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Abstract

A tunnel emissions study was conducted to (payliathlidate the Australian vehicle emissions softwa
COPERT Australia and PIARC emission factors. Theuimel fleet mix differs substantially from theesimge
on-road fleet, leading to lower emissions by facoabout 2. Simulation with theAl? software found that in-
tunnel air-flow roughly compensates for road gratimpacts on NQemissions. PIARC emission factors are
conservative and exhibit the largest predictioomstrexcept for one very good agreement for LDV,NO
COPERT Australia is generally accurate at fleetldor CO, NQ, PM, s and PM,, when compared with other
international studies, and consistently underesémamissions by 7% to 37%, depending on the oitut
Possible contributing factors are under-represiemats high/excessive emitting vehicles, inaccuratkeage
correction factors, and lack of empirical emissidata for Australian diesel cars. The study resi#imonstrate

a large uncertainty in speciated VOC and PAH emisfactors.

Graphical abstract
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Highlights

e Tunnel studies are useful to partially validateigkhemissions software

« Air flow in tunnels can compensate the impactsoaitrgradients on vehicle emissions

* Local fleet mix is an essential factor in validatistudies
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1. Introduction

Motor vehicles are a major source of air pollutaond greenhouse gas (GHG) emissions in urban areasca
the world. The close proximity of motor vehicleshe general population makes this a particulalgvant
source from an exposure and health perspectivs.igfilustrated by Caiazzo et al. (2013) who eatad that
total combustion emissions (particulates, ozonéhénU.S. account for about 210,000 premature dgzh
year, with motor vehicles being the largest contob, contributing to around 58,000 premature deptr year,

despite the fact that road transport only contgbutbout 7% to total P\ emissions.

Comprehensive measurement of vehicle emissionsamunetworks is cost prohibitive due to the langenber
of vehicles that operate on roads with differentssion profiles, large spatial and temporal valigbin vehicle
activity and many real-world factors that influeraraission levels (Smit et al., 2008). The environtak
impacts of road traffic are therefore commonly eatdd at different scales using transport and éonissodels
and, in the case of air pollution, dispersion axglosure models. Models are also required to matjegtions

into the future.

Vehicle-emission prediction software is well-esisied in Europe and the US. However, these modeis h
been found to not adequately represent Austrabaitons in terms of fleet mix, vehicle technologyel
quality and climate. Large errors of up to a factb20 have been reported when overseas modelsdirerly
applied to Australian conditions without calibrati(Gmit and McBroom, 2009). Therefore, two software
packages have been developed specifically for Alistr conditions, using comprehensive empiricahdiadm

major Australian laboratory emission testing proggaCOPERT Australia has been developed to estimate
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motor vehicle emissions at a regional and natitenadl, while a power-based mode\{P) was developed for

local assessments, as will be discussed in se2in

As models are simplifications of reality, their Itations and accuracy should be clearly establishbid paper

presents results of a tunnel emissions study thataenducted in Brisbane, Australia.

2. Method

2.1 Tunnel studies

There are several methods used to (partially) atdidehicle emission models, such as on-board emiss
measurements (PEMS), remote sensing, near-rogdality measurements and tunnel studies (Smit et al
2010). Like all validation methods, tunnel studiese specific strengths and weaknesses. A stréatiht
emissions are derived from a large sample of thead fleet under relatively controlled conditiottsgreby
adequately capturing inter-vehicle variability imigsions. The spatial resolution aligns better wi#tance-
based emission factors (g/km) commonly used incket@mission models, as compared with localised

validation methods such as remote sensing androadrair quality measurements.

However, there are also some challenges with tustodies. They represent only a limited range efrafing
conditions (typically ‘'smooth’, uncongested, higheed driving). As a consequence, validation resaltsot be
directly translated, for example, to commonly ocitig urban driving conditions at lower speeds. Telamay
also have significant uphill and downhill gradiergad in-tunnel air-flows affecting emissions. Rermore,
assumptions relating to the unknown proportionedfieles in cold-start mode and actual vehicle Icaés
required to make a comparison with model predistidtevertheless, tunnel studies provide a usefulcagh to

(partially) validate vehicle emission models foesific traffic situations.

Tunnel studies have been extensively used arowndahld to compare model predictions with observaldes
(e.g. De Fré et al., 1994; Hausberger et al., 2G@Her et al., 2005). In these studies, emissimiofs,
expressed as grams of pollutant per vehicle kiloengf/veh.km, subsequently denoted as g/km), aerrdaned
using the differences between the concentratiogldeat the tunnel entrance and exit, combined tuitinel
features (e.g. road length), traffic flow and ti@ffonditions, as well as either measured tunmefl@aiv or a
dilution factor based on a tracer gas (e.g) I®egression analysis is often used to develomragassion
factors (g/km) by time of day for basic vehiclesdas (e.g. light-duty vehicle, LDV and heavy-duhicle,
HDV). License plate information is typically recedito obtain a detailed breakdown of the on-roaeitflin

tunnels with distinct traffic flow patterns (e.g@parate bores for trucks), separate emission factr be
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produced. Tunnel lengths vary from a few hundretresgo 10 km. Several studies are done in turwigts
significant road gradients up to 4.2%. The avemgjime of measurement is typically one hour andltot

sampling times vary from 10 hours to a month (Snil., 2010).

2.2 Australian vehicle emissions software

COPERT (COmputer Program to calculate Emissiona RRmad Transport) is a globally used software tool
used to calculate air pollutant and GHG emissigndyced by road transport, and its scientific depelent is
managed by the European Commission. A dedicatettalias version of COPERT was developed to reflect
local fleet composition and driving characteristegl provide vehicle emission estimates for thetralian
situation (Mellios et al., 2013; Smit and Ntziashos, 2013a). The software has been adopted byatienal
Pollutant Inventory as the recommended model failomeehicle emission inventories and has been tsed

estimate motor vehicle emissions for all statestamitories in Australia (UQ, 2014).

COPERT Australia estimates emissions for 122 dlufamts and greenhouse gases. The software esmat
emissions of both cold-start and hot-running exhand non-exhaust pollutants. COPERT Australiaipted
emissions for 226 individual vehicle classes, wrdoh defined in terms of vehicle type (e.g. smaiggnger car,
large SUV, heavy bus, rigid truck, articulated kuduel type (petrol, E10, diesel, LPG) and ‘erogascontrol
technology level’ or ADRs (Australian Design Ruleshich are the vehicle emission standards adapted
Australia (equivalent to Euro standards since 2008 software accounts for various other factachss
driving conditions (average speed), fuel qualitypacts of ageing on emissions and meteorology @mbi

temperature and humidity).

The R\P software uses engine power (P, kW) and the chiargrggine powerAP, kW) to simulate fuel
consumption and Cand NQ (hot-running) emissions for 73 Australian vehiclasses for each second of
driving (Smit, 2013). BP has adopted the vehicle classification used IRERT Australia, but with a focus on
the most important vehicle classes. Similar to CRPRustralia, the software was developed using eoai
data from a verified Australian emissions datahveitie about 2,500 second-by-second emission tedttz]and
about 12,500 individual aggregated ‘bag’ measurésnasing real-world Australian drive cycles. Muitiiate
time-series regression models have been fittekletwet data using P ané as predictor variables. The input to
the model is speed-time data (1 Hz) and informadiomoad gradient, wind speed, vehicle loading @selof air
conditioning (on/off). This information is useddompute the required (change in) engine powerdohe
second of driving, and subsequently predict sednngecond fuel consumption and emissions. The softw

has been used to estimate vehicle emissions irl arbah networks using output from a microscopmgport
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model. The purpose was to estimate the impactsafaty intervention programs on vehicle emissigiag on-
road GPS measurements and to assess the impalgtsaohic speed limits on emissions (Smit, 2014). The
software is ideally suited to examine the combiimeplacts of vehicle speed, road gradient and piabefiow in
tunnels on emissions for all major on-road vehigpes (cars, SUVs, LCVs, rigid trucks, buses, altited

trucks).

PIARC (Permanent International Association of RGathgresses) publishes country-specific emissioioifac
tables that are widely used around the world torede emission levels generated in tunnels, anesass
ventilation requirements to maintain acceptablauimel air quality and visibility (PIARC, 2012) ARC
provides CO and NQemission factors (g/h), and opacity factor§/tmproxy for particulate matter) specifically
for the Australian on-road fleet. Emission rates @iovided for a range of speeds and road gradientsur
vehicle classes, i.e. petrol and diesel passerager light-duty vehicles (petrol/diesel mix) andsil heavy-

goods vehicles.
2.3 Measurements in the Brisbhane CLEM7 tunnel

Brisbane's Clem Jones Tunnel (CLEM7) has 4.8 kitwof one-directional 2-lane tunnels, with a cross-
sectional area of about 6(,tinking major Brisbane roads. To control for @bemissions, the tunnel is
subjected to forced ventilation through a comborat of jet fans inside the tunnel and exhaust lizceted near

the portals. Air monitoring equipment was instaliledhe north tunnel ventilation vent on 25 Augéi4, as is

shown in Figure 1.

Figure 1 — Installing measurement equipment inGhEM7 Northbound tunnel vent.
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Air-monitoring data (five-minute average) was colls in the vent for 9 days for CO, NO, N®IO,, PM; s,
PMyq, speciated volatile organic compounds (VOCSs) asigdgyclic aromatic hydrocarbons (PAHS), as well as
variables quantifying conditions in the tunnel véemperature, relative and absolute humidity, aheric

pressure).

Nitrogen oxides (NO, N& NO,) were measured using a light emission (chemilustant) analyser (Teledyne
API200). Carbon monoxide (CO) was measured witmfared absorption instrument utilising the gdiefi
correlation technique (Teledyne API300). Partidaaentrations were measured with a Thermo Scieritff05-

DF TEOM Continuous Dichotomous Ambient Air Monitor simultaneously measure RMand PM,.

In contrast to high-resolution (5-minute) measunetmef CO, NQ and PM, sampling periods for VOCs and
PAHSs are 24 hours or longer and they were not cctieduor the full measurement period. Evacuatedstens
fitted with timers and critical orifices were ustedtake VOC samples over a 24-hour period on seiglelays

in the tunnel vent. Some canisters experiencedgmbwith the timer and did not provide a sampémn§les

were successfully collected for a total of four glajjhe canisters were then sent for laboratoryyaisalising gas
chromatography and mass spectrometry (GC/MS) iardanice with the US EPA Compendium TO-15 analysis
method. PAHs have been collected using a low-volameampler in combination with a frit and a saorbe
cartridge (XAD-2 resin) over an approximately nitey sampling period. After sampling, they were astied
together to obtain the gas-phase and particle-esedd®AH concentrations. Gas Chromatography —-High

Resolution Mass Spectrometry was used for the Paxtadysis.

The pollutant monitoring data were checked by pred post-test calibration, as daily calibrationZero and
span values could not be carried out during thiepiesod. Particulate matter monitoring data caéeowith the
TEOM instrument were verified according to AustaliStandard AS/NZS 3580.9.13:2013.

Tolling statistics are continuously collected at #xit of the northbound tunnel using camera-imggin
technology. License plate numbers (LPNs) are ctband date-time stamped for each vehicle thaegabe
cameras. Each vehicle is then classified as a matla, car, light commercial vehicle (LCV) or heavy
commercial vehicle (HCV) using height, length anidttv of each vehicle, which are determined when the
vehicles travel through a specific zone on the réé&glre 2 shows the variation of traffic volumesrg through

the tunnel by hour of day and day of the week.
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153 Figure 2 — Average total traffic count by hour afydand by day of the week.

154  Figure 3 shows a time-series plot of measureq &@centration levelgi§/n) in the north ventilation stack,
155 including the urban background concentration lewedgasured at South Brisbane station. The dailyatiani in
156

traffic flows is clearly visible in the concentrati data, as is the difference between weekdaysvaeend (30
157 and 31 August).
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159 Figure 3 — Hourly averaged tunnel vent N®@ncentrations (N@equivalents) and urban background
160 concentrations.



161 2.4 Emission computation

162 Examination of five-minute data was performed teaththe quality and validity of the raw concentrati

163 measurements, before hourly averaged values werputed. Tunnel emissions were computed by multiglyi
164 hourly-averaged measurements of time-aligned aokignaund-corrected concentrations by tunnel aivftiata
165 (m%h). Ambient concentration data from nearby moifipistations were used to estimate concentratiptiea
166 tunnel entrance point. Hourly vehicle travel in thenel is quantified with a variable called ‘vdki&ilometres
167 travelled’ (veh.km/h). Hourly VKT were computed thltiplying total traffic volume (veh/h) deriveddim

168 tolling statistics with total distance (km). N@®missions were corrected for humidity.
169 2.5In-tunnel fleet mix

170 The LPN data were cross-referenced with vehiclestedion information from the Queensland Departhodn
171 Transport and Main Roads, and individual vehiclesenallocated to one of the 226 vehicle classed inse
172 COPERT Australia. About 13% of LPN could not be chad with Queensland vehicle registration data,
173 reflecting unidentified license plates and the iporbf inter-state and unregistered vehicles. A garson
174  between the average Queensland fleet (UQ, 2014bhanid-tunnel fleet based on analysis of liceratep

175 numbers revealed that there are significant diffees.

176 Whereas the VKT weighted proportion of diesel aattq/E10 vehicles is similar (~ 29% and ~70%,

177 respectively), the tunnel has higher proportiometlium passenger cars and SUVs, as compared with th

178 Queensland average fleet. Importantly, the velfiekt in the tunnel is substantially younger witktter engine
179 and emission-control technology, as compared \highatverage 2010 Queensland fleet. This is parplamed

180 with the difference in base year, but also expettigdflect a tendency for newer vehicles to uieddunnels.
181 The impact of fleet mix on emissions is furthercdissed in section 3.3.

182 2.5Road gradient and air-flow

183 In-tunnel air speeds are measured continuouslywandfrom 7 to 18 km/h, depending on the time of.déhe
184 road gradient profile of the tunnel was determifrech tunnel design maps. In-tunnel driving behavieas
185 recorded and analysed in a brief measurement cgmpétraffic conditions by driving a car in andand the
186 CLEM7 tunnel on 27 August 2014 in the morning pkakr (8:30am — 10:00am) using the ATLASdmart
187 app (Safi et al., 2015). Driving behaviour in thartel can be characterised as ‘free-flow freewaditmns’

188 with an 80 km/h speed limit. Using this informatiohe RAP software was run to quantify the combined impact

! Advanced Travel Logging Application for Smartphones .



189 of road gradient, (piston) air-flow and tunnel @iy conditions on vehicle emissions. Two inputdfileere
190 created: 1) a second-by-second input file for im&l vehicle speed, (variable) air speeds and goadient
191 (Figure 4), and 2) a second-by-second input filnwhe same vehicle speed profile but with zerspéed and
192 zero road gradient (‘base case’).

193 Total emissions (grams of NDwere then calculated for each tunnel journeyafeange of in-tunnel wind
194 speeds, and divided by total tunnel distance topttenaverage emission factors (g/km) for LDVs ami.
195 By dividing these composite emission factors with tase case’ values, correction factors were cioecpas a
196 function of in-tunnel air speed. The results arshin Figure 5. COPERT Australia emission facfordNO,

197 are corrected with these values.

198
4 Vehicle speed
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200 Figure 4 — Visualised second-by-second input bietiie AP software, including in-tunnel air speed (range),

201 road gradient profile and vehicle speed for tunnel.
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Figure 5 — Correction factors for combined roadigrand in-tunnel air-flow impacts on vehicle entgssiin the
CLEMTY tunnel for LDVs and HDVs as computed with &P software.

The road gradient effect on in-tunnel emissiorsulsstantial with an approximately 20% net incréage¢O,
emissions (air speed is zero km/h). However, imélair speed is predicted to have a significamtaot on
emissions: it roughly compensates for the impattead gradient at higher air speeds due to reduced
aerodynamic drag. The average correction factothierfull measurement period, accounting for vdeidi-
tunnel air-flows, is therefore small: 1.01 and 1f@8LDVs and HDVs, respectively.

2.6 Sart emissions

Cold starts contribute significantly to total vdeiemission loads, on average, 42%, 31%, 7% antb5%éal
emissions of CO, VOCs, N@nd PM s, respectively, for the Queensland fleet (UQ, 20T#e extent to which
in-tunnel vehicles are in cold-start mode is diffi¢o determine, and would require a detailed gsialof start
location and distance driven to the tunnel enthisTnformation is not readily available. Howevgiven that
the bulk of cold-start emissions are typically gedtin the first minute of driving (Smit and Ntziaistos,
2013b) and the long length of the tunnel, it isestpd that most vehicles will be driving in hot-ning

conditions. As a result, the unknown impact of estigt conditions is expected to be insignificant.

10



219 2.7 High-emitters

220 Vehicle ageing has a significant and unavoidaliecefincrease) on vehicle emissions, and thigigavated
221 by poor maintenance and tampering. Vehicle fleésgions are dominated by a small percentage ofihig
222  emitters’ with excessive emission levels, which besn confirmed by different types of emission &tsid
223 including laboratory test programs (e.g. Sjodin badner, 1995; Pierson et al. 1999, Choo et aD72BTA,
224 2009) and remote sensing studies (e.g. Zhang, di98l5, NIWA, 2008; 2015). Studies have shown that
225 emissions from ‘high-emitting’ vehicles can beeadt 50 times higher than a properly functionintglgat car
226 (e.g. Sjodin et al., 1997), and improper mainterdaad tampering) has been indicated as the pah@ason
227  for the skewness of vehicle emission distributidriee latter will remain unchecked and unverifiedha

228 absence of inspection and repair programs, agisabe in Australia.

229 Recent remote sensing studies (Park et al., 2QdRjest that the skewness of (~1 Hz) emission Higtans for
230 CO, hydrocarbons (HC) and N@as increased over the last decade due to higtirggniehicles, whereas fleet-
231 averaged emissions have decreased considerabiyBét al. (2012) reported that 1% of on-road Jebim the
232 USA contributed about 10% to total vehicle emissionthe late 1980s, and that this contributiod%f of on-
233 road vehicles now has increased to about 30%.iFhis some extent, also caused by the the irregniéssions
234  behavior of modern cars, which is increasingly abtarised with low emission levels and brief andda

235 emission peaks (e.g. De Haan and Keller, 2000;,2it3).

236 This change in on-road emission profiles reflests main trends 1) the penetration of cleaner vekiaito the
237 fleet over time due to increasingly strict emissstendards and improved control technologies witigular
238 emissions behaviour, and 2) the presence of vethilolt are badly tuned or have been tampered dtre

239 engine issues and/or have malfunctioning or péuthgtioning emission control systems (catalysts\dda

240 sensors, faulty fuel caps, fuel injector malfunetioworn turbochargers, clogged air filters etdt)is noted that
241 there could be other reasons for the occurrengelttles with excessive emission levels than tampgeengine
242  (tuning) issues and malfunctioning emission corggsitems, such as poorly retrofitted fuel systenasta some
243 extent even heavy loads.

244

11



245 3. Resultsand discussion
246 3.1 NO,to NOyratios

247 NO,to NQ, ratios are of interest as they quantify the proporof NQ, that is directly emitted as NOThe box-
248 and-whisker plot in Figure 6 shows that Ni©® NG, ratios are typically 0.15 during times of day wsilgnificant
249 traffic volumes (6 AM — 8 PM). This is in line witxpected mean primary N@missions at fleet level (e.qg.

250 Soltic and Weilenmann, 2003; Carslaw and Beev&@5R COPERT Australia predicts an average ratid. b3.

—_

o

= Io v Tféig

%Emgﬁﬁéﬁ D
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252  Figure 6 — Box-and-whisker plot of measured,N®NQ, ratios in the tunnel by hour of day.
253 Red line shows the predicted ratio with COPERT ralist.

254  Atmospheric photo-oxidation produces ozone in th@n atmosphere, which reacts with NO in e.g. \Vehic
255  exhaust producing NOThis reaction occurs relatively fast in heavyficked areas, including tunnels, resulting
256 inreduced ozone concentrations and elevategiddé@centrations (e.g. McConnell et al., 2006). ilyhty NO,

257  concentrations are substantially reduced (Figuan@)ozone formation ceases. On balance, td®IQ, ratios
258 can be high at low ambient concentration levelgi¢ally 0.75 to 0.90). This effect is visible ingkire 6, where
259 NO,to NQ ratios in the tunnel are higher at night (arourb) At night, traffic volumes in the tunnel area|
260 (Figure 2) and ratios are more affected by ambigtits. This suggests that for model validatiasyrs with

261 small traffic volumes should not be used as thesasurements can be significantly impacted by piategrtrors

262 in estimated background concentration levels.

263

12
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3.2 Model prediction errors

Figure 7 shows hourly emission predictions and olag®ns in goodness-of-fit plots for each pollutahdot
point represents one hourly value. The grey dagbetines indicate a perfect fit without bias. Any ghmtints
on this line show model predictions that are edeivieto observations. If a point lies below thé #be, the

model under-predicts, and if is lies above theli#e, the model over-predicts.
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Figure 7 — Hourly COPERT Australia predictions wsreneasured tunnel emissions by pollutant (recHine
linear regression line, red shading = 95% confidantervals).

A linear ordinary least-squares (OLS) regressiodehwas fitted to these data:

P=pB0+ ¢ Equation 1

13



274 In this modeP represents a vector of hourly predictio@sthe vector of hourly observatiorjs a vector of

275 regression coefficientg¥, £ ande is the vector of error terms.

276  This model is useful as the slog#&)(can be used to estimate the systematic erroiasrih COPERT predictions
277 in relation to the measured tunnel emissions. Tedficient of determinationR¢), estimated intercepbd) and

278 slope by) and bias are shown in Table 1.

279 Table 1 — Model performance statistics showingdittegression coefficients gtandard errop-value),

280 coefficient of determination and bias.

Pollutan bo b, R? Bias
Cco +5.66+ 99.61 p = 0.955) 0.63 0.02 p < 0.001) 0.8¢ -37%
NO, -89.40+ 56.13 p = 0.114) 0.74: 0.02 p < 0.001) 0.€3 -26%
PM; s +10.10 +3.61 p = 0.006) 0.8@ 0.04 p < 0.001) 0.7¢ 7% ?
PMyo +13.96 *4.63 p=0.003) 0.74- 0.04 p < 0.001) 0.78 -14% "

281 2 bias for an average concentration value ofi@/fT, bias is a function of observed concentrationrmmgies from +52% at the lowest measured
282 concentration to —13% at the highest measured otratien,” bias for an average concentration value of Ig4r, bias is a function of observed

283 concentration and ranges from +32% at the lowesisomed concentration to —19% at the highest medsorcentration.

284  Fitted intercepts are expected to be zero as zeiss®dn predictions (no vehicles in the tunnel)udtio

285 correspond to zero emission measurements. Theémtsrare not significantly different from zero @® and
286 NO,, but are significantly different for PM. One cadhtrting factor is that background concentratiorele\are
287 relatively high for PM (on averagep®)/m’ for PM,s and 14ug/m® for PMyg). As a consequence, errors in
288 background concentration data can significantlydotpn the results. There are also significanedifices
289 between the empirical base for the COPERT softanacethe tunnel results that may significantly affec
290 measured PM mass concentrations, and can disfmetted relationships with regard to traffic volurdeying
291 conditions and fleet mix. Whereas laboratory eroissheasurements are conducted under strictly dbéind
292  controlled conditions, the tunnel PM samples meaparticles that have aged (typically 8 minutesraft
293 emission from exhaust pipe) and have undergoneagwecesses such as nucleation, coalescence and
294  condensation, as well as absorption to and reiantemt from tunnel walls. Tunnels are also uncdldoin

295 relation to non-exhaust PM emissions, and coulsidmficantly influenced by e.g. trucks carryingstiuloads.

296 The regression model suggests that the predictiiware under-estimates emissions by 7 to 37%, riiipg on
297 the pollutant. These validation results appeartodiatively good. For instance, a review of 5@iinational

298 vehicle emission model validation studies showed tbported model prediction errors are generailliyivva
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factor of 2 for NQ and within a factor of 3 for CO and PM, althougtiedences as high as a factor of 5 have
been reported (Smit et al. 2010).

A plausible factor for this consistent underestioramay be (in part) an incomplete representatiotiné
COPERT Australia emission factors of vehicles wiiih or even excessive emissions (‘high-emittees)was
discussed in section 2.7. This issue has beentegpior other studies. For instance, NRC (2000) icened that
under-representation of emissions from high-ensitiethe US MOBILE model was one of the chief reasior
MOBILE under-predicting real-world fleet emissiodsrelated factor could be inaccurate computation o
ageing effects of Australian vehicles. Although G&BH Australia simulates the effects of ageing wi¢meric
mileage-correction algorithms, they are basedmitdid non-Australian data. In fact, recent researaigests
that these correction algorithms underestimatenggeffects on emissions substantially and thusiredurther
calibration (Borken-Kleefeld and Chen, 2015).

3.3 Model prediction errors by vehicle class

Consideration of vehicle class specific predictéorors facilitates cost-effective and focused viehgnission
measurement programs that target specific vehiakses, which show substantial discrepancies batwee
observed and predicted emission factors. Compesitssion factors (g/km) were computed by dividiogity
tunnel emissions (g/h) by total hourly travel (\eh/h). Hours with reduced average speeds lessAbh&m/h
(e.g. due to tunnel maintenance) were removedgorerhnomogeneous and comparable traffic conditions.
Hourly data with less than one vehicle going thiotige tunnel per minute were also removed. Thisportant
because hourly data with a small number of vehicdasbe significantly influenced by errors in urban
background concentrations, in particular for palhis with relatively high background levels suclpagicles

(PM), as was discussed previously.

The hourly composite emission factoes dre plotted against the percentage of heavy-aeficles (ppv). An
example for NQis shown in Figure 8. Figure 8 shows the hourhntl data, as well as the hourly predictions
with the COPERT Australia and\P model. The significant variation in the COPERTstkalia and RP model

predictions reflects the impact of the changinegtfimix for each hour of the sampling period inglike tunnel.
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Figure 8 — Measured and predicted ,NSOmposite emission factors for each hour, fitegression models with
95% prediction intervals and outliers.

A two-step approach was employed in the regressiatysis for the tunnel data. The occurrence oéssive-
emitters in a particular hour is expected to sutiithy increase the composite emission factorrtg/knd will
show up as outliers in the computed emission factors important to include these valid outliergshe

determination of composite emission factors fromithtunnel measurements. However, this posesfapeci

issues in the model-fitting process that need tadukessed.

Therefore a robust weighted linear modelling (RWLApproach was first used ientify these outliers. This
regression is weighted with the total VKT for edchur to account for the higher accuracy of datafgoiith
more vehicles. Any hourly emission value that edsetbe median value plus three times the (robtestdard

deviation is tagged as an outlier (shown as blatid gots in Figure 8).

As the second step, a (VKT-)weighted ordinary leasiares (OLS) linear regression was performedhemniata

without outliers. The regression model is definsed a

e = en Pn + B Pupv + & Equation 2

Hereg, is the mean of the hourly emission values thatwegged as outliers, apglis the proportion of outliers

in the data. It is thus assumed that high-emitgferm a small portion of the fleet and occur ramdly in time,
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and 2) are not significantly affected by the praioor of HDVs. For the CLEM7 data the number of fowith
outliers (significant ‘high-emitter impacts’) wa%w2for PM, 3% for NQ and 4% for CO. This percentage is in
line with overseas reports. For instance, Chod. é2@07) analysed 837,829 Inspection and MainteadtiM)
test results and found that approximately 4.6%llofednicles are labelled as ‘gross polluters’. Tigh-emitter
offset (g x py) in equation 2 typically adds an offset value 0f15% to the mean emission factogfp= 5%).

A similar weighted ordinary least squares (OLSgdinregression model was fitted to the COPERT
Australia/RAP model predictions (Equation 2, but without thghkémitter offset term).

After model fitting, light-duty and heavy-duty ersien factors were computed by using,pvalues of 0% and
100%, respectively, in the linear regression mofiglgeach pollutant. Table 2 shows predicted arstpled

emission factors for LDVs and HDVs, including 95&ntidence limits.

Table 2 — Composite emission factors (mg/km) irfioning conditions for LDVs and HDVSs, including%5
confidence limits and comparison with COPERT Au&tfBAP and PIARC.

Pollutan COPERT Australi/PAF PIARC CLEMY Tunne
Light-duty vehicle (pppv = 0%),

CQo 718429 (1,662f* 2,466 * 1,370+79

NO, 307+23 (681)*"* 504 519436

PM; 5 13+1 (26)°* - 15+2

PMyo 18+1 (32)° - 21+3
Heavy-duty vehicle (pupv = 100%

CQo 941+340 (1,055f 1,3(8* -90+939

NOy 3,780+273 (6,6347°* 7,53¢* 4,771+435

PM; 5 124412 (134) - 137+26

PMio 142+12 (149)° * - 210+36

2 prediction for Queensland average fleet withirckeds, ® COPERT prediction includes\P correction for tunnel road gradient and air-flow,
€962 mg/km if corrected for road gradient impattstatistically significant difference with obsetians (p < 0.05)

Table 2 shows that the fleet mix in the tunnel déarge impact on predicted emission factors. Wais already
visible in Figure 8, which shows the variation iegictions solely due to variation in the in-tunfieet mix. In
addition, COPERT Australia predictions for #erage Queensland fleet produce LDV and HDV emission
factors that are a factor of 1.7-2.3 and 1.1-1ghéi, respectively, as compared with the in-tufieet. These
results shows the sensitivity of model predictitmghe local fleet mix, and indicates that detaltezhl fleet mix

information should be explicitly considered in dafion studies.
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The PIARC emission factors for CO and N@flect the in-tunnel fleet mix and are substdiytisigher than
COPERT in all cases, varying from a factor of D815, depending on the pollutant and vehicle cléksse

results indicate that PIARC emission factors amegaly conservative.

In terms of prediction errors, comparison of theamged and predicted emission factors show thegeral
cases the differences between observations anittioed are not significantly different from zenqp< 0.05),
i.e. PIARC: LDV NQ, COPERT Australia;: HDV PM;, LDV PM;o, HDV CO, as is shown in Table 2.

The PIARC and COPERT Australia CO emission factoré.DVs are 81% higher and 48% lower, respectiyvely
than the value measured in the tunnel, and théfseatices are statistically significant (p < 0.05)possible
reason for the underestimation of CO emissionsGOFPERT could be additional emissions due to coldsstnd
road gradient. The unknown impact of cold-startditions is expected to be insignificant, as disedss

section 2.6. The PIARC method suggests an incieake CO LDV emission factor of 34% due to road
gradient effects in the tunnel. Correcting COPERIEt#alia predictions with this correction factoduees the
prediction error for COPERT Australia from -48%-89%. It is suggested that high-emitting vehictethie on-
road fleet and possibly inaccurate mileage cowadtctors play a significant role in the underestion, as

will be discussed later.

A negative HDV emission factor is estimated for @ith the tunnel model, with a 95% confidence ingmf -
1.0 to +0.8 g/km. This large uncertainty is theuhesf substantial variability in observed CO envss and
significant extrapolation (B > 0.22). The COPERT Australia CO emission factorHDVs is 0.9£0.3 g/km
and is not statistically significant (p < 0.05).IGatart effects on the CO HDV emissions are exqubtd be
insignificant. The PIARC method applied to the CLEMInnel suggests an increase in the CO HDV ennissio
factor of 6% due to road gradient effects. The catiegh PIARC CO emission factor for HDVs is about 40%
higher than the COPERT Australia value.

COPERT Australia predicts an average LDV NOx ernois$actor of 0.7 g/km for the Queensland fleet, dut
substantially lower value of 0.3 g/km for the atfileet mix in the tunnel. These values have besrnected for
the impacts of road gradient and piston air-flovthia tunnel, using theAP software (Section 2.5). The
corrected LDV COPERT Australia N@mission factor is 40% lower than the (humidityreoted) value
measured in the tunnel and this difference issiagilly significant (p < 0.05). This may reflechigher-than-
expected proportion of (diesel) vehicles with manance issues. The result is of interest as thexdack of
empirical vehicle emissions test data for Australight-duty diesel vehicles in particular. Thidrscontrast to

light-duty petrol vehicles for which extensive egiim test programs have been carried out in Austras a
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consequence, European emission algorithms forldiasg were directly used in COPERT Australia, afisl

the only vehicle type for which Australian vehielmission measurements have not been available.

The PIARC NQ emission factor for LDVs is almost equivalenthe bbserved value. However, PIARC
overestimates the N@mission factor for HDVs with 60% and this difface is statistically significant (p <
0.05). The tunnel measurements produce a compg#BXeNO, emission factor of 4.7 g/lkm. COPERT
Australia predicts an average HDV N@mission factor of 6.6 g/km for the Queenslandtflout a substantially
lower value of 3.8 g/km for the actual fleet mixtie CLEM7 tunnel. These values have been corrdotetie
impacts of road gradient and piston air-flow in thenel using the &P software. The corrected HDV COPERT
Australia NQ emission factor is 19% lower than the value mesbur the tunnel, and the difference is
statistically significant (p < 0.05). This may et heavy-duty diesel vehicles with e.g. mainterdssues and

elevated NQemissions that are not yet fully reflected in soéware.

COPERT Australia predicts an average LDV RMnd PM, emission factor of 26 and 32 mg/km for the
Queensland fleet, and a substantially lower vafue8and 18 mg/km for the actual fleet mix in thanel,
respectively. This value is about 10-15% lower ttf@value observed in the tunnel, but this diffiegeis only
statistically significant for P (p < 0.05). COPERT Australia predicts an averag&/HPM, s and PM,
emission factor of 134 and 149 mg/km for the Quieertkfleet, and a lower value of 124 and 142 mgitnthe
actual fleet mixes in the tunnel, respectively, althis about 10% and 30% lower than the observatkgallhe
difference is statistically significant (p < 0.08) PMy, only. These results indicate that overall preditirrors
(under-estimation) for PM are small, but more digant for HDVs. Given the range of factors thainicate
validation for PM that were discussed before, thresalts show a remarkably good performance of GOIPE
Australia.

The analysis of vehicle-class specific predictiooies has shown that largest prediction (%) eforCOPERT
Australia are observed for LDVs for the majoritypafilutants (CO, NQ PM, ), except for PNy where HDVs
have the highest (relative) error. PIARC emissictdrs generally show the largest prediction erexsept for
one very good agreement for LDV N@omposite emission factors in COPERT Australearat significantly
different (p < 0.05) from those observed in thentlrin 25% of the cases. COPERT Australia emisiotors
for LDVs and HDVs have prediction errors rangingnfrabout 10-40%. It is suggested that high-emitting
vehicles in the on-road fleet play a significarerim the underestimation.

3.4 VOC emission factors
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421 Individual hydrocarbons include gas-phase VOCs;plase semi-volatile hydrocarbons (also commonilgeda
422 SVOCs) and particulate-phase hydrocarbons, wheréertsation of semi-volatile HCs on aerosols occiins.
423  exact definition of the hydrocarbons varies inrlitere and depends on the measurement equipmeht\UQ€s
424  are roughly defined as being-C,, hydrocarbons, SVOCs as&C,s (mainly alkanes and aromatics) and
425 particulate phase hydrocarbons ag.CAnalysis of the VOC canisters identified 28 widual VOCs above the
426 limit of detection, which are mainly alkanes, alolhand aromatics. Table 3 shows the results.

427 Table 3 — Measured and predicted emission factoggkin) for speciated VOCs standard error).

Speciated VO Tunne COPER™ Australia Error
Ethanol 27.0 ¢5.6) - -
Acetone 15.9 ¢0.9) 0.2 -99%
Toluene 14.0 ¢1.0) 4.7 -66%
Xylene (m-& p-) 11.5 ¢3.1) 3.9 -66%
2-Methylbutane 7.6 ¢0.8) - -
Pentane 6.1 ¢0.8) 3.4 -44%
Benzene 5.6 ¢0.8) 2.1 -62%
Methylene-chloride 4.7 ¢3.6) - -
1,2,4-Trimethylbenzene 3.9 ¢£1.5) 11 -71%
Hexane 3.0 ¢0.6) 1.1 -62%
Xylene (0-) 3.0 ¢1.0) 1.9 -36%
Undecane 2.6 ¢£1.4) 0.3° -88%
4-Ethyltoluene 2.5 &1.5) - -
Cyclohexane 2.4 ¢0.8) 0.3° -86%
p-Diethylbenzene 2.4 ¢1.4) - -
Decane 24 ¢1.2) 0.2 -93%
Octane 2.2 ¢£1.3) 0.2 -93%
1,3,5-Trimethylbenzene 2.2 ¢l.2) 0.4 -83%
2,2,4-Trimethylpentane 2.2 ¢£1.2) - -
Nonane 2.1 ¢1.1) 0.1 -97%
Styrene 2.0 ¢1.1) 0.2 -87%
Heptane 1.9 €&1.1) 0.8 -59%
Ethylbenzene 1.8 ¢1.0) 2.3 +24%
Acrolein 1.8 ¢0.1) 0.3 -85%
1,3-Butadiene 1.5 ¢0.1) 0.5 -67%
Isopropylalcohol 1.2 ¢0.3) - -
Methylethylketone (MEK) 1.0 ¢0.2) 0.1 -93%
Methyltert-butylether (MTBE) 0.7 ¢0.0) - -

) 135 24

428 @ COPERT Australia category “alkanegC;,", > COPERT Australia category “cycloalkanes”
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The difference between COPERT Australia and the¢umeasurements is large. COPERT substantially
underestimates emission factors for individual VQO@gically with a factor of 5, but in some casesoader of

magnitude lower.

In addition, 43 VOCs for which COPERT Australia yides emission factors, were either not included
(aldehydes; 3.3 mg/km as predicted with COPERWaeme not measured above the limit of detectiomén t
tunnel. As a consequence, only 33% of the sumediafed VOCs predicted with COPERT Australia isoregd
in Table 3 (24 mg/km). The sum of speciated VOGsdraobserved value of 135 mg/km in the tunnelckvis
46% lower than theotal value predicted with COPERT Australia (72 mg/km).

The VOC profiles are quite different as shown igufe 9. The proportion of alcohols in the obsepratiis
substantial (21%) and absent in the COPERT predistiThe high observed values are related to thefus10
in Queensland. The COPERT Australia VOC profildasninated by alkanes and alkenes (47% and 17%),
whereas the tunnel observations have proportio@2%f and 1%, respectively. The aromatics contemioise
similar with 36% (observed) and 29% (predicted)e ®bserved proportion of ketones (12%) is however

substantially higher than the predicted value 4¢4.

CLEM?7 tunnel COPERT Australia
y y N = Alcohol
Y A = Aldehyde
A L - 4 Alkane
\, ey Alkene
\ N Aromatic
§ 4 y = Ketone
- e Other

Figure 9 — Proportion of VOCs in fleet emissiontéais by VOC class as observed in the tunnel (“CZEM
tunnel”) and the complete VOC profile as prediotéth COPERT Australia (“COPERT Australia”).

These results demonstrate the large uncertairggeaniated VOC emission factors, and this suggeatdurther

studies to improve VOC profiles and associated sioisfactors are warranted.
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451 3.4 PAHsemission factors

452  Observed and predicted PAH emission factors argepted in Table 4.

453 Table 4 — Measured and predicted emission factgki) for speciated PAHSs.

Speciated PA Tunne COPERT Australia Error
Napthalen 4,793,03. 700,35: -85%
Phenanthrer 5,26/ 20,84: +296%
Pyrent 2,51( 9,40t +275%
Fluoranthen 1,37 10,62°¢ +672%
Anthracen 64¢ 2,094 +223%
Benzo(a)anthrance 194 1,15¢ +497%
Chrysen 194 2,59¢ +1,237%
Benzo(e)pyrer 194 1,81« +833%
Benzo(b)fluoranther 154 1,09/ +611%
Benzo(g,h,i)peryler 134 1,35¢ +913%
Benzo(a)pyrer 121 682 +462%
Benzo(k)fluoranther 81 94¢ +1,071%
Indeno(1,2,3cd)pyrene 77 767 +897%
Dibenzo(a,h)anthrace 49 132 +173%
> 4,804,028 753,869

454  COPERT substantially overestimates emission fadtoralmost all PAHSs, typically with a factor of13,

455  except for napthalene, which is underestimated aidctor of 7. In addition, 12 PAHs for which COPE

456 Australia provides emission factors, were not mesbabove the limit of detection in the tunnel.as

457 consequence, only 97% of the sum of PAHs predietdd COPERT Australia is reported in Table 3 (75838
458 ng/km). The sum of PAHs has an observed value8tf shg/km in the tunnel, which is 516% higher thaa t
459 value predicted with COPERT Australia (0.78 mg/kamd due to the discrepancy for naphtalene whidkema
460 up the bulk of total PAHs. These results demorsstia large uncertainty associated with PAH emistaators,

461 and suggests that further studies to improve PAifilps and associated emission factors are needed.

462

463
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5. Conclusions

This paper presents results of a tunnel emissitigly shat was conducted in Brisbane, Australigpgotially)
validate the Australian vehicle emissions softW\@@PERT Australia and PIARC emission factors. Erissi

of NO,, NO,, PM, 5, PM,o, CO, VOCs and PAHs generated in the 4.8 km-longalwere monitored for 9 days
in the north ventilation vent. Other data wereectid including traffic counts, license platestlinnel air-flow,

speed-time profiles using a smart app, tunnel desigps and background concentrations.

Analysis found that the the in-tunnel fleet mixfeii6 substantially from the average on-road fiedtt) a larger

proportion SUVs and younger vehicles, leading teeloemissions by factor of about 2.

The R\P software was run to examine and quantify the doetbimpact of road gradient, (piston) air-flow and
tunnel driving conditions on NGemissions. The road gradient effect on in-tunn@ksions is substantial with
an approximately 20% increase in Nénissions. However, in-tunnel air-flow roughly quensates for road
gradient impacts at higher air speeds due to reblaeeodynamic drag. On average, Nfissions are increased
by 1-8%.

Typical measured in-tunnel N@ NQ, ratios were 0.15, which is close to 0.13 predietéd COPERT

Australia. The results suggest that the COPERTT Aligtis generally accurate at fleet level for @y, PM; 5

and PM,, when compared with similar international studi@@PERT underestimates emissions by 7% to 37%,
depending on the pollutant. These findings apply tmthe specific measurement conditions in thenal, i.e. a
free-flow speed of about 80 km/h, the particuladgradient profile and ventilation conditions {piseffect)

and the specific young fleet mix. As a consequethase results cannot be used to make genericnstate

about accuracy of the software. Instead, otheliesuate required to quantify prediction accuracgtirer urban
conditions, using for instance remote sensing ar-nead air-quality measurements.

COPERT Australia composite LDV/HDV hot-running egi@ factors for CO, NQ PM, s and PMg are not
significantly different (p < 0.05) from those obged in the tunnel in 25% of the cases. For theratases,
emissions are consistently underestimated by ~020;4lepending on the pollutant and vehicle claks. T
largest prediction errors are observed for LDVstlfi@r majority of pollutants (CO, NOPM,5), except for PNy
where HDVs have the highest (relative) error.eltras plausible that three factors play a roleén th
underestimation: 1) under-representation of higtéegive-emitting vehicles in the model due to theeace of
Inspection and Maintenance (I/M) programs in Auitra2) lenient vehicle ageing (mileage) correatiactors
in the COPERT software, and 3) lack of empiricalssions data for Australian diesel LDVSs.
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Nevertheless, these validation results appear telagvely good in comparison with other interoatl
validation studies. This is particularly the caseRM, which tends to have the lowest predictionrs; despite
the range of factors that complicate validationfdt. In comparison with COPERT Australia, PIARC ssidn
factors are conservative and exhibit the largesdiption errors, except for one very good agreerfeerntDV
NO,.

In regard to speciated VOCs, the difference betw@®RERT Australia and the tunnel measurementsge la
with substantially different VOC profiles. COPERIbstantially underestimates emission factors fdividual
VOCs, typically with a factor of 5, but in some easn order of magnitude lower. COPERT substaytiall
overestimates emission factors for almost all PAigsically by a factor of 3-13, except for napthedewhich is
underestimated with a factor of 7. These resultsalestrate the large uncertainty in speciated VO RaH
emission factors, which suggests that further stuth improve local VOC and PAH profiles and assed
emission factors are required.

The results indicate that further targeted emisstenting for diesel vehicles using e.g. PEMS wdneldefit
vehicle emission modelling and air-quality assesgmim Australia. Other tunnel datasets in othéesi
preferably of longer duration than a week, couldgbalysed in a similar fashion to see if theseltesue

confirmed.
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