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Abstract

Previous research of a proper margin value for Nitrogen Oxides to account for the additional measurement
uncertainty of Portable Emissions Measurement Systems (PEMS) as compared to standard laboratory
equipment in the context of the Real Driving Emissions (RDE) Regulation identified zero drift as an important
component of uncertainty.

This report describes aexperimental campaign carried out by the Joint Research Centre during 2018
2019 to assess zero drift of PEMS gas analysers under real life operafitie. instruments considered in the
analysis, fromfour large manufacturers, coveprobably the wholePBVIS market in EuropeThe tested
instruments belong to the generation of PEMS currently available in the market.

The results of the testing campaigfmeasuring zero every 220 min on the roadshowed that there is not a
systematic positive or negative dtif neither a systematic step nor linear drift for any of the pollutants
considered (NO, NOCQ, CO) for all PEMS manufacturers test€dn most of the tests performedhe zero

drift for NOx is lower than 3ppm under a variety of ambient temperature andimidity conditions. Additional
tests done on more stringent environmental conditions (high altitude mountain driving) show a similar pattern
for zero drifts of all pollutants. Vehicle technology (spark ignition or compression ignitREEIMS installation
location (cabin or trailer hook), ambient temperature and humidity, and altitddenot appearto be critical
elemens affecting the zero drift as results arsimilar for all the aforementioned conditions

In general, the evidence gathered during the cangmatoes not verify the worst case drift scenario used to
define the 0.43 N@margin and it can be used to justify a further reduction of the margin valigased on

the worst case scenario for zero driff the JRC testing campaigend considering the effet on a vehicle with

large engine displacement (largest effect in terms of NOx mass), the updated NOx margin that is proposed is
0.32



1 Introduction

Regulation (EU) 2016/427 (first regulatory package of the RBdVing Emissions regulation, RDE1) introdiice
on-road testing with Portable Emissions Measurement Systems (PEMS) to complement the laboratory Type |
test for the type-approval of lightduty vehicles in theEU.Subsequently, Regulation (EU) 2016/646 (RDEZ2)
introduced Real Driving Emissions (RDE) aanity factors (CF)for nitrogen oxides (N emissionsThe CF
requires full compliance with the Euro 6 limits but allows a margin to account for the additional measurement
uncertainty of PEMS relative to standard laboratory equipment (CF = 1 + margdy OFs were introduced in
two steps Cken = 2.1 applicableupon the request of the manufacturefrom September 2017 to all new
types(and September 2019 to all new vehicles), ands&F= 1.5 applicable from January 2020 for new types
(and January 2021for all new vehicleg Both regulations(RDE1 and RDEZ2¥ere consolidated in the
Worldwide harmonised Ligkduty vehicles Test Procedures (WLH8gulation (EU) 2017/1151 and further
developed by Regulation (EU) 2017/1154 (RDE3), which also introduc&Da&nconformity factor for the on
road test of solid particle number (PN)emissions(CF = 1.5)Recital 10 of the RDE Regulation 2016/646
foresees thatthe European Commission revisthe appropriate level of the final conformity factor in light of
technicd progress of PEMS task that has been assigned to the European Commission's Joint Research
Centre (JRCThe fourth and last RDE regulatory package Regulation (EU) 2018/1832 (RDE4) updateé@®xhe
CFina to 1.43 based onan ad-hoc review of the PEMS3neasurementuncertainty performed bythe JRCin

2017 (Giechaskieét al., 2018).

In addition to proposing a reviewed value for the NOx mardie, 2017 JRGeportlaid out the framework for
subsequentmargin reviews This methodological framework for calating the additional uncertainty of the
PEMS respect to laboratory equipment is based on the assessment of the individual uncertainty of the PEMS
components (gas analysers, exhaust mass flow metgositioning systemetc.) and considering the error
propagtion rule along the cascade of measurement systeingeal life operating conditions

The 2017 JRC repoitlentified the zero driftof gas analysersi(e. thedifferencein zeroreading betweerthe
pre-test and the posttest) as a major contributor to thk final value of the margin. The lack of experimental
data on zero drift throughout RDE tesdid not allow quantifying its influence on the uncertainty of the
measurement. Thereforéwo scenarios of the zero drift were hypothesized in order to calculie margin:

1 Alinear drift, in which zerdlrift occurslinearly from the beginning of théest and reache 5 ppm
(maximum permissible zero drifor NQJ) at the end of the test(120 minutes, which is the maximum
duration of an RDE test).

1 A step drift (worg case scenario), in which the 5 ppof NOx drift occus immediately at the
beginning of the test and remasiconstant for the wholeduration of the test. The step drift
hypothesis was considered for the establishment of the 0.43 margin to be used from0202

The objective of this report is to provide technical evidence of the zero thifin a dedicated experimental
campaignperformedby JRGon PEMS units ofour instrument providers coveringll commercially available
systems in Europe In addition, the efiect of ambient conditions (temperature and altitude) on the
performance of the PEMS and, the uncertainty of the exhaust flow meter is discussed based on the PEMS
testing activity of the JRC in the context of ket Surveillance pilot proje¢Valverdeet al., 2019).

Anewvalue for the NOx margin is proposed in light of the experimental results.



2 Experimental data

2.1 Zero drift campaign

2.1.1 PEMS used in the campaign.

With the aim of quantifying the zero drift of gas analysers under working operating conditianset of
dedicatedPEMS tests have been performbeg JRGn the periodMay 2018 to January2020.

PEMS units ofhe four main instrument manufacturersin Europewere used AVEMOVEHORIBA OBSNE
AIRPEMS(Gen2), and SENSORS SEMTEWOBV. All the instruments correspond to PEM#Mits that are
commerciallyavailable in the markefi.e., not prototypes bugxisting technolgy in the marke}.

The testing included tree different units of AVEMOVE and one unit of HORIBA @BSE, all belonging to
JRC In addition one unit of AIPPEMSand one unit of SENSORS SEMTEDM provided by AlFAutomotive
(Haldenwang, Germangnd SEISORSHrkrath, Germany respectively were useith the testing campaign.

Theunits of the four instrument manufacturers fulfil the technical requirements for PEMS as established by
the RDE regulation (Appendix Zable 1 summarises themeasurement principlesf the PEMS used.

Table 1. Measurement principlesf the gas PEMS instruments used in the zero drift campaign

PEMS manufacturer | AVL HORIBA AIP SENSORS

CO/C@analyser NDIR(®) NDIR() NDIR() NDIR(?)

NO analyser NDUV?) CLD() CLD() NDUV?)

NQ analyser NDUV?) Calculaed from | PAS(*) NDUV?)
NO and NOx

() NDIR: Nomispersive Infrared Detection
() UV:NonDispersivelltra-Violet Detection
() CLD: Chemiluminiscence Detien.

(*y PAS: Photoacoustic Spectroscopy

SourceJRC 2020.

2.1.2 Zero drift testing procedure.

For each test, thePEMSunit was installed on-board of o ¢ ° g cd”g ™ n ajggjrdib

recommendationsgither inside the cabin or on the trailer hooligure 1). The testing was performed
following the best practice for the preparation, the execution, and the follewp of emissions tests with
PEMSas described iValverde and BonngR018) with a single PEMS unit per te§the vehiclewith the PEMS
installed was soaked inside a facility with an ambient temperature between°@@nd 25 °C.For two of the

tests performed in January 202@Qvith the SENSORS univhen the ambient temperature was ~ @C, the

PEMS and the vehicle were soaked in the exterior toi@wbrupt changes of temperaturéollowing the

h\ i pa\ “opgrattonahf@quirements

The standardpre-test and posttest procedures weraystematicallyfollowed on all tests The PEMS waset

to sampk from the vehicle exhaust following the regulategrocedures. Aitrogen (\;) bottle, fulfilling the

specifications of SubAnnex 5 of Annex XXI to Regulati@017/1151, was placed orboard of the vehicle
(Figure 1) and at regular intervals of 10to 20 minutes (depending on the tesind the instrumen}, zeo

responsechecks were performed while the vehicle was runnfiefjowing a predefined routeThe N bottle

was connected tathe zero inlet ofthe instrument.By thismeans,the zero driftwas directlymeasuredalong

the duration of the test under real l& operation conditions (thus consideringe effects of vibrations,
temperature and humidityaltitude, etc. on the zero drift of the analysefs For the tests done with the AVL
MOVE, ach zero check lasted ~ 90 seconds,120 secondsfor the OBSONE ~ 100 secondsfor the AIR

PEMSand ~ 90 seconds for the SENSORS

ocC


https://www.avl.com/vehicle-development/-/asset_publisher/gYjUpY19vEA8/content/avl-m-o-v-e-gas-pems-is
https://www.horiba.com/en_en/products/detail/action/show/Product/obs-one-gs-unit-28/
https://www.aip-automotive.de/en/Products/Emission-Technology/Portable-Emission-Measurement
http://www.sensors-inc.com/Products/SEMTECH/LDV

The campaign covered three routes: 2 RDE compliant routes (RDEabia 2), and 1 route with only urban
drive uphill and downhill a mountain of 1100 masl (HighAltin Table 2). Additional details on the RDE
compliant routes (ESP and LAB) and the altitude route (SAC) are detailed elsewhere (Velvaird2019).0n
the altitude route, the cumulative positive elevation gain (1700 m/100 km) exded the permissible RDE
limit (1200 m/100 km) and it was driven in order to measure zero drift under stringent conditions ofarsk
assess potential influence of the altitude on the operation of the PEMSorder to collect as much data as
possible the ampling was not stopped at the end of the rowtdut when the vehicle reentered the facilities
just prior to the posttest procedure, whichead to measurements beyond the-Bour limit set on the RDE
regulation

In total, 27 zero drift tests were performé during the campaign on running vehicles. Three tests were done
with the HORIBA OBSNE (mounteadn a G-segment,diesel passenger carwith an engine displacement of
1560 co); four tests were done on the AIPEMS (on @&-segment,diesel passenger car witlan engine
displacement of1968 co); and four tests were performed with the SENSORS SEMTHOW(on a multi-
purpose diesel vehiclewith an engine displacement af968 cc) Sixteentests were performed with AVL
MOVE unitsfive tests with unit AVL:1, sevenwith AVI-2, and four tests with the unitAVL-3. TheAVI-MOVE

units were mounted on a variety of vehicles including 6 passenger cars (segments B and C) and 1 light
commercial vehicleDetails on instrumentsfrequency of zero checksiehicles and ambientanditionsduring

each testare presented inmrable 2.

The testing took place around the JRC Ispra site in Northern Italy in the period of May to Octobe(RULS
MOVE units), Augu€dctober2019 (HORIBA OBSNE unit)November 2019(AIRPEMS)and January 2020
(SENSORS SEMTHTH.

Figure 1. Overview of PEMS installations on the trailer hook for theee PEMS instruments assessed: a) AMQVE, b)
HORIBA OBSNE, c) AHPEMS, dpENSORS SEMTHECI and e)fixation of N2 bottle on-board the vehicle.

| L1 O g

SourceJRC 2020.



In order to further assess the zero drift, additional tests were performed with the AVL, HORIBA, and SENSORS
systems on static vehicles.

On one hand, three tests were done at const@mbient temperature with AVL and HORIBA units. During the
first static test with the AVEMOVE, the vehicle was kept with the engine off, whereas in the second test, the
vehicle was switched on and kept on idling with high idle accelerations ever@@in for the duration of

the test. Both tests were performed on vehicle 5 with A¥VImounted in the cabinTable 2) and the vehicle
was kept inside the testing facility to avoid influences of varying ambient conditions. One adalititatic test

was performed with the HORIBA OBS®IE mounted in the cabin of a vehicle that was kept inside the facility
at constant ambient temperature with the engine off along the test. All static tests hadig®t and posttest
properly performed andzero checks were done every 46 minutes for a duration of 2 hours. All
components of the PEMS were installed and used as if the vehicle was running an RDE test.

On the other hand, additional static tests were performed with the HORIBA, the SENSOR® AML PEMS

to assess the effect of a gradual change of ambient temperature on the zero drift. PEMS units were soaked in
a climatic chamber at an ambient temperature of Z&, the pretest calibration was also performed at 23C.

Then, periodic zero respse checks were performed at a regular interval of 10 minutes while the ambient
temperature was set to reach7 °C (reached afte©0-100 minutes) The posttest was performed at-7 °C.
Then, a pretest was performed at-7 °C and the zero drift was measureftr ~ 60 minutes at a constant?7

°C temperature (only for HORIBA and SENSORS). Then, on both instruments, zero drift was measured on the
ramp-up of the ambient temperature from7 °C to 23°C ¢ 60 minutes). On this third test, the préest was
performedat -7 °C and the postest at 23 °C. The test done on the AMLunit was done independently from

the PEMS of the other manufacturers, and it also included a test to check the zero drift change when the
ambient temperature was set to increase graduallyfina7 °C to 23°C.

Table 2. Overview of testing conditionsmcludingPEMS installation location (PEMS laambient temperature (T) and
relative humidity (RH) range and average (av.) conditidiee characteristics of the vehiclese fully described in
Valverde et al., (2019) using the same vehicle codes except for test809

| Eng Zero Range | Range
Test | Vehicle | cieiype | disp. Ef/g‘:e PEMSid | o ;ZZC" (av) T| (av)
[cc] [min] el RH [%]
TO1 | VW040 | Gasoline |1395 |RDEc | AVL1 Hook | 15 (1175;)24 2;32_)90
TO2 | NNO0O9 | Gasoline | 1197 |RDEc | AVI-2 Hook | 15 (1155;)20 ?70?:;30
TO3 | NNOO9 | Gasoline | 1197 |RDEc | AVL:2 Hook | 10 (1104)2 ° ?f?(;)?z
TO4 | OL002 | Diesel 1248 | RDEC | AVL3 Cabin | 15 (1270)23 ?;3?:;30
TO5 | PTO11 | Diesl 1499 |RDEc | AVL:2 Cabin | 15 (2223)24 ?fé)g)z
TO6 | OL003 | Diesel 1598 | RDEc | AVL:1 Cabin | 10 (1147)21 ?762_)83
TO7 | FTO61 | CNG 2999 | RDEc | AVL3 Cabin | 15 (2245;)36 (2427-;31
TO8 | VWO040 | Gasoline |1395 | HighAlt | AVL:1 Hook | 15 (125(3)24 ?77(;;38




Zero

Test i\élehicle Fuel type Eir;%. f:/‘;‘éte PEMSid | o EZZCk Z?/r.])geT (F;?/r.\)ge
[cc] [min] rel RH (]
TO9 | NNOO9 | Gasoline | 1197 | HighAlt | AVL-2 Hook | 10 (1271)24 ?575)73
T10 | NNOO9 | Gasoline | 1197 | HighAlt | AVL-2 Hook | 10 (1127)21 ?féfo
T11 | OL002 | Diesel 1248 | HighAlt | AVL:3 Cabin | 15 (1252)25 ?32-)78
T12 | PTO11 | Diesel 1499 | HighAlt | AVL:2 Cabin | 15 (2259)32 (2';:;12
T13 | OL003 | Diesel 1598 | HighAlt | AVI-1 Cabin | 10 (1272525 ?56‘;;37
T14 | OL003 | Diesel 1598 | HighAlt | AVL:1 Cabin | 10 (1271)23 ?518)6 °
T15 |FT061 | CNG 2999 | HighAlt | AVL3 Cabin | 15 (2;6)34 (23??:;16
T16 | FT060 | LPG 1368 | HighAlt | AVIL-2 Cabin | 15 (1253527 ?532_)91
T17 | OL003 | Diesel 1598 | Static | AVL:1 Cabin | 15 (2222)23 2?6)42
T18 | OL003 | Diesel 1598 | Static | AVL1 Cabin | 15 (11955)19 ?3?9;)39
T19 |- Diesel 1560 | RDEC | HORIBA | Hook |15 (1147)23 ?éZ_)m
T20 |- Diesel 1560 | HighAlt | HORIBA | Hook | 15 (1260)2 ’ ?511;)68
T21 |- Diesel 1560 | HighAlt | HORIBA Hook | 15 (1115;)23 ?704;)92
—_ ngiglinéEl 2487 | Static HORIBA Cabin | 15 (226(;)26 (7712-)72
T23 |- Diesel 1968 | RDEc | AIP Hook | 20 ?J)S ?7795)94
T24 |- Diesel 1968 | RDEc | AIP Hook | 20 (1112_)19 ?767_)89
T25 |- Diesel 1968 | HighAlt | AIP Hook | 20 o |

()

(98)




Eng zero Range | Range
;eSt i\éeh'c'e Fuel type | disp. ;‘;‘:e PEMS id EEMS ;:rZZCk @) T/ (av)
. . " 0
[ce] [min] [°C] RH [%]
. . 3-17 73-99
T26 | - Diesel 1968 HighAlt | AIP Hook 20 ) (99)
. RDEc 5-15 20-25
T27 | - Diesel 1968 in.soak SENSORS | Hook 15 7 22)
. RDEc -1-13 30-87
T28 | - Diesel 1968 out soak SENSORS | Hook 10 ©6) (60)
. HighAlt 7-19 16-49
T29 | - Diesel 1968 in.s0ak SENSORS | Hook 10 (11) (30)
. HighAlt 8-16 17-45
T30 | - Diesel 1968 out soak SENSORS | Hook 10 (12) (32)
T31 | - - - Static SENSORS | - 10 §3 to - 30-50
T32 | - - - Static SENSORS | - 10 -7 50
. -7 to
T33 | - - - Static SENSORS | - 10 23 20-70
T34 | - - - Static HORIBA - 10 ?3 to - 30-50
T35 | - - - Static HORIBA - 10 -7 50
. -7 to
T36 | - - - Static HORIBA - 10 23 20-70
T37 | - - - Static AVI:-1 - 10 23-7 30-50
T38 | - - - Static AVI:-1 - 10 273 to 20-60
SourceJRC2020.

2.1.3 Zero drift under drastic ambient temperature changes

The RDE regulation defines a set of boundary conditions outside whichpanh tests with PEMS are not
considered valid to assess emissions compliaagminstthe limits. Thevalid ambienttemperature conditions
range from-7 °Cto 35 °Cand are defined to cover most of the European driving conditj@rsl to meet the

temperature ranges in which PEMS can operate properly. In addition, vehicles and PEMS can be soaked at the
same range of tempratures including soaking in the exterior and in the interior of buildings. This range of

possibilities enables theptionto test a vehicleon the roadat cold ambient temperature-¢ °Q whereas its
soak and pretest has beenperformedinside a facilityat controlled ambient temperaturee(g.,25 °Q. The

same situation can occur at the end of the RDE test: a vehicle tested at cold ambient temperature in the road

may bedriven inside a facility wittmuchwarmer temperaturethan outside This drastic chaye of operating
conditions of PEMS instruments (i.e., changimpgto 40 °Cin few seconds) euld affect their measurement

performance




In this context,three ad-hoc tests were performed to evaluate the effect on zero drifbne test was
performed withone of the units of AVEMOVHEAVI:-1) on boardthe cabinof a diesel passenger car, with an
engine displacement of 187 cc, and two others with the OBSONE unitin the cabin ofa passenger car
(Table 2). For the test done with the AVMOVE, he vehiclewas soaked at ambient temperaturaside a
facility (=25 °Q. After the pretest operation, the vehicle was quickly drivgiew second$ inside a climatic
chamber with an ambient temperature o7 °Cand a relative humidity of 70%The véicle was kept with the
engine off and the PEMS was set tperform zero response checks every 10 minutesth an N bottle
connected in the zero inlet of the PEM8 between zero checks, the PEMS was sampling ambientT bg.
posttest was performed insid the climatic chamber and the zero drift was assessed.

The first test with the HORIBAOBS ONEeplicated the test protocol described above for the AMIOVEwith

the following differences: thevehiclewas soakedat 21 °Cand the climatic chamber was set toperate at-2
°Cand a relative humidity of 80%Also the vehicle was driven inside the climatic chamber using the electric
motor of the vehicleln the second teswith HORIBA OBSNE the vehicle was soaked inside the climatic
chamber at-7 °C the pre-test and main test were performed at that same temperatuaad after two hours,

the vehicle waddrivenout of the climatic chambeiusing the internal combustion engirte perform the post

test check at an ambient temperature of 23C Zero response checlgere performed every 20 minutes.

2.2 JRC PEMS data from market surveillance pilot project activities

Over recent years, the JRC has continuously measured-lighto t g cd”rg ¥n o\dgkdk"
support of the development of the RDE regulatidghe improvementof test protocols to identify defeat
devices and to assess emissions compliance in preparation of thesémvice conformity and market
surveillance duties. The erpad data gatheredthroughout 2018 on 19 Euro 6 vehicles with different
powertains, accounting forl85 PEMS tests, has been used to analyse the effect of weather conditions
(ambient temperature and humidity), altitude, and PEMS location (in cabin or in the trailer hook) on the zero
drift of gas analysers and drift of the exhaust n&s flowmeter.For this set of 185 tests, the zero drift, as
measured only from the prdest and posttest measurements, is assessed. Although no intermediate and
periodic zero response checks were performed during those tests the large number of testddemts
provide a robust approach to the analysis of zero drift in real operation of the PEMS under a wide range of
operating conditions.

The test routes, vehicles, and test conditions are detailed elsewhere (Vahatrdé, 2019). All considered

tests wee performed withthe AVI-MOVE unitsdescribed in section 2.1.1. The tests fulfilledtie RDE
regulation requirements for instruments, pitest and posttest procedures, and calibration gases. Most routes
complied with RDE requirements for driving dynamigisares of operation, altitude gain, etc. whereas, some
others did not (exceed v*a_pos95 limits, exceed cumulative positive elevation gain, exceed time duration, not
compliance with shares of operation per bin, etc.).

All the PEMSests conductedthroughout2018 have been systematically included in the analysis disregard if
their zero drift was above or below the permissible tolerancekests where a regeneration of the diesel
particle filter wasidentified have been also included in the analysiBable 3 summarises the PEMS tests
considered in the campaign.

PEMS validation consists in comparing the emissions of a given vehicle when driven on the chassis
dynamometer as measured simultaneously by the PEMS and laboratory standard eemiprihe PEMS
validation procedure is fully described in the RDE regulation (Appendix 3). During the routine activity in the
JRC, PEMS validations as performed in order to chieelcorrect installation and functionalitpf the PEMS.

The data of 23 PEMS Vidations performed on a variety of vehicles using the 3 AVL units on two different
JRC laboratories (VELA2 and VELAS8) is also considered in this PEMS margin assessment to evaluate the
performance of the exhaust flowmeter (EFM).

The resultsof the zero drit of NO and NG, and NOx were evaluated for different conditions oPEMS
installation location, ambient temperature and humidity, altitude, and fuel type of vehiaes, are included
in the analysis in chapte# below.



Table 3. Overview ofJRC 2018 PEMS test for Market Surveillance pilot project. The characteristics of the veniles
fully described invalverde et al.(2019) using the same vehicle codes.

Vehicle code # of PEMS tests PEMS id PEMS location
FDO009 10 AVL: 1 Cabn
LA002 8 AVL: 1 Cabin
OL003 9 AVL: 1 Cabin
RTO012 6 AVL: 1 Cabin
SA002 9 AVL: 1 Cabin
TA008 5 AVL: 1 Cabin
VWO040 13 AVI: 1 Trailer hook
VW042 12 AVL: 1 Trailer hook
FT060 11 AVL: 2 Cabin
HI1002 8 AVL: 2 Cabin
PTO11 15 AVL: 2 Cabin
S1001 8 AVL: 2 Cabin
STO01 6 AVL: 2 Cabin
NNO0O09 10 AVI: 2 Trailer hook
VO006 11 AVL: 2 Trailer hook
FT061 12 AVL: 3 Cabin
OL002 9 AVL: 3 Cabin
LROO1 12 AVI: 3 Trailer hook
MBO010 11 AVI: 3 Trailer hook
Source JRC2020.
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3 Results of the zero drift campaign

The results of the zero drift campaignare reported per PEMS manufacturer in the oraérexecution ofthe
tests. In all plots in this section, the vertical brown dashed lines indicate the minimum (90 minutes) and
maximum (120 minutes) time duration of an RDEsteaccording to the RDE regulatiofihe results presented

for NOx correspond to the sum of the absolute value of the zero drift of NO and the absolute value of the
zero drift of NQ.

3.1 AVL-MOVE

The zero drift for all measured gases (NO, N@Q, CO) betwer the pretest and the posttest fulfil the
permissible zero drift limits on 12/8 tests considered in the report (< 5 ppm for NO/M@Q, < 2000 for CQ,
and 75 ppm < for CO). One test (T03) slightly failed the CO zero drift (78 ppm), and three testsdedthe
NQ zero drift (T13 had a positive exceedance 6.7 ppm, whereas T06 and T10 had a negativesdsifand-
6.1 ppm, respectivelat the nonRDE compliant routgs

Results on zero drift are analysed both insi(RDEcand outside RDE boundary condits (HighAlt) Thethree
PEMS units wer¢ested on both types of routes(Table 2). The data presented correspond to the values
reported as zeraesponsefor each pollutant by the PEMS softwalee., average of the zero value ovdre
zeroresponsetime). NO and N@zero drift are assessed individually and in combination as Nitrogen Oxides
(NQ).

3.1.1 Nitrogen monoxide NO

NO zero drift is lower than £ ppm o all tests on all intermediate zero checks, both when operated in RDE
compliart routes Figure 2), and in the high altitude routeHgure 3), with 14/16 tests displaying a zero drift
within £1 ppm on all intermediate steps. NO zero drift is alwapglow the permissible valueallowed by the
regulationand bothpositive and negative values for zero drift are registered along the duration of the trip. As
a general trend for all tests done NO zero drift is stable around 0 ppm with little variability among vehicles
and routes. The largedrift is observed when the PEMS wasounted in the cabin ofehicle OL003 with a
negative-1.5 ppm step drift occurring at the beginning of the te€f06) and a positive +1.5 ppm step zero
drift after 30 minutes (T13).

Figure 2. NO zero drift over RDE compliant routes
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Figure 3. NO zero drift over the high altitude route
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3.1.2 Nitrogen dioxide NO

All tests on RDE compliant routes except TG&g(re 4) and on high altitude except T10 and T1Sdurce:
JRC, 2020.

Figure 5) had an N@ zero drift at the end of the test within the permissible zero drifis for NO drift, test

TO6 had a negative NOstep drift within the first ten minutes of the test-6.2 ppm) and the stayed stable

along the test leading to an invalid test at the end of the test. Similarly as for NO, T13 registered a positive
step drift of NQ (7.8 ppm) between 30 and 40 minutes. From that poittte NQ drift remained stable
around 7 ppm and led to the invalidation of the test for excess of zero diifis remarkable that the same
PEMS unit (PEMSL1 in the cabin of vehicle OL003) had a positive (T13) and a negative (T06) drift exceeding
the permisible £5 ppm on tests performed on consecutive days.

For the valid tests (i.e., NQrift at the end of the test within£5 ppm) most of the intermediate zero
responsechecks had arNG drift below +5 ppmfor both RDEc and HighAlt routes. However, RDEdests,

there is no general pattern for Nxero drift since some tests display little variability from 0 ppmQ1, T04,

TO5) while others have a linear positive driff07)that reaches circa 5 ppm after two hours of tesivhereas

for two tests (T0O2 and D3) there was a positive step drifslightly beyond 5 ppmon the first zero response
checks of thetests that went to 0 ppm again on the checks done afté® minutes.Both T02 and T0O3 were
tests done with the PEMS mounted on the trailer hook but becausew#s also a test with an installation on

the trailer hook and showed no drift, no direct relationship can be established between step drifts occurring
along the test and the PEMS installation location.

HighAlt routes displagd a similar behaviour as RDEecnes with little zero drift on certain testswith
installations in the trailer hook and in the cab{ii08, T11, T14), up and down steps in some other tests (T09,
T10, T12), andh step dift of -5 ppm occurring afted0 minutes of drive that is maintained until the end of

the test (T16) It is worth noting thatT09 is the only valid test during which an exceedance of the permissible
zero NO2 drift (6 ppm) is observed.

The tests with largest N@zero drift (either steps or linear), occurred on vehicles vgifark ignition (T02, TO3,
TO07,T09, T10, T16and compression ignition (TOd,12,T13). This observation points to the fact thte NQ
drift is independent from vehicle ignition and fuel type.
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Figure 4. NG zero drift over RDEompliant routes
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Figure 5. NG zero drift over the high altitude route
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3.1.3 Nitrogen oxides NOx

The permissible zero drift for NOs established in the RDE regulation to 5 ppm for the combinatidédrNO

and NQ since not all PEMS are technically designed to measure both pollutants individually. In the case of the
AVI-MOVEunits used in this campaign both pollutants are measured and observations show that N©
larger zero drift than NO and hendeis responsible for a larger share of the N@easurement uncertainty. It

is also important to remember that the NOGraction of the NQ emissions is not negligible, rangingZ% on

gasolines and up to 50% for modern diesel vehicles equipped with aidish

A\ o\ gt ataln20¥8J %2? md n ~

SuarezBertoaet al., 2019. It is therefore very important to measure accurately both NO and.NO

When combined, the NQero drift repeats essentially the behaviour of the N@ero drift described in section
3.1.2. Under RDE boundary conditioiidure 6), all tests have a N@zero drift below the permissible 5 ppm
in all zero checks except foF02 and TO3 whenNOx zeradrift is slightly above5 ppm between minutes 20
and 40 of the test, and T06, when &6.6 ppm step is registered since the beginning of the test. A more erratic

13



NOxzero drift behaviour is observed on the high altitude tesEdure 7) in particular for testsT09, T10and
T12where several up and down steps are measured throughout the duration of the tests.

Considering all tests done inside and outside the RDE boundary conditions, it is important to note that the step

drift hypothesis for positive NQzero drift is notverified (assuming a positive drift occurring at the beginning
of the test and being maintained all over it). With the data available, the worsk X€ro drift lies between
linear and step drift hypothesedefined by Giechaskiat al, (2018)

Figure 6. NO« zero drift over RDE compliant routes
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Figure 7. NO« zero drift over the high altitude route
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3.1.4 Carbon dioxide CO,

CQ zero drift is < 100 ppm on all testsand all zero intermediate checks, showirlgw variability among
different tests. Although there is somslight variationsof the zero responsevithin a given test(from 0 ppm
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to 100 ppm), the zero drift is one order of magnitude lower than the permissible @%Do drift (2000 ppm).
Results are similar for tests done on RDE compliant routégure 8) and on the high altitude testsHigure
9). No differences are observed on gQ@ero drift among different routes, PEMS installation location or
vehicles.

Figure 8. CQ zero drift over RDE compliant routes
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Figure 9. CQ zero drift over the high altitude route
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3.1.5 Carbon monoxide CO

CO has no margin assigned in RDE regulation. However, since it is currently measured with PEMS its zero drift
is also assessed.

From the tests performed in the campaigmith the AVEMOVE CO zero drift is always within its paissible
range allowed by regulation (x75 ppm), except for test TO3 which slightly exceeds the limit after 2 hours. For
most of the intermediate zero checks, both for tests within RDE boundafiégufe 10) and inthe high

15



altitude route Figure 11), CO zero drifties within £25 ppm and it is quite stable around 0 ppm. It is worth
noting that except for 1 test (T04) thdrift is always positive. Two tests show a positiviep zero drift T03,

T05) which occurs early in the test and then the drift is increasing linearly until the test énis$. assumed

that the CO zero drift is larger on the RDEc tests than on the HighAlt ones, as the former were performed in
the morning wien the warmingup period of the PEMS was not necessarily long enough to allow a proper
operation of the CO analyser (as it was the case on the afternoon tests on the HighAlt réutehger warm

up time of PEMS has been implemented to avoid this issuea asnsequence of this analysis.

Figure 10. CO zero drift over RDE compliant routes
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Figure 11. CO zero drift over the high altitude routes
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3.2 HORIBA OBSONE

Zero respnse checks were performeglery~15 minutes.The zero values reported in the intermediate checks
were calculated as the average of the zero response over the zeroing period.

3.2.1 Nitrogen monoxide NO

On the RDEc tesfF{gure 12), the ND zero drift is lower than 2.5 ppm along the trip and does not show a
linear positive drift as several upwards and downwards steps are measured. On the HighAlt Fogiiee( 13),
both tests show no drift for NO with intermediate meresponse checks below 1 ppm.

Figure 12. NO zero drift over RDE compliant routes

SourceJRC, 2020.

Figure 13. NO zero drift over the high altitude route

SourceJRC, 2020
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