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Development of a new high resolution traffic
emissions and fuel consumption model for
Australia and New Tealand - data quality

Robin Smit and James McBroom

ABSTBACT

A large body of Australian laboratory
test data is or will be available for the
development of a new high resolution traffic
emissions prediction tool. Consideration
of data quality is an essential step in the
development of this empirical model. Several
potential issues are discussed in this paper.

Although the majority of issues can be dealt
with either before, during or after model
development, not all issues can be addressed
due to a lack o{ information or empirical
data. This is not a problem specific for
Australia: international research is ongoing
to address these issues. As part of an

ongoing process of model improvement, the
relevance of gaps in knowledge need to be
further explored and eventually adressed.

INTBODUCTION

Thiq n,rner is thp sernrd of a series of shorL
papers that will be published in 2009, which
discuss the ongoing development of a new
high resolution traff ic emissions and fuel
consumption model for Australia and New
Zearand. Tnis hrgh resolut on node is part o{
a modelling framework that contains other
models for rore aggregale scales (e.9. fleet
compos'tion model, average speed model).
Each shon paper will address a separate
issue with respect to this development:
. WhV is an Australian/New Zealand high-

resolution model needed (5mrt and
McBroom, 2009a)?

. What are the data quality issues r'

crodel deveropnent (thrs paper)?
. What is the best model structure for

such a model and how does the model
perform?

. Applrcation and outlook on f urther
development.

EMPIBICAL BASE OF TBAFFIC EMISSION
MODELS

Traffic emission models are developed from
emission measurements. Although there are
different measurement methods available,
collection of emissions and f uel consumption
data from on-road vehicles is commonly
conducted in laboratories using chassis
or engine dynamometers. A review of
emission models (Smit et al. 2009) revealed
that the majority of current traffrc emission

models are based on laboratory emrssion
testing studies, which is not surprising as

this is the prominent approach to measuring
vehicie emissions.

The obvious advantage is that
measurements take place under controlled
conditrons, which ailows for investigation
of specif ic variables such as ambient
temperature and driving behaviour on
exl-aust emissions. l^ add tion, specif ic types
of emissions such as evaporative and start
em ssions can be specif ica y measrred and
investigated. A disadvantage of laboralory
testing is the limitation on the number of
vphir ps n. pnn rcq ihat r-an be tested due to
tire and oudget constraints. Given ths lsrge
inter-vehicle variability in emissions (refer

to our previous pape't, enpirical data for
a large number of (representative) vehicles
s required to provide accurate estimates of
mean traffic emissions. For instance, it has

oeen shown that emrssion tests of at least

600 Euro 2 petrol cars are required to obtain
a mean emission factor that is accurate
within 10% (Smit et a|.2005)

Laboratory vehrcle exhaust emission
testing may be conducted using
tedlar sample bags (denoted as "bag
measurement") that are analysed after
completion of the driving cycle (which
simurates typically a few m nutes uo to an

hour of driving), or may be conducted using
continuous measurement at a high time
resolution (typically 1-10 Nz). As it is the
method prescribed by emission legislation
around the world, bag sampling has

trad;tio^ally been the dominant approach.
However, continuous measurements have

become increasingly common around the
world. The high resolution model cannot
be developed from aggregate bag data and
requires continuous test daLa. There are

a number of other issues with laboratory
testing - and with continuous measurements
n partrcular - wh ch will progressively be
di<rr r<<ad in ihi< n:nar

In addition to dynamometer testing,
emissions and driving pattern data can be

collected while driving on the road. An
advantage of this approach is that emissions
are measured in the real world, which means
that factors that may not be reflected in
laboratory test data but which are known
to be relevant, are reflected in the test data
(e.9. road grade e{fects, air condiLionrng
use, personal driving style including gear
shift behaviour). Up to recently, on-board
systems su'fered fror practical problems

(a n r a<r< <izo :nd rnroinhr nf onrrinmont\

and quality issues (e.9. high detection limits,
unrealistic spikes) (Elst et a/. 2004). This,
however, is changing rapidly now with the
development of improved and new systems
(North et a/. 2005) and increased use of o.-
board test data in emission models (ISSRC,

20OB). On-board testing of a large number
oI veh,cles can strl' be ,esLricted by labour
trme and costs (North et a/. 2005).

Other methods such as remote sensing,
tunnel studies and on-road or near-
road modelling are commonly used for
em:ssion .nodel validation purooses and
have contributed signif icantly to an increased
understanding of model accuracy and real

wor d em'ssion behav'our of vehicles (e.9.
hinh pmittprc) Di'pr' rrqe of these data in

the development of high resolution emission
models is not possible for various reasons.
Firstly, these type of measurement typically
re{lect specif ic vehicle ope.aring condit ons
and/or traff ic conditions. Secordly, the data
do not have suff icrent resolution rn time and
space.

AVAI UB LE AU STBALI A N E M P I R I C AL D ATA

The previous paper concluded that the new
high resolution model should be based on
Australian test data. Over the last decade or
so, a large body of laboratory emission data
on Australian ve-icles has been published

or rs in the process of being completed.
Although new empirical data should be

included in future updales to improve
prediction accJracy, rhe currently available
empirical data are sufficient to develop an A/
NZ high resolution model. These data involve
highly time-resolved second-by-second
emissions tests of hundreds of vehicles for
the rnalor ty of (relevant) model years, f uels

and vehicle types. Neverthe ess, the,e are a

number of potential issues wrth the quality
of these data that need to be considered
before a model is developed. These issues

are discussed in the remainder of this brief
paper.

VEHICLE SAMPLE

There are a large number of vehicle
make and models in the on-road fleet.
For instance, there were more than 2000
possible corrbinations of light-duty vehicle
models and makes registered in Queensland
in2007 (Figure '1 ). In addition, the
distribution of vehicles is highly skewed, as is

considerations
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shown in Figure 1. For instance, almost 10%
of all registered passenger cars are Holden
Commodores, followed by Ford Falcons
(9%) and Toyota Corollas (about 5%).ln
fact, abolt 1o/o and 4ozo of the possible
model/make combinations make up 50%
and B0% of the registered on-road vehicles,
respectrvely.

Australian testing programs commonly
attempt (but not always) to test a vehicle
sample that is representative of the on-
road fleet in a particular State or area (e.g.

DEH, 2005). A vehicle sample matrix is

then designed using e.g. data on vehicle
registration, vehicle useage (annual mileage),
emission control systems, and in some cases,
specific considerations2. In reality, however, it
is often not possible to obtain all the vehicles
that were identified in the initial vehicle
sample matrix for tesiing. For instance, the
test facility may not be set up to test all
vehicle types (e.9. 4WD or AWD vehicles) or
vehicles may not be aVailable or unsuitable
(e.gr. mechanrcal problemst for tesL;ng (e.q.

NEPC 2000), which leads to modifications of
the orginal vehicle matrix.

The above points imply that direct use
of the available empirical emissions data
- without f urther consideration of microlevel
f leet cnaracteristics - can lead to subs{antially
b ased models. This issue can be addressed
by implictly (before development of ernission
algorithms) or exolicitly (afrer development
of emission algorithms) weighing of emission
predictions for indrvidual vehicles according
to their share in total VKT.

A more difficult point to address is that
high emitters, i.e. vehicles that exhibit (very)

high emission leveis, may not be adequately
reflected in the test data. A world-wide
study concluded that for all fleets the total
exhaust emissions are domrnated by a small
percentage of high-emitters. For instance,
the data showed that about 1 0% of the
vehicles in Melbourne are responsible for
half or more of the total CO and HC exhaust
emissions (Zhang et al. 1995). Australian
laboratory test data generally do show highly
skewed emissions distributions (e.El. DEH
2005), which suggests that high emitting
vehicles are at least to some exrenr -
included in the test data. However, conceTns

of potential recruitment bias have been
voiced overseas, where it was reported that
owners of high-emitting vehicles tend not
to register their vehicles and are reluctant ro
submit their vehicles for testing (NRC, 2000).
So, verif ication of adequate inclusion of high
emitters in Australian test data is required
and should be based on rndependent
data sources sLJch as remote-sensing (e.9.

NIWA 2008). lt is noted though that these
independent data need to be carefully
examrneo to ensure proper companson ts

made. For instance, remote selsing oata
collects a sample of specif ic air pollutants
fe.g. NO instead of NO^) at a specific rocation

reflecting certain predominant vehicle
operating conditions (e.9. acceleration under
grade) and may use different methods from
standard laboratory testing (e.9. for PM).
In the meantime, the available Australian
data used for model development should be
based on 'as-received' vehicle conditions (i.e.
no roneir< rnndrrrtod)

BEAL WOBLD D BIVI N G BEHAVI O IJ B

It has been demonstraLed that (aggrega1g1

emission factors based on the standard
driving cycles such as the Eurotest and FTP

cycles (used in the Australian Design Rules or
ADRs) substantially underestimate emissions
in "real-world" driving (e.9. Watson 1995)
These cycles are also characterised by
relatively low speed and acceleration levels,
which limjts the range of vehicle operating
conditions. Thus, sole use emissions data
that is based on standard cycles may lead to
biased and imprecise emission models due
to a substantial amount of extrapolation
beyond measured operating conditions.
Fortunately, the availabie Australian test
data is based on real-world driving cycles
such as the CUEDC-D and CUEDC-P These
cycles have been derived from measurement
of driving behaviour in Australian crties. To
prevent model bias these data will be used in
the developr.rent of the new high resolutio'r
mooet.

TL^"^ ."^ A^,^,^,,^" - {ilrere dre rowever, d reW fematntng
issues. Although the CUEDCs are
representative of urban driving, they do
not reflect the entire mode of operation
for freeway driving. The CUEDC-P has
instantaneous speeds up to 94 km/h,
whereas freeway driving may occur at hrgher
sneeds To somp pxtpnf Ih s iSSue Can be
addressed through extrapolation of test
results using e.g. a power-based model,
but it appears necessary to verify these
predictions with overseas data in the absence
of Austraiian data. Another issue is that
there are a number of real-world factors that
affect emissions, but which are not reflected
in laboratory test data. Examples are road
grade effects, air conditioning use and
variation in driving style (including gear shift
behaviour). To some extent these omissions
can be addressed in model development.
For instance, a power based model can
simulate the effects of road grade, vehicle
loading, etc. on power demand and hence
emissions. Similarly, correction algorithms
may be introduced for air conditioning use.

Real-world variation in driving styles are not
easily addressed due to a general lack of
data on the distribution of driving styles in
the real-world.

TEST FUELS

The composition and quality of f uel has
a signif icant impact on emissions (e.9.

CONCAWE 1999). Commercial fuels
change in time and obvious examples are
the phasing out of lead from petrol and
the ongoing reduction of sulf ur content in
dresel fuels. Emission predictions need to
be corrected for these changes. Fortunately,
test fuels in Australian emissions tesLing
programs have typically been based on
commercial fuels. However, a detailed
breakdown on fuel composition is often
not provided, so back-to-back comparison
of current commercial f uels to test fuels
(and subsequent correction) is not always
possible, except for a few basic parameters
such as sulfur content and cetane index in
some cases. A related point is the ongoing
diversification of transport fuels rn on-
road vehicles (CSIRO 2008). This includes
increased use of alternative f uels (E10,

CNG, biodiesel, etc.), but also specific fuel
combinations (e.9. duel-fuelled LPG-diesel
trucks). As these f uels will all have specific
emission profiles, they ideally should be
treaLed as separate vehicle classes, using
empirical emissions test data in their model
development. ln the absence of Australian
empirical data, emissions can be developed
using overseas empirical data (if available) or
estimated using correction factors derived
from the international literature.

TIME ALIGNMENT

High resolution models around the world
typically correlate emissions and vehicle or
engine state on a second by second basis
(Barth et a/. 2000, Atjay et a/. 2005). For
the development of a high resolution traffic
emissions prediction tool, data quality
requirements are more demanding than
for more aggregate prediction tools (e q.

for urban emission inventories). Emissions
are highly variable where a few seconds of
driving may be dominated by short-duration
(few seconds) or long-duration (minutes)
high emissions events (e.9. due to gear
changing, hrgh acceleration, high speeds)
or could reflect the typ cally low emission
levels of modern vehicles A lourney through
the road network, on the other hand, will
include and average out these different
emission levels. Thus it becomes important
to use highly time-resolved emissions
and vehicle operation measurement data
that correctly quantify the frequency,
magnitude and location of emission peaks
in time. This is a particularly tricky issue,

Transport of emissions in the car exhaust
and measurement systems (sample lines,
analysers) affects test results in two ways, 1)
it causes a delay and 2) it results in smoothed
emission peaks (i.e. smaller peaks spread
over a longer time period) due to turbulence
and mixrng.

I
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With resoect to the f rsT po nr, t"arspo.L
delay is typrcally accounted for by shifting
the raw data back a constant number
of seconds. However, t me delay may be
dynamrc and a function of exhaust flow
rate, which n turn is a f unct on of dr ving
cond,l ons (e q. idle, acce erat on). The
dilf aranr o rnmn:ran +^ : .^^-t-^lur lcrcr rLE LUilrvortru ru o LUrr)LorrL uqdy Ld I

hp r n to qo\/arrl qa.^nd- -r^-^_. I tErc dppcd, J lu
ho <omp anatrn\/ar<\/ nn thr< i<<rra Arrnrd nn

to Haw ey el d/. '2004), sampre iine transpo't
:nrl :n: ,'o0-TO.5rdelay t mes
are f ixed and independent of vehicle and
engine cond trons. However, Atjay eta/.
(2005) ment on that the transport of exhaust
gas from the tailpipe to the CVS mix ng
point is a function of exhaust flow rate,
which varies between 0.3 and 16 seconds
fnr ,a sneriI r vpf, clp I sopms rea50^aole Lo

assLTe That these diffslsnl findi^gs are due
to measurement set up, where the point
r,Vhp.p d ,tTin^ ( ,a.t\ /p n at eX^dUSt Of dI
CVS mlxing point) is of particuiar interest. So,

dependlng on the laboratory conf iguration,
dynamrc Lire ar gnment may be needed Lo

f^. :^l-., ^^A .^ -^--^ -+^ ^- --i^^.d( (uuIL u uctdy dtru tu LUt c dtc u l )>turt>
to the correct driving conditions. Ot^e'wise,
use of a constant time delay value for all
drivrng conditions may introduce errors with
resneat lo ri.re a locatio^ o'e-iss o1s. W th
resoect to tr-e Second po ^t, raw e-rsstons
data are not cor.ected for s'noothing effecrs.

It is important to note that transport
de ay and 'nixir^g ins,de the vehic e exha-st
systerr is ^ot relevanL 'o' our spec f c Aoa,
- i c 'o:ccr rr:tplrr rndol i47lr31 COme5 o-t
of the exhaust as a function of driving
behav our (modelled as vehicle speed inri-^\ -. 'L ^. - tccJr ins de theLil C/ - O) Lrrtr>E ptULC>)C) (

vehicle and do not lead to exposure. We
are Interested to know what is released
into rl'e at'nosohere, so the deJay and
m xing (including formation/destruction) of
omic(inn< n iha onn,na:nri r:tr \/<r (\/.tam

is a real-world effect between operation
and emissrons of a veh cle. Nevertheless,
a re^'raining concer^ is the delay and
snoothing from the tai'prpe to rhe analysers.
It rs important to know exactly where dilution
sLarts, e.g. if ar. is d'uted at the tailp'pe then
there would be ro issre wirh constart deray
correctron.

lmprovement of t me alignment
and correction for smoothing effects
(underestimation of peaks) may be achieved
rri> r nn<tnrnro<<rnn nrnrodr tro /a n f,llartan\

Thp :im nf thic nrorpdrrro 5 16 lg69ny91g1g
Lhe data a^d recorsrrlct Lhe L"ue s gnal rron

the measurements. Complex modelling has
recertly bee^ prooosed 1e lpart y\ co.rect
'o. tirre delays and/or smooLhing e'fecTs
(Atjay and Weilenmann, 2004, Atlay et al.
2005; Zhang and Frey, 20OB). Although
these correction methods appear to generally
improve both magnitude and trming of
peaks, overshoots and undershoots can a so
be observed and extensrve validation results
do not appear to be available. This means
that care is needed rr' using these 'nethods.
Fssentially, a^y post-process ng method
should be validated to make sure that
potential gains in accuracy are not outdone
d to ta inrarrart n^.t^r^.aY-..H' --'5srn9 metnoos.

AUALITY OF MEASUBEMENT EAWPMENT

lde.rllv .r rp.rqr./e'nen- svstem shoulois!uiiJr e

respond nsta^taneously and corr^pletely Lo

changes in driving conditions and associated
exhaust em ssion 'aLes l^ 'eality, each type
nf 'npasr rrpmp. trnr na.rent haS Certain f "ite
response times, depending on the pollutant.
When exhaust emrssron rates change
more qu ckly Lhan Lhe response time, the
measu.ernents may not respo^d quic[' v or
completely enough, ead ^g io b'ased res-lts.
Conor:llrr f:<ror ra<nnnqo alc r^ r .,.^.. L-',^uL rLruily/ rur.L rLrpvrrJL 9o) o o y)qr) ovc
a better match w'ttr 'espect to 1 - ^g and
the magnit,de of peaks Ltran equiome.t
with longer response times (Zhang and Frey,

2008).
1i'nnlv hera.,se daia are recorded

o' presented svsry 5econd Ii.e sarpling
frequency) does not mean that these
measurements have adequate resolutron to
predict changes in emission leve s for each
second. For instance, to have second-by-
second resolution, the sampling f requency of
3r'y a^alyse'should be 0.5 seconds or iessr,

i.e. > 2 Nz. So unless sampling frequency
is higher Ihan 2 Hz, input data for model
dpvprnnmp^r m:v ^ppd tn be converted in
averaoed valrcs for mo'e than I second.

^ ^ ^--^^+ -l !-+- ^,,-l;r. ,,ar fir:t on clpna I EJJC| rr dr uoro vuoilLy vq

is to compare aggregated (cumulatjve)

-ndrl rpcrrtc -n h:n rcsr rll5 [or each Veh Cle.

The drfference between the two should
be small, n the order of a few percent.
| :rno Aifforaaroc r n .1 ind r:ro th:t noeL

em s.,ions h;ve hppn c nned' o. are a result
of other artefacts such as drop out and
the effects of hum dity on NO,, leading to
-nderestirroted errissio^s. lt is erpected that
I ',trJq qt tu 5 0ttr td, c d> Lc)L uo ro drq I rur il td ry

checked during the testing programs.
Another polnt of consideration is the

quality of the dynamometer. Dynamometer
system conrigJrarion (e.9. hydra"lic or
electrical power absorption unit) and
snoc firatinns le n h:<p inprti: rpsnnncp

trme, power absorption capability, motoring
capabilit es, permissible axle loading) can

vary and affect how well on-road driving
rnnnitinn< :rp rpn ir:tpd So in ordef to
onr -ise the accr rrrcv o'the em ssion"ts'
rnodel, it s important to use test data from
abo'aro';es Inar use h gh-q-ality Lransier^t

dynamometers and hrgh quality analytical
equipment and are regularly calibrated. ln
addition, the extenr to wh;ch vehicre specif ic
parameters are tat en r"to account are
impona^t, e.g. a"e dynamorerer settrngs
based o^ coast-down test .esLrlLs, are they
h:cpd nn mnro nonorrl <oftin- 2< <norifiod

by egislaLior^ IADRs) or based on en pirical
formulae.

One partrcular problem concerns the
accurate measurement of exhaust particulate
--++^" 

,^,h^"^ ^^"+l- ^.1-^illdrLer, w|ere parLrL e sze ano nun'Der
distributions are dynamic and continually
changing due to agglomeration and
depositron. PM measurements are a function
of measurement setup (reateo sampling ines
etc.\ aed choice o'analysers. For '"stance,

| | SDs h:vp ,a f,:st rpsnonsp time - which rs

needed for the high resolutjon model - but
the accrrraav o'de.ved Tass-based ernission
rates rnust be treated with caution. Other
a^,alvser< qrrrh as TFON4s have a betler
correlation wth filter-based methods, but
are not as fast. Again comparing cumulative
mass-based emissions wrth f ilter based values
ir rn mnnrrrn, ^,,- i+,, -+^^ TL^.^rdrr iPU LdrrLgud,rry d))urdrrLc>rcP. rrE c
is the additional problem to what extent
laboratory'reasurerrenls correspond to
.eal-wo'ld PM eniss ons. When particu ates
are emitted from the exhaust into the
atmosphere the f inal size distr bution
:nrl ^ rr-i. ^ n, ,m^^r .^^-^ntrat,on in the
almosphere depend on ndny facLors such
-. , h^,-i--l ^-h., .+ ^..+;-trl2TA rnmnn<it nnd> L cl lllLdl cA' OU)L pd LlLu u.u lwr|pwJrr wrr,

ambient arr PM concentration, relative
1'um'diry and amb'ent temperature. Ttreie is,

hnwever. no easv wav lo address th s issue.

CONCLUSIONS

f anr,rlnrrrinn ^r n--. ^,,.litv is:n psscntr:l!ur )ruqroLtutt ur uoto 9uo..., .-

step in rhe developme^t of any emprrical
model lf this step is not adequately thoughr
through, ttre final rode will be subject to
the GIGO principle. We have indentlfled a

large body oi Ar,rstral dn laboralory LesL data
as the best dala source for lhe developme"t
^{ - h;^h "^.^1,,+l^^ +"-++,-u d rr9il re5uru.ru LIdilrL em 5slon5
prediction tool A number of ge^era ssues
have been discussed (see Table 1 ) - and,
urhp"p nnss:hlp \^/i\/q 'n :ddreSS tnem.

Although the majority of issues can be
dea t with either before, during or after

weighting factors to account for on-road fleet
further analysrs of high emitter vehic e inclusron

Real-world driving
behaviou r

use real world cycles
simu atior of road g.ade, loading, eLc

correction for aircon use

ICJL IUU J new vehicle classes
correct.on for speciI c 'uel parameters

Post-processing method
(only if can be validated)

dynamic time alignment
do-<mnnihinn nf na:lz<

Q-alitv o' measureme.t I oete'mine aopropriate averaging times
equipment I compare aggregated modal to bag results

I exclude test data based on low quality test facilities

I lurther research nio oarticulate matrer
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mode deve opment, not all issues can be
addressed due to a lack of information or
emprca data, most notaby high emitters,
real-world gear shift behav our and dynamic
trme lag correction. However, this s not
a problem specif ic for Australia. Indeed,
internationa research is ongoing to address
these issues. This wil not prevent the
development of a h gh quality mode , but
the gaps in knowledge need to be c early
acknow edged, their re evance further
explored and eventua y adressed as part of
an ongoing process of model improvement.
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Examples,of rele-vant data sets are the diesel NEPM work (e g NEPC, 2001)and the NlSE 2 petrol study (e.q. DEH, 2OO5).
eg.suitabilityof avehrcetooperateonapartcularfuel suihasethanol (DEWHA,2oog).'
inslollowstromthe "Nyquist-Shannonsamplingtheorem",whchstatesthatinasampiedstgnal notnformationabovehaf of thesampllnqtrecuencv s avatlable.

!mlss onl are greater than the range of the emrss ons analyser, resulting in the maximum anaiyser value and not the actual maximum.
!y^9i9.-1tb9!: condense n the sampling system and are no longer part of the gaseous mixture which is flowing to the detectors(larDaoe tn oarilaoe out

According to an article ln the April 2009. issue of Australasian Science by Nerilie Abram, the southern part of Australia wrll be sublecr roincreasingdroughtinthenear-future. TheEl Niflocirculationpatternoriginatingfromihepaciiic,anO'the.qllluu[ntjrrineiidiunoceun

:,il:"Si?5ff,tr ?:;:e3J31F{i??r,i:1"fi$iR:%!:ilii'?:tr il,tm':i[t::ke*i:yiFn**i'i;y^.$y":1ii:'gi"iigi::it"";Inrs patlern nas been tound rn Lhe climate history obtained from drillinq cores in massive corals
l,ittl?|i1,,t_!ste,cores provide,detajied records o{ changes rn rainfall and temperature back to t[

corals, growing in the tropical oceans o{[ northern
i:'*l?i*"'::: l::":f^1"111.,9:{:1:ql.-1ojtt _o-T_!!?!99s 

rn rarntalr and temperature back to the mid-1eth cenrury rhey show that recent
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