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Derivation of motor vehicle tailpipe particle emission factors suitable for 
modelling urban fleet emissions and air quality assessments 
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Abstract   
 
Background, aim, and scope Urban motor vehicle fleets are a major source of particulate matter pollution, especially of 
ultrafine particles (diameters < 0.1 µm), and exposure to particulate matter has known serious health effects.  A 
considerable body of literature is available on vehicle particle emission factors derived using a wide range of different 
measurement methods for different particle sizes, conducted in different parts of the world.  Therefore the choice as to 
which are the most suitable particle emission factors to use in transport modelling and health impact assessments presented 
as a very difficult task. The aim of this study was to derive a comprehensive set of tailpipe particle emission factors for 
different vehicle and road type combinations, covering the full size range of particles emitted, which are suitable for 
modelling urban fleet emissions.  
Materials and methods  A large body of data available in the international literature on particle emission factors for motor 
vehicles derived from measurement studies was compiled and subjected to advanced statistical analysis, to determine the 
most suitable emission factors to use in modelling urban fleet emissions.  
Results  This analysis resulted in the development of five statistical models which explained 86%, 93%, 87%, 65% and 47% 
of the variation in published emission factors for particle number, particle volume, PM1, PM2.5 and PM10 respectively. A 
sixth model for total particle mass was proposed but no significant explanatory variables were identified in the analysis. 
From the outputs of these statistical models, the most suitable particle emission factors were selected.  This selection was 
based on examination of the statistical robustness of the statistical model outputs, including consideration of conservative 
average particle emission factors with the lowest standard errors, narrowest 95% confidence intervals and largest sample 
sizes, and the explanatory model variables, which were Vehicle Type (all particle metrics), Instrumentation (particle number 
and PM2.5), Road Type (PM10) and Size Range Measured and Speed Limit on the Road (particle volume).   
Discussion A multiplicity of factors need to be considered in determining emission factors that are suitable for modelling 
motor vehicle emissions, and this study derived a set of average emission factors suitable for quantifying motor vehicle 
tailpipe particle emissions in developed countries.   
Conclusions The comprehensive set of tailpipe particle emission factors presented in this study for different vehicle and 
road type combinations enable the full size range of particles generated by fleets to be quantified, including ultrafine 
particles (measured in terms of particle number). These emission factors have particular application for regions which may 
have a lack of funding to undertake measurements, or insufficient measurement data upon which to derive emission factors 
for their region.    
Recommendations and perspectives In urban areas motor vehicles continue to be a major source of particulate matter 
pollution and of ultrafine particles.  It is critical that in order to manage this major pollution source methods are available to 
quantify the full size range of particles emitted for traffic modelling and health impact assessments.   
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1 Background, aim, and scope 

In urban areas motor vehicle fleets are the main source of particulate matter pollution, and these particles span a very broad 
size range (diameters 0.003–10 µm); however most are ultrafine size and measured in terms of particle number (number 
concentration of particles with diameters < 0.1 µm) (Harrison et al. 1999; Shi and Harrison 1999; Shi et al. 1999; Shi et al. 
2001; Morawska 2003; Wahlin et al. 2001).  For this reason, it is critical that particle number emissions be included in 
development of motor vehicle inventories and health impact assessments.  
     Emission factors are used in combination with transport data to develop inventories, and a very large body of data on 
emission factors derived from measurements is available in the international literature.  These relate to measurement studies 
of vehicles under different driving conditions conducted on dynamometers in laboratories, on or near roads, and in tunnels.  
A wide range of different measurement methods have been used for different particle sizes, conducted in different parts of 
the world, and a multiplicity of issues need to be considered and resolved in order to derive emission factors.  Factors can 
include vehicle type, fuel type, vehicle age, technologies fitted, speed and load, road environment characteristics, driving 
cycles, driving patterns, method and  instrumentation used and size range measured, to name a few. This extensive body of 
data on particle emission factors has never been comprehensively analysed, and the question that remains is Which tailpipe 
particle emission factors are the most suitable to use in transport modelling and health impact assessments of motor 
vehicle fleets?   
     Many mobile emission source models are available in developed countries which utilise performance-based emission 
factors (related to emissions generated per vehicle per kilometre derived from measurement data), for example, the average 
speed models MOBILE (USEPA 1993), EMFAC (CARB 2002), COPERT  (Ahlvik et al. 1997; Ntziachristos et al. 2000; 
Bellasio et al. 2007); and VERSIT+ LD (Smit et al. 2007) which considers actual driving pattern data. Most of these models 
provide estimates for PM10, and to a lesser extent PM2.5. COPERT IV, however, has available a small suite of solid particle 
number emission factors for different vehicle types derived from dynamometer measurements (Samaras et al. 2005).   
     In developing countries access to land use and transport network data is often rare (Walker et al. 2008) and hence more 
indirect methods for estimating emissions are commonly used, such as basing emission factors on estimated total fuel 
consumed or on remotely sensed data. Emission estimates based on remotely sensed data usually provide a snapshot of 
emissions relating to a limited number of locations, and may not be representative of activity patterns for a typical trip in a 
region (Frey et al. 2002b); and the accuracy of fuel-based models can depend on how well the driving modes, vehicle and 
age distribution from which the emission factors were derived represent the study region (Frey et al. 2002 a,b).  
     The aim of this work was to identify the most suitable tailpipe particle emission factors to use in transport modelling and 
health impact assessments to quantify motor vehicle fleet particle emissions in terms of particle number, particle volume, 
PM1, PM2.5 and PM10 emissions, based on analysis of emission factors derived from measurement data. Emission factors for 
brake and tyre wear, road dust and particle surface area emissions were not considered in this analysis as only limited data 
exists in the literature.  
 
2 Materials and methods 

An extensive review was conducted of emission factors published in the international literature for particle number, particle 
volume, total particle mass, PM1, PM2.5 and PM10 for motor vehicle tailpipe emissions.  Details of the literature reviewed 
and studies from which emission factor data was sourced for this study are outlined in Table 1. Based on this review, 
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statistical models were developed and emission factor data classified and grouped into relevant sub-classes within each 
model variable class.  Statistical model output data were analysed and a rationale developed to identify the most suitable 
average emission factors to use in modelling urban motor vehicle emissions.  
 
2.1 Model variables examined 
 
From an original population of over 900 emission factors reviewed in this study, the final emission factor sample size 
obtained was 667. This occurred due to the high number of missing data in the studies, as not all studies reported the same 
information. The model variables developed for the statistical analysis were based on data commonly reported in studies.   
 
Data relating to a total of 667 particle emission factors were examined grouped into relevant sub-classes within each model 
variable class. The categorical model variables developed were Particle Metric, Country of Study, Study Location, 
Instrumentation, Vehicle Type, Fuel Type, Road Type, Road Class; and the continuous model variables were Size Range 
Measured, Average Vehicle Speed, Speed Limit on the Road, Average Number of Vehicles travelling in a fleet per day, 
Drive Cycles, Engine Power, Heavy Duty Vehicle (HDV) Share, Number of HDVs travelling in a fleet per day.  These 
model variables are described in Table 2, and the sample size of emission factors relating to these model variables are 
shown in Table 3.     
 
2.2 Statistical analysis of variables  

We considered the relationship between reported tailpipe particle emission factors for different particle sizes to the various 
study-specific explanatory variables (Table 3) using linear models. In particular, the model for particle number (here 
denoted Yi) in study i is related to Vehicle Type (j=1,2,3) and Instrumentation (k=1, …10):     

     = and Yi = + ei  

where is the intercept, is the effect of Vehicle Type j, and is the effect of Instrumentation k, and ei ~ N (0, σ2). 

A similar model applies on changing the response (Yi) with different explanatory variables (Xi). 
 
      A separate statistical model was developed for each of the six particle metrics examined in this study and the proportion 
of variation explained was calculated using R2 = 1 – ∑ ei

2 / Var (Yi).  This is the fraction of variability in the dependent 
variable (the emission factor) that may be accounted for, or explained, by variation in the independent variable or variables, 
where the Var (Yi) is the usual sample variance of Yi. 
 
     In this study the analysis of the data for the categorical variables involved fitting a univariate general linear model (a 
multi-factor ANOVA). A stepwise technique, using both forward and backward elimination, was then used to select the best 
model.  For the continuous variables linear regression analysis was undertaken with the variables added as independent 
explanatory covariates in the general linear model. All analysis was undertaken at a 5% level of significance. Statistically 
significant variables were identified through ANOVA tests and post-hoc Scheffe multiple comparisons (Scheffe, 1959).  
The multiple comparison statistical tests were conducted at a 95% confidence level for all categorical variables and their 
sub-classes to determine whether, within each class of categorical variable, there were statistically significant differences 
between the average published emission factor values for different sub-classes of variable.  
     Analyses were undertaken in SPSS (SPSS Version 14.0) and from these average particle emission factors for the 
different particle metrics, together with their standard error and 95% confidence interval values, were derived.  A separate 
statistical model was developed for each of the six particle metrics examined in this study and model coefficients of 
determination derived (R2), which provided information about the fraction of variability in the dependent variable (the 
emission factor) that may be accounted for, or explained, by variation in the independent variable or variables.  
     The statistical models produced average particle emission factors, and their associated standard error and 95% 
confidence intervals.  The standard error value provides an indication of how reliable the model is as a means of predicting 
the average particle emission factor for the particular combination of values of the independent variables it relates to.  The 
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lower the standard error value, in relation to its associated average emission factor, the more reliable the predicted average 
emission factor may be considered. The lower and upper bound 95% confidence interval values produced by the statistical 
models for each average emission factor represent the range within which we can be 95% confident the true value will lie.  
In some statistical models combinations of dependent and independent variables produced high standard error values, and a 
lower bound 95% confidence interval value which, although physically uninterpretable, can be obtained as a consequence of 
the normal assumptions underlying the models, where these lower bound values were obtained they were not reported.  
 
2.3 Basis for selection of the most suitable emission factors 

The wide range of different capabilities of Instrumentation used to derive emission factors were not evaluated as an aim of 
this study.  The rationale for selection of the most suitable tailpipe particle emission factors to use in transport modelling 
and health impact assessments from the five statistical model outputs was based on the statistical robustness of the statistical 
model outputs, including consideration of conservative average particle emission factors with the lowest standard errors, 
narrowest 95% confidence intervals and largest sample sizes. Other factors taken into account were the explanatory 
variables found for the statistical models.  In considering the explanatory variable Size Range Measured the focus was on 
Instrumentation that measured the widest size ranges, including down to the lowest size range.   
 

3 Results   

This section presents the tailpipe particle emission factors considered the most suitable to use in transport modelling and 
health impact assessments.   
 
3.1 Sample sizes of emission factors examined in the statistical models 

All average emission factors predicted by the statistical models and presented in this paper are expressed in particle 
emissions generated per vehicle per kilometre driven.  It is important to note when considering the sample sizes of emission 
factors examined in this study, that a single emission factor may represent one individual vehicle (or group of vehicles) 
tested on a dynamometer, or be the average emission factor derived for a vehicle type (eg., light duty vehicles) travelling in 
a vehicle fleet on a road or in a tunnel. Hence, the total sample size examined in this study of 667 emission factors 
represents a relatively very large sample of motor vehicles.  
 

3.2 Statistical models developed to derive average emission factors   

Six statistical models were proposed for particle number, particle volume, total particle mass, PM1, PM2.5 and PM10. The 
analysis revealed that the statistical models developed for particle number, particle volume, PM1 and PM2.5 were robust, and 
explained 86%, 93%, 87% and 65% respectively of the variation in published emission factors. However the PM10 model 
was found to be less robust as it explained only 47% of the variation in published emission factor values. PM10 emission 
factors derived from studies conducted on or near roads may have been influenced by varying quantities of resuspended 
road dust occurring at the PM10 size range, leading to higher values than those derived from dynamometer and tunnel 
studies, and which may have confounded the ability of the statistical model to explain the variation in published emission 
factors.    
     The sixth statistical model for total particle mass was found to be a null model, as no explanatory variables were 
identified.  This result is likely to be attributed to the fact that most of the studies simply measured total particle mass, and 
not different subsets of particle mass size fractions which typically have differing proportions of particle mass associated 
with them.   
     The final set of average tailpipe particle emission factors considered the most suitable for use in transport modelling and 
health impact assessments for different vehicle and road type combinations, together with their 95% confidence interval 
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values, are presented in Table 4.  Aspects related to their selection are discussed below.  
 
4 Discussion   

This section discusses the tailpipe particle emission factors considered the most suitable to use in transport modelling and 
health impact assessments for different particle metrics; and the results of statistical tests that examined differences in mean 
values of published emission factors.  
 
4.1 Statistical models used to derive average emission factors 
 
These are discussed below for different particle metrics.  
 
     Particle number model: This statistical model explained 86% of the variation in published emission factors (n=156).  
Vehicle Type and Instrumentation were the explanatory model variables and emission factors were available for 10 different 
Instrumentation.  In selecting the most suitable emission factors, it was important to consider Instrumentation that measured 
the lowest possible size range, including down to 0.003 µm where particle number emissions tend to be very prolific. This 
lower limit size range is commonly measured by the Condensation Particle Counter (CPC), which estimates particle count, 
and emission factors based on CPC measurements were available in the literature for Fleet, light duty vehicles (LDV) and 
heavy duty vehicles (HDV).  However particle number emission factors for Diesel buses were restricted to those derived 
from Scanning Mobility Particle Sizer (SMPS) measurements.   
     The SMPS focuses on estimating particle size distribution (as opposed to total particle count) and does not measure the 
lower size range of the nucleation mode < 10 µm.  The lower size window for the SMPS is commonly set higher than for 
the CPC, usually in the range 0.010-0.02 µm, whereas for the CPC the range is usually 0.002-0.01 µm, which means that 
generally the CPC measures the lower size range of the nucleation mode and the SMPS does not.   
     Particle volume model:  This statistical model explained 93% of the variation in published emission factors (n=57) and 
the explanatory model variables included Vehicle Type, Speed Limit on the Road and Size Range Measured.  Consideration 
was given to selecting emission factors which related to the broadest size ranges measured, including down to the lowest 
possible size range, and to different reported Speed Limits on the Road.  Most of the average particle volume emission 
factors, and their 95% confidence interval values, produced by the statistical model were less than 1 cm3 per vehicle per 
kilometre.  For almost all the particle volume emission factors Speed Limit on the Road or in the tunnel was reported, and 
the availability of this data may have contributed to the statistical model’s high R2 value of 0.93.   
     PM1 model:  The explanatory variables for this statistical model were Vehicle Type and Fuel Type, which explained 87% 
of the variation in published emission factors (n=44). Emission factors examined in the analysis included those derived for 
diesel vehicles measured on a dynamometer; and from studies conducted on or near roads or in tunnels where the Fuel Type 
was not specified.  The literature review revealed that at the time of this study the majority of LDVs were petrol-fuelled and 
HDVs diesel-fuelled, hence it can be assumed that these were the dominant Fuel Types in the vehicle fleets studied.  
     Few data are available in the literature for PM1 emission factors, and given that most motor vehicle particle emissions are 
< 1 µm (dominated by ultrafine particles) this is an important size range to have a comprehensive database for.  Recent 
research found that a combination of PM1 and PM10 mass ambient air quality standards are likely to be more suitable to 
control combustion and mechanically-generated sources, such as motor vehicles, than the current standards of PM2.5 and 
PM10 (Morawska et al. 2008), further emphasising the importance of deriving PM1 emission factors.   
     PM2.5 model: Sixty-five percent of the variation in published emission factors (n=85) was explained by this statistical 
model, and its explanatory variables were Vehicle Type and Instrumentation.  Emission factors were examined for 8 
different Instrumentation reported in the literature.  
     PM10 model: For PM10 the explanatory variables were Vehicle Type and Road Type, and this statistical model explained 
47% of the variation in published emission factors (n=126). This low value for R2 is reflected in the large values for 
standard errors (in relation to the predicted average emission factor) and high values for upper bound 95% confidence 
intervals produced by the statistical model.  The presence of varying amounts of resuspended road dust at the PM10 size 
range are likely to have influenced emission factors derived in on-road studies, as compared to those derived from 
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dynamometer and tunnel studies, and is likely to have confounded the explanation of variation. Few methods are available 
for discriminating road dust from tailpipe emissions, particularly at the PM2.5 and PM10 size ranges, and quantities of road 
dust can vary depending on the construction material of road surfaces and their maintenance, climatic conditions, and other 
factors such as vehicle speed and traffic volumes.   
     Few bus emission factors are available derived from on-road measurements and those available and included in the 
statistical model related to measurements on boulevard and urban Road Types in the US (Abu-Allaban et al. 2003a).  
However the authors of this study considered their high PM10 emission factors were influenced by significantly high 
contributions from resuspended road dust and, within each vehicle category, by the effects of speed and acceleration (Abu-
Allaban et al. 2003a).   For this reason the average emission factor for buses derived from dynamometer measurements is 
also presented as a suitable emission factor in Table 4, in addition to average emission factors for bus for urban and 
boulevard Road Types, as it is considered more conservative and unlikely to be affected by high rates of resuspended road 
dust.  This average dynamometer emission factor for bus included emission factors for a wide range of different urban bus 
Drive Cycles.       
     Total particle mass model: No statistically significant variables were identified for this statistical model. The sample 
size was 199 and overall mean from this null model was 158 mg/km for all combined Vehicle Types; 158 mg/km for bus, 
and 91 mg/km for Fleet, 380 mg/km for heavy duty vehicles (HDV) and 32 mg/km for light duty vehicles (LDV). The 
inability to identify relationships in this statistical model may stem from the fact that these studies measured a broad range 
of different particle sizes, and most emission factors were not derived segregated by different subsets of particle mass 
fractions, but simply measured total particle mass.  
 
4.2 Statistical differences between published emission factors  

Post-hoc Scheffe’s multiple comparison statistical tests (Scheffe 1959) were used to investigate the differences in means 
between levels corresponding to sub-classes within all categorical variables, irrespective of whether they had a significant 
effect on the response variable (the published emission factor value), at a 95% confidence level.   The findings of these 
statistical tests are discussed below.  
     Country of Study; Study Location; Road Types vs Dynamometer:  It was found that the variables Country of Study and 
Study Location (dynamometer, on or near the road, tunnel) were not statistically significant in explaining the variation in the 
means of published emission factors for most particle metrics.  When comparing the means for different Road Types with 
those derived from dynamometer measurements, statistically significant differences were only found between dynamometer 
and motorway (PM1) and dynamometer and boulevard Road Types (PM10).  These differences, however, are likely to have 
been influenced by high speed scenarios, as the PM1 study measured emissions on a motorway in Switzerland with a speed 
limit of 120km/hr (Imhof et al, 2005a) and the PM10 study in the US attributed the significantly high PM10 emission rates to 
contributions from resuspended road dust and to the influence of variation in acceleration and speed (Abu-Allaban et al. 
2003a).   
     Vehicle Type and Fuel Type:  For Vehicle Type statistically significant differences were found between the means for 
Fleet and HDV for particle number, PM1 and PM2.5; and between the means for Fleet and LDV for PM2.5.  The means for 
LDV and HDV were found to be statistically significantly different for all particle metrics. No statistically significant 
differences were found between the means of different Fuel Types for particle number, or between the means for different 
Fuel Types for total particle mass.  However statistically significant differences were found between the means for petrol 
and diesel Fuel Types for PM10. 
     Instrumentation: No statistically significant differences were found between mean values measured by different 
Instrumentation for PM2.5 and total particle mass.  However, a significant difference was found between the mean value for 
published emission factors for particle number derived from the Condensation Particle Counter (CPC) of 22.69 x 1014 
particles per vehicle per km and the Scanning Mobility Particle Sizer (SMPS) of 2.08 x 1014 particles per vehicle per km, 
highlighting a major difference between the results of these two measurement techniques, which requires investigation as a 
broader issue.   
     Statistically significant differences were found for PM1 between the means for the Aerodynamic Particle Sizer (APS) and 
Betameter and between the APS and Beta-ray absorption monitors, however these differences are likely to be influenced by 
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the fact that the PM1 measurements related exclusively to diesel vehicles (LDVs and HDVs) tested on dynamometers in 
Australia.  Higher values of emission factors are likely to be associated with diesel-fuelled vehicles as compared to petrol 
and other fuelled-vehicles. 
     Size Range Measured for particle number:  In relation to the Size Range Measured for particle number, no statistically 
significant differences were found for the lower and upper size ranges measured for particle number between the average 
emission factors for the various levels of each of the categorical variables, after accounting for the associated variability of 
these estimates.  Emission factors derived using the CPC for total particle count which reported only the lower size ranges 
measured (and did not report the upper size range measured) were unable to be included in these statistical tests.  Their 
inclusion may have led to a different result as the CPC generally measures down to 0.002 µm, where particle numbers are 
very prolific.    
 
4.3 Relevance and application of the average particle emission factors presented in this study  

A general conclusion from examination of the results of the post-hoc multiple comparison tests discussed above is that these 
findings support the relevance and applicability of using the average emission factors derived in this study for modelling 
tailpipe particle emissions from urban fleets in developed countries. Where statistically significant differences were found 
these were generally associated with emission factors for diesel-fuelled vehicles, or related to high speed scenarios or to 
conditions with significantly high levels of resuspended road dust.    
     It is suggested that when using the average emission factors presented in this study, that three calculations be made.  
Firstly, a calculation using the relevant average emission factor, and two further calculations using the lower and upper 
bound 95% confidence interval values associated with the average emission factor (where available).  It should be noted that 
where a single, individual road is concerned, the lower and upper bound 95% confidence interval values will be more 
widely distributed than those reported in this study.    
 
5 Conclusions     

This paper presents a comprehensive set of tailpipe particle emission factors, covering the full size range of particles emitted 
by motor vehicles, which are suitable for use in transport modelling and health impact assessments of urban fleet emissions 
in developed countries. These emission factors were derived for different Vehicle and Road Type combinations based on 
advanced statistical analysis of a large body of data on emission factors derived from measurement studies, and include 
emission factors for particle number and different fractions of particle mass.  
     The average emission factors were derived from statistical models which were found to explain 86%, 93%, 87% and 
65% of the variation in published emission factors for particle number, particle volume, PM1, and PM2.5 respectively, and 
hence are concluded to have been derived from robust models.   The statistical model for PM10, however, explained only 
47% of the variation in published emission factors and it is likely may have been confounded by the effects of resuspended 
road dust at this size range.   
     The explanatory variables identified in the statistical models included Vehicle Type (all particle metrics), Instrumentation 
(particle number and PM2.5), Fuel Type (PM1), Road Type (PM10) and Size Ranged Measured and Speed Limit on the Road 
(particle volume), and we conclude that these are important variables to consider in design and interpretation of data in 
emission factor studies for different particle metrics.   
     The relevance and suitability of the derived set of tailpipe particle emission factors for use in urban areas in developed 
countries is supported by the findings from the statistical analysis of published emission factors in the international 
literature, which were as follows.  
     First, statistical analysis of published emission factors revealed that few statistically significant differences were found 
between the mean values for different particle metrics for Country of Study and Study Location (dynamometer, on or near a 
road, tunnel).   
     Second, few statistically significant differences were found between the means of published emission factors derived in 
dynamometer studies and those derived for different Road Types, except under high speed scenarios or conditions with 
significantly high levels of resuspended road dust, suggesting that for most particle metrics the two methods provide 
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generally similar results.   
     Third, statistically significant differences were found between mean published emission factors for LDVs and HDVs for 
all particle metrics; and between petrol and diesel-fuelled vehicles for PM10, consistent with higher emission rates that 
would be expected from diesel-fuelled vehicles, as compared to petrol and other fuelled vehicles.  
 
6 Recommendations and perspectives  

 
The average emission factors presented in this study are suitable for developing road-link based inventories, quantifying the 
spatial distribution of particle concentrations and for developing health impact assessments, covering the full size range of 
particles emitted by fleets.  They are particularly useful for regions which may have insufficient funding to conduct 
measurements, or little or no data upon which to derive emission factors for their local region.   
     Better scientific techniques and tools are needed to produce data that can be used to model fleet emissions, as variations 
were found between different Instrumentation and methods used to derive emission factors.  For example, statistically 
significant differences were found between the mean values of published emission factors for particle number measured by 
the Condensation Particle Counter of 22.69 x 1014 particles per vehicle per km, as compared to Scanning Mobility Particle 
Sizer (SMPS) Instrumentation of 2.08 x 1014 particles per vehicle per km, a difference which requires further investigation 
as a broader issue. Particle number emission factors for buses are rare and limited to estimates derived from SMPS 
measurements, which generally do not measure down to the lower size range of 0.002 µm in the nucleation mode where 
particle number tends to be very prolific.  
     While this study examined available tailpipe particle emission factors in the international literature, more studies are 
needed that derive speed-related particle emission factors for on-road and tunnel studies, particularly for speeds less than 50 
km/hr to model congestion.  More studies are also needed to derive emission factors for particle number for buses, and for 
different subsets of particle number < 1 µm, such as for ultrafine and nanoparticles (diameters < 0.05 µm), where particle 
number tends to be very prolific, for different Vehicle Types.  Limited particle emission factor data are available for motor 
vehicles for particle volume, particle surface area, PM1, brake and tyre wear, road grade, engine power, and for buses 
measured on different Road Types.  
 
Acknowledgements  We gratefully acknowledge the support of Ray Donato, Jurgen Pasieczny and Randall Fletcher, and the financial support of 
the Australian Research Council (Grant No. LP0775260) and Queensland Transport. We also appreciate the assistance of Sean Moynihan with 
model enhancements, and discussions with Xuan Ling and Sama Low Choy.   



Page 9 of 16 

References  

Abu-Allaban, M., 2002. Exhaust particle size distribution measurements at the Tuscarora Mountain tunnel. Aerosol Science and Technology     
     36(6), 771-789. 
Abu-Allaban, M., Gillies, J.A., Gertler, A.W., 2003a. Application of a multi-lag regression approach to determine on-road PM10 and PM2.5  
     emission rates. Atmospheric Environment 37(37), 5157-5164. 
Abu-Allaban, M., Gillies, J.A., Gertler, A.W., Clayton, R., Proffitt, D., 2003b. Tailpipe, resuspended road dust, and brake-wear emission factors  
     from on-road vehicles. Atmospheric Environment 37(37), 5283-5293. 
Ahlvik P, Eggleston S, Goriben N, Hassel D, Hickman AJ, Joumard R, Ntziachristos L, Rijkeboer R, Samaras Z, Zierock K.H  
     (1997) COPERT II Computer programme to calculate emissions from road transport: methodology and emission factors.  
     Technical report prepared by the European Environment Agency, Copenhagen. Report No. 6. 
ARB's, 2002. Study of Emissions from Two "Late Model" Diesel and CNG Heavy-Duty Transit Buses. California Air Resources Board, 12th  
     CRC On-Road Vehicle Emissions Workshop, April 15-17, San Diego. 
Ayala, A., Kado, N.Y., Okamoto, R.A., 2002. Diesel and CNG Heavy-duty Transit Bus Emissions over Multiple Driving Schedules: Regulated  
     Pollutants and Project Overview. Society of Automotive Engineers SAE 2002-01-17221-13. 
Bradley, M.J., 2000. Hybrid-Electric Drive Heavy-Duty Vehicle Testing Project; Final Emissions Report. Northeast Advanced Vehicle  
     Consortium, Defense Advanced Research Projects Agency, West Virginia University, USA. 
Bellasio R, Bianconi R, Corda G, Cucca P (2007) Emission inventory for the road transport sector in Sardinia (Italy).   Atmospheric Environment  
     41; 677-691. 
Cadle, S.H., Mulawa, P.A., Ball, J., Donase, C., Weibel, A., Sagebiel, J. C., Knapp, K. T., Snow, R., 1997. Particulate emission rates from in use  
     high emitting vehicles recruited in Orange County, California. Environmental Science & Technology 31(12), 3405-3412. 
Cadle, S.H., Mulawa, P., Groblicki, P., Laroo, C., Ragazzi, R. A., Nelson, K., Gallagher, G., Zielinska, B., 2001. In-use light-duty gasoline  
     vehicle particulate matter emissions on three driving cycles. Environmental Science & Technology 35(1), 26-32. 
CARB., 2001. Heavy-Duty Emissions Laboratory, Heavy Duty Testing and Field Support Section, California Air Resources Board. Report No.  
     01-01. 
CARB, 2002. EMFAC2001/EMFAC200. Calculating emissions inventories for vehicles in California, User’s Guide, California  California Air  
     Resources Board. 
Chatterjee, S., Conway, R., Lanni, T., Frank, B., Tang, S., Rosenblatt, D., Bush, C., Lowell, D., Evans, J., McLean, R., Levy, S., 2002. 
     Performance and Durability Evaluation of Continuously Regenerating Particulate Filters on Diesel Powered Urban Buses at NY City Transit –  
     Part II. Society of Automotive Engineers SAE 2002-01-0430. 
Clark, N.N., Lyons, D.W., Bata, R.M., Gautam, M., Wang, W.G., Norton, P., Chandler, K., 1997. Natural Gas and Diesel Transit Bus Emissions:  
     Review and Recent Data. Society of Automotive Engineers Tech. Pap. No. 973203. 
Clark, N.N., Lyons, D.W., Rapp, B.L., Gautam, M., Wang, W.G., Norton, P., White, C., Chandler, C., 1998. Emissions from Trucks and Buses 
      Powered by Cummins L-10 Natural Gas Engines. Society of Automotive Engineers Tech. Pap. No. 981393. 
Clark, N.N., Gautam, M., Rapp, B.L., Lyons, D.W., Graboski, M.S., McCormick, R. L., Alleman, T. L., Norton, P., 1999. Diesel and CNG  
     Transit Bus Emissions Characterization by Two Chassis Dynamometer Laboratories: Results and Issues. Society of Automotive Engineers  
     SAE 1999-01-1469. 
CONCAWE., 1998. A study of the number, size & mass of exhaust particles emitted from european diesel and gasoline vehicles under steady- 
     state and european driving cycle conditions. CONCAWE, Brussels Report no. 98/51. 
Corsmeier, U., Imhof, D., Kohler, M., Kuhlwein, J., Kurtenbach, R., Petrea, M., Rosenbohm, E., Vogel, B., Vogt, U., 2005. Comparison of  
     measured and model-calculated real-world traffic emissions. Atmospheric Environment 39(31), 5760-5775. 
DOEH., 2003. Technical Report No. 1: Toxic Emissions from Diesel Vehicles in Australia, Department of the Environment and Heritage,  
     Canberra. 
Frey HC, Unal A, Chen J (2002a) Recommended strategy for on-board emission data analysis and collection for the new generation model. 
       Prepared for Office of Transportation and Air Quality, US Environmental Protection Agency. 
Frey HC, Unal A, Chen J, Li S, Xuan C (2002b) Methodology for developing modal emission rates for EPA's multi-scale motor vehicle and  
     equipment emission estimation system, North Carolina State University for the Office of Transportation and Air  Quality, US Environmental  
     Protection Agency. 
Gehrig, R., Hill, M., Buchmann, B., Imhof, D., Weingartner, E., Baltensperger, U., 2004. Separate determination of PM10 emission factors of road  
     traffic for tailpipe emissions and emissions from abrasion and resuspension processes. International Journal of Environment & Pollution 22(3),  
     312-325. 
Gertler, A.W., Gillies, J.A., Pierson, W.R., Rogers, C.F., Sagebiel, J. C., Abu-Allaban, M., Coulombe, W., Tarnay, L., Cahill, T.A., 2002. Real- 
     World Particulate Matter and Gaseous Emissions from Motor Vehicles in a Highway Tunnel. Health Effects Institute Research Report 107. 
Gidhagen, L., Johansson, C., Strom, J., Kristensson, A., Swietlicki, E., Pirjola, L., Hansson, H.C., 2003. Model simulation of ultrafine particles  
     inside a road tunnel. Atmospheric Environment 37(15), 2023-2036. 
Gidhagen, L., Johansson, C., Langner, J., Olivares, G., 2004a. Simulation of NOx and ultrafine particles in a street canyon in Stockholm, Sweden.  
     Atmospheric Environment 38(14), 2029-2044. 
Gidhagen, L., Johansson, C., Omstedt, G., Langner, J., Olivares, G., 2004b. Model simulations of NOx and ultrafine particles close to a Swedish  
     highway. Environmental Science & Technology 38(24), 6730-6740. 
Gillies, J.A., Gertler, A.W., Sagebiel, J.C., Dippel, W.A., 2001. On-road particulate matter (PM2.5 and PM10) emissions in the Sepulveda  
     Tunnel, Los Angeles, California. Environmental Science & Technology 35(6), 1054-1063. 



Page 10 of 16 

Gramotnev, G., Brown, R., Ristovski, Z., Hitchins, J., Morawska, L., 2003. Determination of average emission factors for vehicles on a busy road.  
     Atmospheric Environment 37(4), 465-474. 
Gramotnev, G., Ristovski, Z.D., Brown, R.J., Madl, P., 2004. New methods of determination of average particle emission factors for two groups  
     of vehicles on a busy road. Atmospheric Environment 38(16), 2607-2610. 
Harrison R, Jones M, Collins G (1999) Measurements of the Physical Properties of Particles in the Urban Atmosphere. Atmospheric Environment  
     33; 309-321. 
Hibberd, M.F., 2005. Vehicle NOx and PM10 Emission Factors from Sydney's M5-East Tunnel. 17th International Clean Air & Environment  
     Conference proceedings, Hobart. Clean Air Society of Australia and New Zealand. 
Holmen, B., Chen, Z., Davila, A., Gao, O., Vikara, D.M., 2005. Particulate matter emissions from Hybrid Diesel-electric and Conventional Diesel  
     Transit Buses: Fuel and Aftertreatment Effects. The University of Connecticut Report No. JHR 05-304. 
Hueglin, C., Buchmann, B., Weber, R. O., 2006. Long-term observation of real-world road traffic emission factors on a motorway in Switzerland.  
     Atmospheric Environment 40(20), 3696-3709. 
Imhof, D., Weingartner, E., Ordonez, C., Gehrigt, R., Hill, N., Buchmann, B., Baltensperger, U., 2005a. Real-world emission factors of fine and 
      ultrafine aerosol particles for different traffic situations in Switzerland. Environmental Science & Technology 39(21), 8341-8350. 
Imhof, D., Weingartner, E., Prevot, A., Ordonez, C., Kurtenbach, R., Wiesen, P., Rodler, J., Sturm, P., McCrae, I., Sjodin, A., Baltersperger, U.,  
     2005b. Aerosol and NOx Emission Factors and Submicron Particle Number Size Distributions in Two Road Tunnels with Different Traffic  
     Regimes. Atmospheric Chemistry and Physics Discussions 55127-5166. 
Imhof, D., Weingartner, E., Vogt, U., Dreiseidler, A., Rosenbohm, E., Scheer, V., Vogt, R., Nielsen, O.J., Kurtenbach, R., Corsmeier, U., Kohler,  
     M., Baltensperger, U., 2005c. Vertical distribution of aerosol particles and NOx close to a motorway. Atmospheric Environment 39(31), 5710- 
     5721. 
Jamriska, M., Morawska, L., 2001. A model for determination of motor vehicle emission factors from on-road measurements with a focus on  
     submicrometer particles. Science of the Total Environment 264(3), 241-255. 
Jamriska, M., Morawska, L., Thomas, S., Congrong, H., 2004. Diesel Bus Emissions Measured in a Tunnel Study. Environmental Science &  
     Technology 38(24), 6701-6709. 
Jones, A.M., Harrison, R.M. 2006. Estimation of the emission factors of particle number and mass fractions from traffic at a site where mean  
     vehicle speeds vary over short distances. Atmospheric Environment 40(37), 7125-7137. 
Kado, N.Y., Okamoto, R.A., Kuzmicky, P.A., Kobayashi, R., Ayala, A., Gebel, M. E., Rieger, P.L., Maddox, C., Zafonte, L., 2005. Emissions of  
     toxic pollutants from compressed natural gas and low sulfur diesel-fueled heavy-duty transit buses tested over multiple driving cycles.  
     Environmental Science & Technology 39(19), 7638-7649. 
Ketzel, M., Wahlin, P., Berkowicz, R., Palmgren, F., 2003. Particle and trace gas emission factors under urban driving conditions in Copenhagen  
     based on street and roof-level observations. Atmospheric Environment 37(20), 2735-2749. 
Kittelson, D.B., Watts, W.F., Johnson, J.P., 2004. Nanoparticle emissions on Minnesota highways. Atmospheric Environment 38(1), 9-19. 
Kristensson, A., Johansson, C., Westerholm, R., Swietlicki, E., Gidhagen, L., Wideqvist, U., Vesely, V., 2004. Real-world traffic emission factors  
     of gases and particles measured in a road tunnel in Stockholm, Sweden. Atmospheric Environment 38(5), 657-673. 
Lanni, T., Frank, B. P., Tang, S., Rosenblatt, D., Lowell, D., 2003. Performance and Emissions Evaluation of Compressed Natural Gas and Clean  
     Diesel Buses at New York City's Metropolitan Transit Authority. SAE 2003-01-0300. 
Lowell, D.M., Parsley, W., Bush, C., Zupo, D., 2003. Comparison of Clean Diesel buses to CNG Buses. 9th Diesel Engine Emissions Reduction  
     (DEER) Workshop, Newport, RI, USA, 24-28 August. 
Mazzoleni, C., Kuhns, H.D., Moosmuller, H., Keislar, R.E., Barber, P.W., Robinson, N. F., Watson, J.G., 2004. On-road vehicle particulate  
     matter and gaseous emission distributions in Las Vegas, Nevada, compared with other areas. Journal of the Air & Waste Management  
     Association 54(6), 711-726. 
Morawska, L., Bofinger, N.D., Kocis, L., Nwankwoala, A., 1998. Submicrometer and supermicrometer particles from diesel vehicle emissions. 
     Environmental Science & Technology 32(14), 2033-2042. 
Morawska, L., Ristovski, Z., Ayoko, G.A., Jayaratne, E.R., Lim, M., 2001. Report of a short investigation of emissions from diesel vehicles  
     operating on low and ultralow sulphur content fuel.  Prepared for BP Australia by Queensland University of Technology, Brisbane.  
Morawska L, Salthammer T (2003) Chapter 3: Motor Vehicle Emissions as a Source of Indoor Particles in, Morawska-Salthammer (eds). Indoor  
     Environment, Wiley-VCH; 297-318. 
Morawska L, Moore M R, Ristovski ZD (2004) Health Impacts of Ultrafine Particles - Desktop Literature Review and Analysis,  
     Department of the Environment and Heritage, September, Canberra. 
Morawska, L., Jamriska, M., Thomas, S., Ferreira, L., Mengersen, K., Wraith, D., McGregor, F., 2005. Quantification of particle number  
     emission factors for motor vehicles from on-road measurements. Environmental Science & Technology 39(23), 9130-9139. 
Morawska L, Keogh DU, Thomas SB, Mengersen K (2008) Modality in ambient particle size distributions and its potential as a basis for  
     developing air quality regulation. Atmospheric Environment 42 (7); 1617-1628.   
Ntziachristos L, Samaras Z, Eggleston S, Goriben N, Hassel D, Hickman AJ, Joumard R, Rijkeboer R, White L, Zierock K H (2000) COPERT III  
     Computer programme to calculate emissions from road transport: methodology and emission factors (version 2.1). Technical report prepared  
     by the European Environment Agency, Copenhagen, Report 49. 
Ristovski, Z.D., Morawska, L., Ayoko, G.A., Jayaratne, E.R., Lim, M., 2002. Final report of a comparative investigation of particle and gaseous  
     emissions from twelve in-service B.C.C. buses operating on 50 and 500 ppm sulphur diesel fuel. Queensland University of Technology,  
     Brisbane. 



Page 11 of 16 

Romilly, P., 1999. Substitution of bus for car travel in urban Britain: an economic evaluation of bus and car exhaust emission and other costs.  
     Transportation Research Part D-Transport and Environment 4(2), 109-125.SAE., 2001. Performance and Durability Evaluation of  
     Continuously Regenerating Particulate Filters on Diesel powered Urban Transit Buses at NY City Transit. Society of Automotive Engineers  
     SAE 2001-01-0511. 
SAE., 2002a. Performance and Durability of Continuously Regenerating Particulate Filters on Diesel powered Urban Transit Buses at NY City  
     Transit - Part II. Society of Automotive Engineers SAE 2002-01-0430. 
SAE., 2002b. Year-Long Evaluation of Trucks and Buses Equipped with Passive Diesel Diesel Particulate Filters. Society of Automotive  
     Engineers SAE 2002-01-0433.SAE., 2003a. Oxidation catalyst effect on CBG Transit Bus Emissions. Society of Automotive Engineers SAE  
     2003-01-1900. 
SAE., 2003b. Performance and Emissions Evaluation of Compressed Natural Gas and Clean Diesel Buses at New York City's Metropolitan  
     Transit Authority. Society of Automotive Engineers SAE 2003-01-0300. 
Samaras Z, Ntziachristos L, Thompson N, Hall D, Westerholm R, Boulter P (2005).  Characterisation of Exhaust Particulate Emissions from Road  
     Vehicles, PARTICULATES program, European Commission.  Contract No 2000-RD.11091, source http://lat.eng.auth.gr/particulates/downloads.htm.  
Scheffe H (1959) The Analysis of Variance, John Wiley & Sons, Inc. 
Schmid, H., Pucher, E., Ellinger, R., Biebl, P., Puxbaum, H., 2001. Decadal reductions of traffic emissions on a transit route in Austria - results of  
     the Tauerntunnel experiment 1997. Atmospheric Environment 35(21), 3585-3593. 
Shah, S.D., Cocker, D.R., Miller, J.W., Norbeck, J.M., 2004. Emission rates of particulate matter and elemental and organic carbon from in-use  
     diesel engines. Environmental Science & Technology 38(9), 2544-2550. 
Shi J, Harrison RM (1999) Investigation of ultrafine particle formation during diesel exhaust dilution. Environmental Science & Technology 33;  
     3730-3736. 
Shi J P, Khan AA, Harrison RM (1999) Measurements of ultrafine particle concentration and size distribution in the urban atmosphere. The  
     Science of the Total Environment 235; 51-64. 
Shi J, Evans D, Khan A, Harrison R (2001) Sources and Concentration of Nanoparticles ( < 10 nm Diameter) in the Urban Atmosphere.  
     Atmospheric Environment 35; 1193-1202. 
Smit R, Smoker, R, Rab, E (2007) A new modelling approach for road traffic emissions: VERSIT+. Transportation Research Part D-Transport  
     and Environment 12; 414-422. 
Tran, T. V., Ng, Y. L., Denison, L., 2003. Emission Factors for In-Service Vehicles Using Citylink Tunnel. Proceedings of the National Clean Air  
     Conference, Newcastle. 
Ubanwa, B., Burnette, A., Kishan, S., Fritz, S.G., 2003. Exhaust particulate matter emission factors and deterioration rate for in-use motor  
     vehicles. Journal of Engineering for Gas Turbines and Power-Transactions of the Asme 125(2), 513-523. 
USEPA (1993) User's Guide to MOBILE5A, Mobile source emissions factor model, U.S. Environmental Protection Agency. 
Wahlin P, Palmgren F, Van Dingenen R (2001) Experimental studies of ultrafine particles in streets and the relationship to traffic. Atmospheric  
     Environment 35; S63-S69. 
Venkatram, A., Fitz, D., Bumiller, K., Du, S.M., Boeck, M., Ganguly, C., 1999. Using a dispersion model to estimate emission rates of particulate  
     matter from paved roads. Atmospheric Environment 33(7), 1093-1102. 
Walker JL, Li J, Srinivasan S, Bolduc D (2008) Travel Demand Models in the Developed World: Correcting for Measurement Errors  
     Transportation Research Board 87th Annual Meeting Washington.        
Wayne, W.S., Clark, N.N., Nine, R.D., Elefante, D., 2004. A comparison of emissions and fuel economy from hybrid-electric and conventional- 
     drive transit buses. Energy & Fuels 18(1), 257-270. 
Zhang, K.M., Wexler, A.S., Niemeier, D.A., Zhu, Y.F., Hinds, W. C., Sioutas, C., 2005. Evolution of particle number distribution near roadways.  
     Part III: Traffic, analysis and on-road size resolved particulate emission factors. Atmospheric Environment 39(22), 4155-4166. 
Zhu, Y. F., Hinds, W. C., 2005. Predicting particle number concentrations near a highway based on vertical concentration profile. Atmospheric  
     Environment 39(8), 1557-1566. 
 
 
Table 1 Source of tailpipe particle emission factors examined in the statistical analysis to derive average emission factors for different Vehicle and Road Type 
combinations 
Table 2 Model variables examined in the statistical analysis to derive average emission factors to use in transport modelling and health impact assessments, 
to quantify tailpipe particle emissions generated by motor vehicle fleets 
Table 3 Sample size of emission factors for different model variables examined in the statistical analysis, listed by particle metric  
Table 4 Tailpipe particle emission factors for motor vehicles considered the most suitable to use in transport modelling and health impact assessments, 
derived based on advanced statistical analysis in this study of 667 emission factors in the international published literature 
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   Table 1  
 
Particle metric 

 
Researchers 

 
Country of 
Study 

 
Study Location e 

 
Size Range 

Measured (nm) af 

 
Instrumentation bd 

 
Vehicle Type 
Emission Factors e 

 
 Particle number 

 
(Cadle et al, 2001) 

 
USA    

 
Dynamometer 

 
> 3 

 
ELPI, UCPC 

 
LDV 

  (CONCAWE, 1998) Belgium  Dynamometer 10-237.2 DMA LDV 
        15.7-685.4 SMPS, DMPS LDV 
        10-1000 EAA LDV 
  (Morawska et al, 2001) Australia Dynamometer 15-700 SMPS  HDV 
  (Ristovski et al, 2002) Australia Dynamometer 8-400 SMPS Bus (Diesel)  
  (Abu-Allaban, 2002) USA      Tunnel 10-400 SMPS Fleet 
  (Gertler et al, 2002) USA Tunnel 10-500 SMPS Fleet 

  (Gidhagen et al, 2003) Sweden Tunnel 
< 10, 10 -29, 29-

109, 109-900, 3-900 DMPS HDV, LDV 

  (Imhof et al, 2005b) Austria & UK  Tunnel 
18-50, 18-100,  
18-300, 18-700 SMPS Fleet, HDV, LDV  

  (Jamriska et al, 2004) Australia Tunnel 17-890 SMPS Bus (Diesel)  
  (Kristensson et al, 2004) Sweden Tunnel 3-900 DMPS Fleet 
 (Corsmeier et al, 2005) Germany Vicinity of the road  30-10,000 ELPI Fleet, HDV, LDV 
       3-900, 10-400 SMPS Fleet  
 (Gidhagen et al, 2004a) Sweden Vicinity of the road  7-450 CPC, DMPS Fleet 
  (Gidhagen et al, 2004b) Sweden Vicinity of the road  > 3 CPC, DMPS HDV, LDV 
  (Gramotnev et al, 2003) Australia Vicinity of the road  15-700 SMPS  Fleet 
  (Gramotnev et al, 2004) Australia Vicinity of the road  14-710 SMPS Fleet 
  (Hueglin et al, 2006) Switzerland Vicinity of the road  7-3000 CPC  Fleet 
  (Imhof et al, 2005c) Germany Vicinity of the road  30-10,000 ELPI Fleet, HDV, LDV 
  (Imhof et al, 2005a) Switzerland  Vicinity of the road  > 7 CPC Fleet, HDV, LDV 

        
18-50, 18-100,  

18-300 SMPS Fleet, HDV, LDV 
 (Jamriska and Morawska, 2001) Australia  Vicinity of the road  17-890 SMPS Fleet 

  (Jones and Harrison, 2006) UK Vicinity of the road  
11-30, 30-100,  

11-450, 101-450 SMPS HDV, LDV 
  (Ketzel et al, 2003) Denmark Vicinity of the road  10-700 CPC, DMPS Fleet 
 (Kittelson et al, 2004) USA Vicinity of the road  8-300 SMPS Fleet 
        3-1000 CPC Fleet 
   (Morawska et al, 2005) Australia Vicinity of the road  17-890 SMPS Fleet, HDV, LDV  
        700-20,000 APS Fleet, HDV, LDV  
  (Zhu and Hinds, 2005) USA Vicinity of the road  > 6 CPC Fleet 
Particle 
volume (Imhof et al, 2005b) Austria & UK   Tunnel 

18-50, 18-100,  
18-300, 18-700 SMPS Fleet, HDV, LDV  

 (Corsmeier et al, 2005) Germany Vicinity of the road  30-10,000 ELPI HDV, LDV 
 (Imhof et al, 2005c) Germany Vicinity of the road  29-250 ELPI Fleet, HDV, LDV 
       29-640, 29-1000 ELPI Fleet 

  (Imhof et al, 2005a) Switzerland Vicinity of the road  
18-50, 18-100,  

18-300 SMPS Fleet, HDV, LDV  
Total Particle 
mass  (Ayala et al, 2002) USA Dynamometer  

MOUDI, ELPI, 
SMPS Bus (Diesel & CNG) 

  (Chatterjee et al, 2002) USA Dynamometer  not reported  Bus (Diesel) 
  (Clark et al, 1997 & 1998)  USA Dynamometer  not reported  Bus (Diesel & CNG) 
  (Clark et al, 1999) USA Dynamometer  not reported  Bus (Diesel & CNG) 

  (CONCAWE, 1998) Belgium  Dynamometer 17.9-16,000 
Berner impactor & 
filter paper LDV 

  (Kado et al, 2005) USA Dynamometer  not reported  
Bus  Diesel & 
CNG) 

  (Lanni et al, 2003) Canada Dynamometer  Pallflex filters 
Bus Diesel & 
CNG) 

  (Lowell et al, 2003) 
USA & 
Canada  Dynamometer  not reported  

Bus( Diesel, CNG, 
LNG) 

  (Morawska et al, 1998) Australia Dynamometer 8-300 SMPS Bus  Diesel  

 (Bradley, 2000) USA Dynamometer  Fibreglass filters 
Bus  (Diesel, CNG, 
Hybrid) 
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Particle metric Researchers Country of 

Study 
Study Location e Size Range 

Measured (nm) af 
Instrumentation bd Vehicle Type 

Emission Factors e 
Total Particle 
mass (c’td) 

(SAE, 2001; 2002a,b;  2003a, b; 
cited in Lowell et al, 2003) 

USA & 
Canada  Dnamometer  not reported  Bus  (Diesel, CNG)   

 
 (CARB, 2001; ARB's, 2002 
cited in Lowell et al, 2003) USA  Dynamometer  not reported Bus (Diesel & CNG) 

  (Ubanwa et al, 2003) USA Dynamometer  not reported  HDV, Bus (Diesel) 

  (Wayne et al, 2004) USA Dynamometer  not reported  
Bus (Diesel, LNG, 
Hybrid) 

  (Jamriska et al, 2004) Australia Tunnel 17-700 SMPS Bus (Diesel) 

  (Holmen et al, 2005) USA Vicinity of the road   Telfon filters 
Bus (Diesel), Hybrid 
Bus 

  (Kittelson et al, 2004) USA Vicinity of the road  8-300 SMPS Fleet 
  (Mazzoleni et al, 2004) USA Vicinity of the road   Remote sensing Fleet 
  (Shah et al, 2004) USA  Vicinity of the road   Teflon filters Fleet, HDV 
  (Zhang et al, 2005) USA   Vicinity of the road  6-220 inverse modelling  HDV, LDV  
        > 220* inverse modelling  HDV, LDV  
  (Abu-Allaban et al, 2003b) USA Vicinity of the road   Chemical balance HDV, LDV  

PM1 (DOEH, 2003) Australia Dynamometer sm APS HDV, LDV  
 (Imhof et al, 2005b) Austria & UK  Tunnel sm Kleinfiltergerate Fleet, HDV, LDV 
  (Gehrig et al, 2004) Switzerland Vicinity of the road  sm Beta-ray  Fleet, HDV, LDV 
  (Imhof et al, 2005a) Switzerland  Vicinity of the road  sm Betameter Fleet, HDV, LDV 

PM2.5 (DOEH, 2003) Australia Dynamometer sm APS HDV, LDV  

  (Wayne et al, 2004) USA  Dynamometer sm Glass-fibre filter 
Bus (Diesel & LNG), 
Hybrid Bus 

  (Gertler et al, 2002) USA  Tunnel sm IMPROVE sampler Fleet, HDV, LDV 

  (Gillies et al, 2001) USA   Tunnel sm 
Medium-volume 
samplers Fleet  

  (Imhof et al, 2005b) UK Tunnel sm TEOM Fleet, HDV, LDV 
  (Jamriska et al, 2004)  Australia Tunnel sm TEOM, DustTrak Bus (Diesel)  
  (Kristensson et al, 2004) Sweden Tunnel sm TEOM & DMPS Fleet 
  (Tran et al, 2003) Australia Tunnel sm Teflon filters HDV, LDV  
  (Abu-Allaban et al, 2003a) USA Vicinity of the road sm DustTrak HDV, LDV, Bus 
  (Morawska et al, 2004) Australia Vicinity of the road sm DustTrak Fleet 
  (Abu-Allaban et al, 2003b) USA Vicinity of the road sm Chemical balance  HDV, LDV  

PM10  

 
(Cadle et al, 1997) 
 

USA 
 

Dynamometer 
 

sm 
 

Teflon & Quartz 
filters LDV 

  (Cadle et al, 2001) USA Dynamometer sm MOUDI LDV 

  
(Lowell et al, 2003) 
 

USA & 
Canada  

Dynamometer 
 

sm 
 

not reported  
 

Bus (Diesel)  
 

  (DOEH, 2003) Australia Dynamometer sm APS HDV, LDV 

  (Romilly, 1999) UK Dynamometer sm not reported  
LDV, Bus, Midibus, 
Minibus 

 
(SAE, 2001; SAE, 2002a) cited 
in Lowell et al, 2003) 

USA & 
Canada Dynamometer sm not reported Bus (Diesel & CNG) 

  (Wayne et al, 2004) USA  Dynamometer sm not reported  
Bus (Diesel & LNG), 
Hybrid Bus  

  (Gertler et al, 2002) USA  Tunnel sm DustTrak Fleet, HDV, LDV 

  (Gillies et al, 2001) USA   Tunnel sm 
Medium-volume 
samplers Fleet  

  (Hibberd, 2005) Australia Tunnel sm Statistical analysis c Fleet, HDV, LDV 
 (Imhof et al, 2005b) Austria  Tunnel sm TEOM Fleet, HDV  
  (Kristensson et al, 2004) Sweden Tunnel sm TEOM & DMPS  Fleet 
  (Schmid et al, 2001) Austria Tunnel sm Quartz filters  Fleet, HDV, LDV 
  (Tran et al, 2003) Australia Tunnel sm Teflon filters  LDV  
  (Abu-Allaban et al, 2003a) USA Vicinity of the road sm DustTrak HDV, LDV, Bus 
  (Venkatram et al, 1999) USA Vicinity of the road sm Teflon filters Fleet 
  (Gehrig et al, 2004) Switzerland Vicinity of the road sm Beta-ray  Fleet, HDV, LDV 
  (Imhof et al, 2005a) Switzerland Vicinity of the road sm Betameter Fleet, HDV, LDV 
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  a 1000 nm is equivalent to 1 µm. These units refer to particle diameter. b Instrumentation (in alphabetical order) - Aerodynamic Particle Sizer (APS), Berner 
low pressure Impactor, Beta-ray absorption monitors, Betameter, Chemical Mass Balance, Condensation Particle Counter (CPC), Differential Mobility 
Analyzer (DMA), Differential Mobility Particle Sizer (DMPS), Dynamometer, DustTrak, Electrical Aerosol Analyser (EAA), Electrical Low Pressure 
Impactor (ELPI), Filters (Fibreglass, Glass fibre, Teflon, Quartz), Kleinfiltergerate, LIDAR-based VERSS and remote sensing, Mass Single Stage 
Multidilutor, MOUDI (Micro-Orifice Uniform Deposit Impactor), Samplers (IMPROVE, high volume, medium volume), Scanning Mobility Particle Sizer 
(SMPS),  Tapered Element Oscillating Microbalances(TEOM) and Ultrafine Condensation Particle Counter (UCPC).  c Fit log-normal functions to 
extrapolate concentrations beyond > 220nm. Statistical analysis of in-stack pollution monitoring data and hourly vehicle counts. d Not reported – 
dynamometer studies which did not provide further information on Instrumentation used.  e Vicinity of the road studies refer to studies conducted on or near 
the road, near a kerb, upwind or downwind of the road.     f sm – refers to Size Range Measured and relates to particles with diameters < 1 µm, < 2.5 µm and 
< 10 µm (known as PM1, PM2.5 and PM10 respectively).   g LDV (Light duty vehicles), HDV (Heavy duty vehicles) – refer Table 2 for further detail.   

 
             

               Table 2  

 
Model Variable Name  
 

 
Model Variable Sub-classes 

Particle Metric Particle number, particle volume, total particle mass, PM1, PM2.5, PM10 

Country of Study Australia; USA/Canada; Other Countries (Austria, Belgium, Denmark, Germany, Sweden, Switzerland, UK) a

Study Location Dynamometer (in a laboratory), tunnel or in the vicinity of a road b  
Road Type Boulevard, freeway, highway, motorway, rural area, tunnel, urban c 
Speed Limit on the Road The reported Speed Limit on the Road d 
Road Class Urban and Non-Urban roads; Highway and Non-Highways roads e 
Average Number of Vehicles Per Day The average number of vehicles travelling in a vehicle fleet per day f   
Heavy Duty Vehicle Share  Percentage of  heavy duty vehicles (HDVs )travelling in a vehicle fleet per day g 
Number of HDVs Per Day Number of HDVs travelling in a vehicle fleet per day h 
Vehicle Type Fleet, light duty vehicles (LDVs), heavy duty vehicles (HDVs) Bus i 
Fuel Types  Diesel, Gasoline, Compressed Natural Gas, Liquefied Natural Gas j 
Drive Cycles Drive Cycles for Buses, Trucks and Other vehicles k 
Average Vehicle Speed Average Vehicle Speed tested on a dynamometer or reported in a tunnel or vicinity of the road study  

Engine Power Reported for two bus studies m 
Instrumentation 20 different types of Instrumentation n 
Size Range Measured                                  
 

Size Range Measured by Instrumentation o 

 

a Groups based on numbers of studies found. b Vicinity of the road - on or near the road, near a curb, upwind, downwind or a road. c Urban 
Drive Cycle data classed as urban Road Type. d Few studies reported, where reported was Boulevard 82, highway 82 and 100, freeway 100, 
motorway 120, tunnel 60, 64, 80, 89, urban 50 and 57 km/hr. e  Road Class based on either the reported Speed Limit on the Road, or the speed 
limit that would most likely be associated with the Road Type.  < 60 road classed Urban; ≥ 60 non-Urban; ≥ 80 Highway; < 80 km/hr non-
Highway. Insufficient data were available to examine individual speeds or other specific speed ranges.  f Ranges 13,128-103,080 per day 
particle number; 23,000-30,000 particle volume; 12,540-12,900 total particle mass; 20,000-69,816 PM1; 20,000-69,816 per day PM10.  5 
buses/minute particle number and PM2.5. g Ranges 5-100% particle number, 7-60% particle volume; 1-100% total particle mass, PM2.5; 6.1-18%  
PM1; 2.6-83% for PM10. h Derived where data for both Average Number of Vehicles Per Day and Heavy Duty Vehicle Share (%) were 
available. i  Based on author classifications, including HDV (number of axles, gross vehicle mass weight or length); LDV (wheel pair distance, 
vehicle length or weight).  LDVs included cars and trucks with specified vehicle weights; and HDVs with gross vehicle mass weights ranging 
from 3.5-12 tonne to > 25 tonne. j  Few reported diesel fuel sulphur content, where reported was < 15ppm, < 30 ppm Ultralow sulphur diesel 
(ULSD) HDV; 300ppm Low sulphur diesel (LSD) for Bus, 24-480ppm for LDV and HDV. Diesel, ULSD and LSD classed as diesel Fuel 
Type. k  Buses - Bus Route, Central Bus District, Central Business District – Aggressive Driving, Composite, CUEDC cycle, Manhattan, New 
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York Bus, Orange County Transit Authority, Route 22, Route 77, UDDS and Urban. Other vehicles - CUEDC cycle, FTP, HHDDT; Hot UC, 
Hot Cycle, Cold Cycle, REP05, Steady State, UC and Urban. Trucks - CBD–CBD14, HDCC.  l Ranges < 50, 50-120 particle number, 86-113 
particle volume; 80-120 total particle mass; 30-90 PM1; 45-91 PM2.5;  < 65 and 45-91 km/hr for PM10.  

m Engine Power:  Reported in two diesel 
bus studies (Jamriska et al. 2004; Ristovski et al. 2002). n Instrumentation (in alphabetical order) Aerodynamic Particle Sizer, Berner low 
pressure Impactor, Betameter, Beta-ray absorption monitors, Chemical Mass Balance, Condensation Particle Counter ,  Differential Mobility 
Analyzer, Differential Mobility Particle Sizer, DustTrak, Electrical Aerosol Analyser, Electrical Low Pressure Impactor, Filters (Fibreglass, 
Glass fibre, Teflon, Quartz), Kleinfiltergerate, LIDAR-based VERSS and remote sensing, Mass Single Stage Multidilutor, Micro-Orifice 
Uniform Deposit Impactor, Samplers, Scanning Mobility Particle Sizer, Tapered Element Oscillating Microbalances, Ultrafine Condensation 
Particle Counter. o Particle number  0.003-1 µm (dynamometer), 0.01-0.9 µm (tunnel), 0.003-20 µm (vicinity of the road); particle volume 
0.018-10 µm. Ranges particle number 0.003-1 µm (dynamometer), 0.01-0.9 µm (tunnel studies), 0.003-20 µm (vicinity of the road), total 
particle number count > 3 nm; 0.018-10 µm (particle volume). Few size ranges reported in total particle mass studies, where reported 0.008-16 
µm (dynamometer), 0.017-0.7 µm (tunnel), 0.008-0.3 µm, > 0.22 µm vicinity of the road.   
   

 
      Table 3   
 

 
Sample sizes related to Study Location and Road Environment statistical model variables 
 

 
Particle 
metric 

Country of Study a 
 

Study Location 
 

Road 
Type 

Speed 
Limit 

Road Class 
km/hr 

Road Class 
km/hr 

Average No  
Vehicles 
per day d 

HDV 
Share, % 
d 

  
Australia  

 
Other b  

 
USA & 
Canada 

 
Dyno  

 
Tunnel  

 
Vicinity 
of road  

   
≤ 60 

 
> 60 

 
< 80 

 
≥ 80 

 
On-road 
fleets 

 
On-road 
fleets 
 

P Number 26 109 21 15 50 91 149 99 36 114 48 102 104 100 
P Volume -- 57 -- -- 23 34 57 55 9 48 21 36 52 28 
PM1 10 34 -- 10 9 25 34 15 11 31 30 12 34 25 
PM2.5 18 7 60 17 18 50 72 c 20 26 52 31 38 7 38 
PM10 19 50 57 45 23 58 96 c 33 58 31 47 40 38 54 
Total  Mass 3 12 184 165 2 32 119 c 8 97 65 97 65 2 18 
TOTAL 76 269 322 252 125 290 240 230 237 341 274 293 237 263 
 
Sample sizes related to Vehicle Type and Instrumentation statistical model variables  
 

 
Particle 
metric 

 
Vehicle 

Type 

 
Fuel Type 
Reported e 

 
Drive Cycle 

 
Average Vehicle 

Speed  

 
Engine Power 

 
Instrumentation 

 
Size Range Measured g 

 
P Number  

 
156 

 
34 

 
6 

 
13 

 
2 

 
156 

 
156 (lower) f; 137(upper) 

P Volume  57 -- -- 2 -- 57 57 (lower & upper ) 
PM1 44 16 17 16 -- 44 Particles with diameters < 1 µm 
PM2.5 85 33 17 26 4 85 Particles with diameters < 2.5 µm 
PM10 126 37 31 14 nr 126 Particles with diameters < 10 µm 
Total Mass 199 173 150 17 2 199 15 (lower & upper) 
TOTAL 667 293 221 88 8 667 232 (lower) f; 207 (upper) 

 

a Country of Study is considered to have limited relevance for dynamometer measurements, except for Urban Drive Cycles, which were classed Urban Road Type 
(see c below). b Other Countries included studies from Austria, Belgium, Denmark, Germany, Sweden, Switzerland and the United Kingdom. c Within these total 
Road Type sample sizes, 92 emission factors related to total particle mass, 16 to PM2.5  and 23  to PM10  which were dynamometer measurements using an Urban 
Drive Cycle.  These data were classified in the statistical models as Urban Road Type. d Average Number of Vehicles Per Day and Heavy Duty Vehicle Share 
sample sizes related to on-road vehicle fleets, and where data was available in studies for both these variables, the additional model variable Number of HDVs Per 
Day was derived. e Not all studies reported vehicle Fuel Type, particularly studies of on-road vehicle fleets. f Some particle number studies reported only the lower 
Size Range Measured, such as where total particle count was measured. Lower & upper – represent the lower size range and upper size ranges measured.  
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    Table 4  
 

    
Particle 
metric  

Emission 
unit per 
vehicle 

Explanatory variables  
(in bold italics) 

Emission Factors and their 95% confidence intervals (CI) 

   Fleet 95% CI HDV 95% CI LDV 95% CI Bus 95% CI 
 

Particle 
number 
 

1014 

particles  
per km  

Vehicle Type & 
Instrumentation 

        

CPC c 7.26 3.85-10.66 65 60.19-69.81 3.63 a-9.85 -- -- 
SMPS c 

 
-- -- -- -- -- -- 3.08b a-9.30 

Particle 
volume 

Cubic cm 
per km 

Vehicle Type, Size Range 
Measured & Speed Limit 
on the Road  

 
 

       

  18-300nm, <= 60 km/hr 0.07 a-0.19 0.93 0.81-1.06 0.03 a-0.15 -- -- 
  18-700nm, > 60 km/hr 

 
0.04 a-0.16 0.41 0.32-0.49 0.05 a-0.3 -- -- 

PM1 mg per km Vehicle Type & Fuel Type 
Fuel not specified  
Fuel not specified & diesel 
Combined 
 

 
36 
-- 

 
2-70 

-- 

 
-- 

287 

 
-- 

257-317 

 
16 
-- 

 
a-50 
-- 

 
-- 
-- 

 
-- 
-- 

PM2.5 mg per km Vehicle Type & 
Instrumentation 

        

  TEOM & DMPS c 
DustTrak  
All Instrumentation  
 

60 
-- 
-- 

a-166 
-- 
-- 

-- 
-- 

302 

-- 
-- 

236-367 

-- 
33 
-- 

-- 
a-80 
-- 

-- 
299b 

-- 

-- 
205-394 

-- 

PM10 mg per km Vehicle Type & Road Type         
  Boulevard -- -- 4815 3459-6171 454 a-1413 4130ce 2774-5486 
  Urban 688 a-1546 538 a-1145 156 a-635 1089ce 306-1872 
  Freeway 200 a-2118 2500 1144-3856 285 a-1244 -- -- 
  Highway 66 a-1421 840 a-1947 141 a-924 -- -- 
  Motorway 77 a-1432 213 a-1568 63 a-1419 -- -- 
  Rural Area 67 a-1984 394 a-2312 46 a-1964 -- -- 
  Tunnel  306 a-884 1019 236-1802 14 a- 797 --        -- 
  Dynamometer e -- -- -- -- -- -- 313ce     a-753 

 
 

a  The lower bound 95% confidence interval value calculated to be negative and therefore is not valid. These values, although physically uninterpretable, can be 
obtained as a consequence of the normal assumptions underlying the models, and hence are not reported.  b Diesel buses.  c  Buses – Fuel not specified (can be 
assumed to be Diesel-fuelled due to the timing and location of the studies), principally Diesel-fuelled buses. d Condensation Particle Counter (CPC), Scanning 
Mobility Particle Sizer (SMPS), Tapered Element Oscillating Microbalances (TEOM) and Differential Mobility Analyzer (DMA). e The average dynamometer 
emission factor for buses for PM10 is also presented; as the on-road boulevard and urban Road Type studies were reported to be affected by very high levels of 
resuspended road dust and the influence of variation in acceleration and speed (Abu-Allaban et al. 2003a). 


