultimately, EFs obtained on-redth the Mini-PEMS
should be compared with (i) laboratory EFs orightlfrom the legislative method to assess the dgvefithe test cycle
with respect to real-driving, and/or with (ii) ersign limit values prescribed by the legislationdrder to validate the
environmental performance of the vehicle, as pilesdrin the recent Euro 6 legislation dealing witfservice conformity
20 of passenger cars (EC, 2018; Varella et al., 20A8)expected from basic principles governing thelostion of small

gasoline engines, N@missions were negligible (up to 1% of NO) andéfare not reported.

3 Results and discussion

3.1 Mini-PEMS versus laboratory

3.1.1 Pollutant concentrations

25 Table 4 compares gaseous average concentratiomsl©f CO, NOx and C®obtained with laboratory instrumentation
(bench) against those from the two Mini-PEMS durnmpller bench tests according to the methodsribest in section 2.
Single test percentage deviations, mean absolutepiage deviations (MAPD) for each vehicle andralWéor the fleet as
well as maximum and minimum deviations are includédnsidering Mini-PEMS No. 1, the overall MAPD w2%o for
CO,, 8% for HC and CO, and 13% for NOx, indicating weyood agreement with laboratory instruments. Tlest b

30 agreement was obtained for g@hich typically exhibits the largest and mosthftaconcentration profile during emission
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testing from internal combustion engines. The wemsgle-test deviation was for NOx in Test 1 (2486 to substantial
zero drift of the Mini-PEMS sensor.

An example of raw exhaust concentration profilesirdy Test 5 and associated 1-to-1 plots with lineagression
coefficients are plotted in Figures S3 and S4,eetpely. The two Mini-PEMS well followed the dyn@remission pattern
down to a few seconds resolution. The largest epmcies were related to the signal peaks whertiyer or different
response time of the Mini-PEMS results in peak ntage underestimation and subtle shifts in instaetaus values during
transients, which negatively affects the coeffitsesf determination (8 in Figure S4.

Table S3 summarizes the comparison between théviwePEMS and the bench in terms of coefficientdefermination.
The results vary substantially among the testsfeBdhces in instantaneous readings during trarssiantl peaks due to
limited 1 Hz resolution and different time resposastants of the respective instruments, possiitiéion of the exhaust
sample at idle due to comparable amounts of avaikxkhaust and sampling lines (about 20 Ipm fomtioped), and in case
of HC, deposition of semi-volatile hydrocarbons dium as hydrocarbon hangup) in the Mini-PEMS sangptiain, were
identified as the main responsible to lower valofesoefficients of determination.

In order to assess the performance of the two MEBMS during the cold phase of the test cycles vithertemperature of
the sampled exhaust increases from about 25 °G 8pA-300 °C in about 3 minutes, the approach ab@gerepeated for
separate cold and hot cycle phases as shown i BablLooking at cold start Tests 1, 5, 6, and&,sampling of the cold
phase did not represent a critical issue for the Bhni-PEMS as the performance is comparable oteb¢han in the hot
phase. However, the phase split highlights a laligerepancy between laboratory and Mini-PEMS Nan Test 8. The
average HC concentrations measured by Mini-PEMSINturing Test 8 were, compared to the laboratoryer during the
first phase of the test, and higher during the séquhase. This demonstrates a shortcoming of theatad sampling and
measurement system used in the portable systewhiogh semivolatile organic species (i.e., fuel aildvapors) present in
high concentrations during a cold start partiatyhdense within the system, causing the readindpe tmitially lower, and
later are re-entrained into the sampling strearnsiog readings to be higher. This phenomenon ocaitially in the
exhaust system, but it is partially dampened byhttated gas line of the FID used as a referenceceoing Mini-PEMS
No. 2, the mean concentrations reported in TaldbaWw excellent C®correlation with the laboratory (MAPD < 1%) and
very good agreement in terms of CO and NOx (MAPD% and 13%, respectively). This good performantmcawith
similar results from Mini-PEMS No. 1, confirmed thadiability of the setup design when measurinduygahts concentration
in vehicular exhaust. The larger deviation for MIAPD = 20%, with largest single test deviation @8) can be explained
with the condensation of semivolatile compoundthimsampling system (hydrocarbon hang-up) andrdiftesensitivity of
the NDIR sensors used in the 2 Mini-PEMS to indiniblhydrocarbons.
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3.1.2 Exhaust flow rates

The determination of the exhaust flow is the seckey parameter involved in the calculation of mdissance emission
factors and fuel consumption from instantaneousa,dat¢yond the chemical concentration discussedeabidve legislative
emission factors calculations do not rely on théaest flow, while those from Mini-PEMS do (see Cieap?). The
laboratory exhaust flow calculated with the £O@acer method should not be considered as a &igislreference against
which to validate the two Mini-PEMS, but as thetstaf the art estimate available. The upper pah€igure 3 shows the
comparison between the exhaust flows calculatea fedoratory instrumentation and from the two MREMS for Test 5.
The agreement is qualitatively good considering the two approaches were completely different ésmtion 2 for details).
The largest deviations occurred during idle (veny Flow rate= 30 L/min) and during quick deceleration phasesmihe
abrupt change in CQOconcentrations causes narrow peaks in the trasghad curve. On average for all tests, the
coefficients of determination between the 2 methamsfairly good (R~ 0.7) as reported in Table S3, confirming that (i)
the Mini-PEMS applies an approach which gives simiksults to the CQtracer method commonly used when sampling
directly from the tailpipe and that (ii) the exhatlew remains the critical parameter to assessnygerforming raw exhaust
measurements. The validation of the Q€cer method is discussed below in terms of earisictors. Note that at the
moment there are no exhaust flow meters to be gledlon 2-wheelers on-road. Future technical devedsys may fulfil
this gap; however, exhaust flows from 2-wheeless iatrinsically difficult to measure precisely dte small flow rates

(especially at low engine loads) and, in the presaf one cylinder, to flow pulsations.

3.1.3 Fuel consumption

Fuel efficiency of vehicles is officially reported EU type-approval certificates and calculatechfrimtegrated emissions
over the entire legislative emission tests (tepetyll, EC, 2014). Neither instantaneous fuel comgtion during roller
bench tests nor real-driving fuel consumption (bodfculated from instantaneous emissions, seeose2tB) are required.
Nevertheless, great attention was recently paid med driving fuel consumption data (see e.g.,t&@s et al., 2017, and
references therein) especially when results diffan the official values reported by manufacturers.

The fuel consumption calculated with the carborabe¢ method from the Mini-PEMS and laboratory HO, énd CQ
emissions is compared with the fuel consumptionsuesd by the fuel flow meter (reference) in Fig8relhe agreement
was good except for the underestimated relativeimmaof laboratory results compared to the fuel floweter. Table 5
compares fuel consumption results from 3 tests(ifpithe fuel flow meter, both in mass and volume foél (with
instantaneous control of fuel density and tempeejfu(ii) the laboratory instrumentation (legisiati results from bag
analysis of diluted emissions and integrated inataaous results from raw emissions), (iii) the Miai-PEMS. In all cases
the deviation from the reference wad0%, with an excellent performance of the two MMEMS (deviation < 5%). This

indicates that:
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* The legislative method based on carbon balanceddnttd emissions is a good approximation to deteenfuel
consumption during roller bench tests. Note thatriiatively high difference is probably due to éhracted flow
from the tailpipe that increases the uncertainty;

» The same method applied to raw exhaust samplimggeod agreement with the reference;

e The Mini-PEMS is a valuable instrument to asses<ikl consumption and can provide useful insighitsng real-
driving tests. Error attributed to using assumeteaathan actual volumetric efficiency contribusegstantially to
the differences between PEMS and laboratory datacan be reduced by experimental determinatiothefengine

volumetric efficiency in the laboratory from emisss or fuel consumption data.

3.1.4 Mass emissions

As an example, mass flow rates of HC, CO,,NM@d CQ, during Test 5 from the two Mini-PEMS are compaagainst the
laboratory instrumentation in Figure 4 assumingialde (engine speed and load dependent) volumefficiency (see
section 2.3). The agreement is qualitatively vasgdjconsidering that mass flows are affected bylined uncertainties on
the chemical concentration and on the exhaust flmesiously discussed. Clearly, the Mini-PEMS coodused to monitor
dynamic exhaust mass flows and for instance to spopered vehicles (see Zardini et al, 2016a) anvestigate on-road
after-treatment strategies for pollution reductidable 6 summarizes the emission factors for laboyaests performed on
the legislative test cycles ECE-R47 and WMTC assgmiriable volumetric efficiency. WOT Tests 3 ahdere excluded
from the analysis to avoid reporting artificialligh EFs. Similarly to the assessment of conceutngpirofiles, EFs were in
very good agreement: the overall MAPD for Mini-PEMS. 1 was below 10% for all compounds and dowh%ofor CG.
The worst single-test deviation was -22% for N@Test 2. Mini-PEMS No. 2 exhibited a generatiyer performance in
terms of deviations due to lower sample flow durihg tests and to the smaller specific data seteitleeless, a MAPD <
20% for all compounds indicated good agreement éetwnstruments.

The estimated measurement uncertainty for the é&bor measurement (bag data) of N®10% at 80 mg/km and 5% at
the 150 mg/km, of HC is 10% at 50 mg/km and 5%0Q4 ghg/km, and of CO and G@ 3% for all emission levels. This
uncertainty is shown in Figure 6 as a separatenarather than being added to each point. The largesponents of
uncertainty for the Mini-PEMS are the engine voatrit efficiency (affecting the exhaust flow caletibns), the
uncertainty of HC and PM measurements due to thi¢aliions of the approach chosen (unheated sampiiig surrogate
measurements for PM), and the uncertainty assaciaith dynamic events (rapid changes in both exhélosy and
pollutant concentrations). These non-controllabieantainties were estimated ex post to be oveanathé range from 10%
up to 20% (see MAPD, mean absolute percentagerdiffes, in Table 4 and Table 6). The known uncdstaf gaseous
component measurements at steady-state, abovestbetidn limit, is 3-5%, and the combined uncetiaiof engine rpm

and intake manifold pressure and temperature i1861-®/e estimated this known uncertainty to be alifit for all
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measurements. These known uncertainties are shewetrar bars in Fig. 7 for Mini-PEMS no. 1, vari@blolumetric
efficiency data.

The EFs of HC, CO, NQand CQfor each cycle as calculated by the two Mini-PENYE as measured by the laboratory are
compared in Figure 5 for a total of 6 tests. Ttsets of EFs from Mini-PEMS were compared againstlaboratory: EFs
from Mini-PEMS No. 1 were obtained using both vhka(speed- and load-dependent) and constant enginenetric
efficiency. For Mini-PEMS No. 2 the comparison Istped only for variable volumetric efficiency irrder to retain clarity.
Individual data points represent the emissionsofactor each test, with laboratory and Mini-PEMSadan the horizontal
and vertical axes, respectively. Linear regress®mshown for Mini-PEMS No. 1 variable volumetricfiefency. It is
apparent that except for HC, there is little dipamcy between EFs calculated by Mini-PEMS No. 1 &led 2. The
calculations using constant volumetric efficienayTiable S5 show a higher, but still relatively sihfalerall average <
10%), deviation from the laboratory data.

In our analysis, the EFs from the legislative mdthere chosen as a reference against which theREMS was compared
in line with current real driving emission legistat and in order to assess the performance ofnigteuiment in typical cases
when only the diluted exhaust sampling is preserthe laboratory (e.g., type-approval). For sakemhpleteness, mass
emissions were also calculated from the raw exhaitkt laboratory instrumentation and further conipamn between EFs
from Mini-PEMS, EFs from bag sampling and EFs frilra raw exhaust sampled with bench instrumentatias carried
out. Figure S5 displays the EFs with the three odthbroken down by driving cycle phase. The bag ramd exhaust
methods with laboratory instrumentation were indjagreement (NOx MAPD = 16%; THC MAPD = 13%, avegn the
cold and hot cycle phases of all vehicles) or \gwgd agreement (MAPD = 8% for CO and 4% for, @ line with the
historical records of the JRC laboratory. The M?EMS performed well against the raw exhaust metkbghtly worse
than against the legislative method discussed ablogeo the propagation of uncertainties in theaeshflow. NOx MAPD
per phase, shown in Tables S6 and S7 for variabtefxed volumetric efficiency, remained unchangbdt averaged
MAPD for HC, CO and Cg@increased up to 20%, 15%, and 10%, respectively.

In order to contextualize our work in the currertl Eeal-driving legislative framework laid down ineBulation EU
2017/1151 (EC, 2017a) and Regulation EU 2018/1&%2 018) applicable to passenger cars, the Miht8HEerived EFs
were compared to the legislative EFs in Figure ér €ach pollutant apart from THC (not included e tEU RDE
legislation), two graphs are plotted: for each ghafsthe test separately on the left, and for thele test on the right. The
compound specific tolerances introduced by ReguiatEU 1151/2017 (EC, 2017a) to account for the tamdil
measurement uncertainty of PEMS relative to stahtiyoratory equipment are plotted as dashed re.lilt is apparent
from Figure 6 that in most cases, the differenasben the PEMS and the laboratory fall within itergins of uncertainty
applicable to type-approval grade PEMS, and outdres are relatively close to the margins. Thesteatside the margins
are mostly of Vehicle 1 (50 cc engine), confirmithige experimental challenge posed by measuring ensg$rom small

vehicles.

12



10

15

20

25

30

Even though the mini PEMS does not always compth wie light-duty vehicles PEMS tolerances, it dtidae noted that
the deviations are still at acceptable levels dedMini-PEMS is considerably smaller and simplerthhe type-approval
grade PEMS. The mass of the regulatory PEMS wditédisthe performance and the emissions of smatbnegcles, which
are type-approved with driver weight of 75 kg. libald also be noted that pulsations in the exhBiost of small single-
cylinder engines pose a considerable challengbadirect exhaust flow measurement prescribedyjoe-approval RDE

tests of automobiles and heavy vehicles.

The particulate matter measured with the mini-PEMS compared with the number of non-volatile pletidrom the
tailpipe and the dilution tunnel (Giechaskiel et2019b), as applicable to recent diesel and dirgettion passenger cars
and heavy duty vehicles (Giechaskiel et al. 20l®}e that the mini-PEMS measures particles by Iggfatttering and by an
ionization chamber in a sample of raw exhaust, suithemoval of the semi-volatile compounds. Ligtattering is typically
sensitive only to particles with a diameter ove0 Itim, with the response being dominated by largetigles; on the
ionization chamber, there is no lower limit on tharticle size. While there is no upper limit foretiparticle diameter
detected, as few particles are larger thanml particles larger than sevegah are likely to be trapped in the condensation
bowl. In Table S8, the non-volatile particles sagabht the dilution tunnel and at the tailpipe apenpared to the total
number (including volatiles) inferred from ionizai chamber measurements and particulate mass ensidsferred from
laser scattering (based on calculated exhaust dllogvconcentrations measured in the raw exhaust)theotwo R47 tests
listed in Table S8, the comparison of second-bységarticle number emissions (particles per seciznplotted in Figure
S6.

The total particle number emissions measured byingé PEMS is in the range from similar up to doebklative to non-
volatile particle number emissions > 10 nm (Gieklelst al. 2015). The specific vehicle had emission the same order
of magnitude as the limit value-(®"' particles/km) applicable to recent passenger cars.

Table S9 gives non-volatile particle number andipalate mass for cold start cycles as measura@driaboratory and as
measured by the mini-PEMS. It should be highlighteat the tests were conducted on different ddyss they include the
repeatability variability. The mini-PEMS particleimber is between the 23 nm and 10 nm emissionsjaavet than the
total particle number. The estimated mass is @aed than the mass determined gravimetrically withfilter method. This
is partly expected because the filter method cam la¢ influenced by artefacts due to the preseheelatile species (Chase
et al. 2004).

3.1.5 Mini-PEMS No. 1 vs Mini-PEMS No. 2

The accuracy of the instantaneous mass emissitess iladependent on the quality of the concentradita, exhaust flow
data, and synchronization between the two datarssgGiechaskiel et al. 2018b; Vojtisek-Lom et2dl18). The principal

uncertainty associated with the exhaust flow datéhe estimation of the engine volumetric efficienthe uncertainty
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associated with the measurement of engine speethtahke air pressure and temperature is ratherlsthalsensor response
relatively fast, and uncertainty of the sensor atgpelatively small. The uncertainties associat@t the concentration data
are comparable between the two PEMS instrument$egsuse the same detection principles and siradanponents. The
synchronization of the data is comparable betwberrstruments. The difference between the two {REBMS, as apparent
from Table 4, Table 6, Figure 3 and Figure 4, er¢fore closer to the unit-to-unit variance thaa tifference between two
different technologies. Both the concentration dhd mass emissions data presented here suggesthéhaifference

between the two Mini-PEMS units is relatively smalp to 0.04 g/km HC, 0.01-0.07 g/km CO, < 0.01ng/KQ,) and

slightly smaller or comparable to the differencesaeen Mini-PEMS and laboratory (up to 0.03 g/km,B®6-0.17 g/km

CO, < 0.02 g/km N¢), suggesting that systematic errors (such asdaiased by using NDIR technology for HC detection,
or by estimating engine volumetric efficiency) repent a substantial part of the overall uncertagityhe Mini-PEMS

measurement.

3.2 Real-driving emissions

The PEMS emission factors during on-road tripstgpecally compared to those obtained in the teBticeorder to identify
discrepancies between real driving and laboratonijsgions (e.g., during in-service conformity chgcR&/e applied the
same procedure with few notes of caution. Two-wérsehave so far very limited on-board diagnosties:introduction of
emission monitoring OBD is planned in 2020. Thespree of a defeat device to reduce the emissiatisgdiype-approval
test cycles can be therefore excluded a-priori, laege discrepancies between roller bench andad-tests due to artificial
modification of the engine map were not expectezto&dly, the real-driving emission test is not uiled in the current
legislation for 2-wheelers and there are no comgmelve studies from which to derive the techniedinition of an agreed
typical on-road trip for 2-wheelers with associatemindary conditions and tolerances. Agreement dmtwcontracting
parties was reached during the definition of thgislative laboratory WMTC of subcategory L3e-A3diperformance
motorcycles) which was then applied and adaptetie¢mther members of the L-category family (EMIS2913). Finally,
mopeds (subcategory L1le-B) are subject to legigdimitation of maximum speed (typically 45 km#&ty km/h in some EU
countries) which corresponds to their maximum WM3jieed: their laboratory emission testing coverseiire speed
range. Our on-road trips are neither based onubmge driving, nor contain a prescribed mix of/imddle/high speed, nor
respect validity criteria; they are simple toolsdeEmonstrate the capabilities of the Mini-PEMS. Mihspeed and positive
acceleration of on-road trips as a function ofahtual distance relative to the start were giveRigure S2.

Exhaust concentration and real driving emissiomofacduring on-road trips of the three vehiclesreported in Table 7. By
comparing on-road against laboratory data in Tdbdnd Table 6, it is apparent that the mean coretéons of HC for
Vehicle 1 on the road (3603-4037 ppm) are comparéblthe WOT test (2089-3722 ppm) and higher thenR47 test
(1455-1550 ppm) in the laboratory. Similarly, thencentration of HC was doubled during the on-roald start test (2089
ppm) than in the laboratory cold start WMTC (11%#) for Vehicle 3. The concentrations of CO on tbad were lower
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for Vehicle 1 (0.5-0,9%) than in the laboratory8(.4%) and higher for the other two vehicles. Goiations of NOx
were, for all three vehicles, higher on the roaBi8382 ppm) than in the laboratory (129-276 ppnhjisTs in agreement
with positive acceleration data of Table 2: Ourroad trips resulted more severe than the WMTC ard $evere than the
R47 legislative cycles due to a combination of tgpnposition and driving behaviour.

The on-road emission factors calculated with theniNPEMS assuming variable volumetric efficiencyatele to the
laboratory were higher for HC from Vehicle 1 (0.223 g/km on the road, 0.19-0.20 g/km laboratoikgly due to lower
ambient temperature and comparable for the othenehicles. CO emissions in the laboratory werdadigrom Vehicle 1
due to prolonged wide open throttle operations lameer for the other two vehicles which instead cbahsily follow the
WMTC speed trace. NCemissions in the lab and on the road were compafabVehicle 1 and 3, but larger on the road
for Vehicle 2 (0.11-0.14 g/km laboratory, 0.23-0g8&m on the road). The emissions of G the road were lower (48-51
g/km Vehicle 1, 39-45 g/km Vehicle 3) or comparafi2-79 g/km Vehicle 2) to the laboratory tests-@bg/km Vehicles 1
and 3, 75-82 g/km Vehicle 2. The particle mass simis on the road (0.35-0.44 g/km) were comparabiightly higher
than in the laboratory (0.18-0.40 g/km as measbreiini-PEMS), while particle number emissions (irting volatiles)
on the road (3.4-4.4 x bparticles/km) were comparable to slightly lowdatige to the 5.5 x 18— 1.5 x 1¢? particles/km
measured by the Mini-PEMS in the laboratory (TeR83.

As an example, the instantaneous emission ratddCof CO and NQ are given in Figure 7 for Vehicle 2. The sharp
accelerations after a stop are clearly visibleenmis of HC and CO emissions: while HC large emissidecrease after few
seconds of acceleration, the CO emissions remaiin ¢hiring wide-open throttle operations, indicatthgt this mode of
driving (potentially frequent on small motorcycle®)minates the amount of CO emissions.

A comparison of emissions between laboratory andoad trips both calculated with the Mini-PEMS Istfed in Figure 7.
Summary of real driving and laboratory emissiontdes Roller bench emissions were obtained withodatory
instrumentation (green circles) and the Mini-PEMfBeén squares). Grey bars are average real dranmgsion factors
obtained with the Mini-PEMS from on-road cold stfirlue squares) and hot start tests (orange squ&mesr bars appear
only on the first column in order to preserve rdality.7; laboratory results are averaged on catd &ot start tests for
readability, detailed results can be found in TablePollutants real driving emissions are generkdlger than during
legislative tests with HC and CO deviations enhdraaring on-road cold start tests and larger, [déviations during hot
start tests. One exception is the large CO emidsictor of Vehicle 1 in the laboratory for the reas explained above. The
behaviour of CQ@ emissions, in the opposite direction with largafues related to laboratory tests for Vehicle 1 and
indicated better after-treatment operations in l#iethan on-road as well as smaller fuel consumptio-road for the 2
vehicles. This is supported by the comparison betwieiel consumption on-road and on the roller befochvehicle 2
(Table 6 and Table 7, driving distance of WMTC =11Bm): a comparable fuel consumption is relatedamparable C®
emissions (Figure 7. Summary of real driving arubfatory emission factors. Roller bench emissioasewobtained with

laboratory instrumentation (green circles) and Miei-PEMS (green squares). Grey bars are averagledreving emission
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factors obtained with the Mini-PEMS from on-roaddcetart (blue squares) and hot start tests (oraggares). Error bars

appear only on the first column in order to presaeadability.7).

In conclusion, the Mini-PEMS can be deployed ordradgth minimum effort and little safety precautiofsecured rack and

fasten cables) and has enough resolution to digshgdifferent test severity, driving behaviourdagold/hot engine start
5 conditions.
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4 Conclusions

We presented an exploratory study aiming at assgssiniature portable emission measuring systenmigMEMS) suitable
to be installed on-board of 2-wheelers (such astete and motorcycles) given its small size andghwteiThe Mini-PEMS,
designed at the Technical University of Libereccapable of measuring the exhaust concentratiomydrfocarbons (HC),
carbon monoxide (CO) and dioxide (gOand nitrogen oxides (NO and MOusing non-dispersive infrared and
electrochemical cell techniques. In addition, ij@ices a series of engine and vehicle parametefs &8 exhaust and inlet
air temperatures, manifold absolute pressure, ermia vehicle speed and GPS coordinates of ontripsd These are used
by the Mini-PEMS to calculate the exhaust flow &éimel emission factors in mass/distance units.

The Mini-PEMS was tested on three 2-wheelers (1 edopnd 2 motorcycles) and compared with standartthbe
instrumentation inside the emission test cell & Buropean Commission Joint Research Centre (JECAMaboratories)
during legislative driving cycles. As an applicatjdhe Mini-PEMS was deployed on-board of the samgicles during
repeated on-road trips in order to measure resirdyi emissions. The mean absolute deviations ofaesh gas
concentrations were 8% for HC (range -17 to +1@84%),for CO (-3 to +19%), 13% for N@-12 to- +24%) and 2% for GO
(-7 to +5%) In terms of emission factors, whichlimte the exhaust flow uncertainty, the differeneese 7% (-17 to +10%)
for HC, 7% (-4 to +14%) for CO, 9% (-22 to +2%) fHOx and 5% (-4 to +11%) for GOFor one vehicle where fuel
consumption was measured directly with a dedichteliflow meter, the absolute deviations betweesi fonsumption over
the legislative driving cycle measured in the labory and calculated by the Mini-PEMS with a carlimlance method
(mass emissions of HC, CO and g@ere in the range 1-3%.

On-road tests were not designed to be represemtatitypical operation of 2-wheelers (which at présare neither agreed
nor proposed in the scientific literature and Eldid&tion). The real-driving emissions had largariability than in the
laboratory (up to a factor of 2 against typicallyod). HC and NOx emissions on-road were similarangér than in the
laboratory, CO emissions were larger on-road ferrtiotorcycles and smaller for the moped (becauséafter periods of
high engine load in the laboratory). At presenisinot possible to draw general conclusions onréladé-driving emission
results as they were vehicle- and compound- spetifit there are indications on what to focus arfdture studies, namely
HC emissions after cold engine start or cold antbgenditions and CO emissions during prolongedauisriof high engine
loads.

All in all, the results are satisfactory considgrithat (i) the size and weight of the Mini-PEMSsimaller than standard
PEMS instruments deployed in passenger carsh@idetectors are different, simpler and cheapérthe external gas line
is unheated, (iv) the exhaust flow is calculated aot directly measured, (v) the exhaust flow iskept at 190 °C inside the
instrument, (vi) large vibrations and the presesficiequent bumps on the road. The Mini-PEMS hatagdy the potential
to be employed for research and development puspdreperiodical road worthiness tests when exgessmissions
indicate malfunctioning of after-treatment deviegs! in the preliminary phases of an in-service rtaoimg.
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Tables

Table 1. Vehicles’ technical specifications. All vables were equipped with a 4-stroke spark-ignitiorengine and a constant variable
transmission. The reported driving cycle is the actal test cycle used in this work, and not the typegproval; see text for details.
Notes: YType and Category according to Regulation EU No.13£C, 2014);®MP = medium performance; ®2w = 2-way oxidation
catalyst, 3w = 3-way catalyst®carb = carburettor, inj = injection; ®WOT = wide-open throttle.

Parameter Vehicle

1 2 3
Typée? Moped MP? Motorcycle  MP Motorcycle
Category Lle-B L3e-A2 L3e-A2
Capacity [ci 50 300 150
Power [kwW] 2.5 16 9.5
Mileage [km] 4500 1500 1200
Year 2010 2015 2015
Emissions Euro 2 Euro 3 Euro 3
Mass [kg] 85 180 130
After-treatmerit) 2w 3w 3w
Fuel systerf carb inj inj
Cyclg® R47/WOT WMTC 2-2 WMTC 2-1
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Table 2. Roller bench driving cycles and on-road tp parameters. Notes:®Calculated from speed profiles as in UNECE
Regulation No. 47 and Regulation EU 134/2014 (EC 2014

Parameter Driving cyclée¥ On-road trip

ECE R47 WMTC 2-1 WMTC 2-2  Vehicle 1 Vehicle 2 hiele 3

Total distance [m] 6 259 12 287 13177 2242 2245 2240
Total time [s] 896 1200 1200 398 189 235
Drive time [s] 776 1041 1046 368 186 218
TemperaturesC] 25 25 25 7 15 22
Average driving

speed [km/h] 25.1 36.9 39.5 21.1 42.8 35.0
Maximum speed [km/h] 45.0 82.5 94.9 40.5 82.5 71.90
Speed [km/h]

[25", 75" percentile [20.0,42.8] [21.9,55] [23.559.5] [13.8,30.8] [2®2.7] [20.5,52.8]

Average positive

acceleration [m/f3 1.25 0.42 0.47 0.32 1.02 1.02
Positive acceleration [nfls

[25", 758" percentile [1.26,1.26] [0.11,0.66] [0.11,0.61] 0.12,0.34] [0.56,1.42]  [0.19,1.66]
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Table 3. Mini-PEMS technical details.

Compound/ Method Range/Value LODY To-90[S]
Parameter

HC NDIR 0-24000 ppmC 14 ppmC 2-3
(6{0) NDIR 0-12% 0.004% 2-3
CG, NDIR 0-20% <0.01% 2-3

NO Electrochemical cell  0-5 000 ppm 3 ppm 3-5
NO, Electrochemical cell 0 - 300 ppm 1 ppm 15-30
PN@) lonization chamber =~ 10" #/cn? ~5x1¢F #/cmi  5-10
MAP Pressure Transducer  0-250 kPaabs. N/A <1
rpm Coil pickup 0-20000 miit  N/A <1s

Vibration sensor

Optical sensor

Size No. 1 45x31x18cm

Weight No. 1 13+4.7+3.4 kg

Size No. 2 40 x 20 x 20 cm

Weight No. 2 ~ 10 kg

6 LOD - limit of detection, calculated as 3 x startideviation of noise when sampling ambient air
@) Particle Number from total particle length.

25



Table 4. Comparison of HC, CO, NOx and C@ raw exhaust concentrations ([ppm]) measured with lte standard test cell
instrumentation (bench) and the Mini-PEMS No.1 durirg legislative test cycles (WMTC and R47) and wide ep throttle tests

(Vehicle 1) on the roller bench. Dev = deviation; MPD = mean absolute percentage deviation; min/max minimum/maximum
deviations. £) Tests performed with additional Mini-PEMS No. 2.

Test Veh. Cycle Start HC Cco NO £0

Bench PEMS Dev Bench PEMS Dev Bench PEMS Dev Bench PEMS Dev

[ppm]  [ppm] [%] [ppm] [ppm] [%] [ppm] [ppm] [%] [ppm]  [ppm]  [%]
1 1 R47 Cold 1744 1455 -17 8289 8417 2 222 276 24 1119 124998 5
2 1 R47 Hot 1673 1550 -7 11657 13263 14 177 171 -3 18131 119537 1
3 1 WOT Hot 3215 3722 16 14051 14549 4 252 220 -1215970 108021 -7
4 1 WOT Hot 1978 2089 6 13189 12741 -3 217 194 -1113697 113629 O
MAPD 1 R47,WOT - - - 11 - - 6 - - 13 - - 3
5 2 WMTC Cold 789 778 -1 2201 2460 12 151 181 20 8937 136604 -1
6 2 WMTC Cold 837 803 -4 1945 2098 8 134 146 9 18153940958 O
7 2 WMTC Hot 309 286 -8 1277 1346 5 119 129 9 1410a40177 -1
MAPD 2 WMTC - - - 4 - - 8 - - 12 - - 1
8 3 WMTC Cold 1134 1197 6 3626 4325 19 160 189 18 1634 141173 O
MAPD  All All - - - 8 - - 8 - - 13 - - 2
min All - - - 17 - - -3 - - -12 - - -7
max All - - - 16 - - 19 - - 24 - - 5
5() 2 WMTC Cold 789 757 -4 2201 2329 6 151 172 14 9378136858 -1
6(1) 2 WMTC Cold 837 568 -32 1945 2140 10 134 156 16 1598 142296 O
7(1) 2 WMTC Hot 309 238 -23 1277 1345 5 119 128 8 D410 140796 O
MAPD 2 WMTC - - - 20 - - 7 - - 13 - - 0
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Table 5. Fuel consumption calculated from laboratoryinstrumentation (bench) and Mini-PEMS compared to he KMA fuel
flowmeter (reference). Volumetric and mass consumjn from the bench were derived from Regulation EU 24/2014 (carbon
balance, diluted emissions) and from instantaneousass emissions, respectively.

Test KMA Bench PEMS-1 PEMS-2
[mL/test] [gltest] [mL/test] Dev% [g/test] Dev% /fgst] Dev% [g/test] Dev%
Test5 446 330 415 -7 303 -8 320.5 -3 324.2 -2
Test 6 460 341 422 -8 308 -10 339 -1 345.8 1
Test 7 437 324 408 -7 288 -11 316.2 -2 316.8 -2
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Table 6. Comparison of emissions factors measured tvithe standard test cell instrumentation (bench) ad the two Mini-PEMS
during legislative test cycles (WMTC and R47) on theoller bench. Variable volumetric efficiency was asumed (see text for
details). (1)Tests performed with the additional Min-PEMS No. 2.

Test Vehicle Cycle  Start HC CcoO NOx CO

Bench PEMS Dev Bench PEMS Dev Bench PEMS Dev Bench PEMS Dev

[9/km] [g/km] [%] [g/km] [g/km] [%] [g/km] [g/km] [%] [g/km] [g/km] [%]
1 1 R47 Cold 0210 0.192 -8 2681 2643 -1 0.14214%. 2 6559 6592 O
2 1 R47 Hot 0.192 0.200 4 3928 4.022 2 0.093 0.0¢32 59.23 56.76 -4
MAPD 1 R47 - - - 6 - - 2 - - 12 - - 2
5 2 WMTC Cold 0.115 0.113 -2 0814 0.930 14 0.142 0.143 1 472 7716 6
6 2 WMTC Cold 0.110 0.122 10 0.744 0.843 13 0.129 0.125 -B.77 8167 11
7 2 WMTC Hot 0.056 0.047 -17 0563 0611 9 0117 0.108 -7 .81 75.15 5
MAPD 2 WMTC - - - 9 - - 12 - - 4 - - 7
8 3 WMTC Cold 0.122 0.127 3 0904 087 -4 0131 0.109 -16.167 5497 -4
MAPD All All - - 7 - 7 - 9 - - 5
Min All All - - -17 - - -4 - - -22 - - -4
Max All All - - 10 - - 14 - - 2 - - 11
5() 2 WMTC Cold 0.115 0.113 -2 0.814 0.908 12 0.142 0.137 -3247 78.08 8
6(") 2 WMTC Cold 0.110 0.084 -24 0.744 0911 22 0.129 0.134 4377 8332 13
70 2 WMTC Hot 0.056 0.038 -32 0563 0617 10 0.117 0.102 -11.86 75.34
MAPD 2 WMTC - - - 19 - - 15 - - 7 - - 9
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Table 7. Exhaust concentrations (average), real-drimg emissions factors and fuel consumption during eroad trips.

Trip  Vehicle Start HC (6{0) NOx CcO HC (6{0) NOx CQ Fuel
[ppm]  [ppm]  [ppm]  [ppm]  [g/km]  [g/km]  [g/km]  [d{m]  [g/km]

1 1 Warm 3732 8895 335 106491 0.378 1.885 0.159 48 16.6

2 1 Hot 4037 5074 382 113468 0.426 1256 0182 51 7.31

3 1 Hot 3603 9349 328 121711 0286 1530 0.138 48 6.31

1 2 Cold 803 3947 276 119305 0.152 2447 0230 79 652

2 2 Hot 554 2476 271 115105 0.096 1230 0340 75 524

3 2 Hot 521 4785 371 115589 0.093 2538 0350 72 324

1 3 Cold 2099 17088 239 103994 0.256  6.218  0.104 45 17.7

2 3 Hot 1122 13423 293 101117 0.163 4581  0.127 41 155

3 3 Hot 1078 14923 238 100000 0.160  5.054  0.098 39 15.1
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Figure 1. Schematic of the test cell and laboratorinstrumentation. Exhaust emission measurements amgerformed at the tailpipe
and after dilution through a constant volume sample (flow rate =~ 5m¥min) by two independent gas analyzer systems. TheiM-
5 PEMS collects part of the raw exhaust; see text fatetails.
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Figure 3. Upper panel: Comparison of the exhaust éw from bench instrumentation calculated with the @, tracer method and

from the 2 Mini-PEMS during Test 5. Lower panel: Comparison of fuel consumption (i) measured by a dedi¢ad fuel flowmeter

(KMA); (ii) calculated with the carbon balance method using HC, CO and CQ mass emissions rates from bench instrumentation;
5 and (iii) calculated from Mini-PEMS No. 1 and No. 2.
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