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ABSTRACT: The California Air Resources Board (ARB)
adopted the low emission vehicle (LEV) III particulate matter
(PM) standards in January 2012, which require, among other
limits, vehicles to meet 1 mg/mi over the federal test
procedure (FTP). One possible alternative measurement
approach evaluated to support the implementation of the
LEV III standards is integrated particle size distribution
(IPSD), which reports real-time PM mass using size
distribution and effective density. The IPSD method was
evaluated using TSI’s engine exhaust particle sizer (EEPS, 5.6−
560 nm) and gravimetric filter data from more than 250 tests
and 34 vehicles at ARB’s Haagen-Smit Laboratory (HSL).
IPSD mass was persistently lower than gravimetric mass by
56−75% over the FTP tests and by 81−84% over the supplemental FTP (US06) tests. Strong covariance between the methods
suggests test-to-test variability originates from actual vehicle emission differences rather than measurement accuracy, where IPSD
offered no statistical improvement over gravimetric measurement variability.

1. INTRODUCTION

Chronic exposure to ambient particulate matter (PM), a
mixture of natural and anthropogenic solid and semivolatile
constituents, is associated with increased cardiopulmonary
morbidity and mortality.1,2 Exposure to primary PM from
mobile sources has been well characterized,3−9 and has been
linked directly to adverse health outcomes.10−12 Over the past
decades, the California Air Resources Board (ARB) has
implemented several mobile source control programs resulting
in widespread emission reductions,13 and ARB adopted PM
standards for the low emission vehicle (LEV) III standards as
part of the Advanced Clean Cars program. Beginning with
model year (MY) 2017 and MY 2025, the current 10 mg/mi
PM standards will decrease to 3 mg/mi and 1 mg/mi,
respectively, over the Federal Test Procedure (FTP).14 LEV III
standards also include PM standards applicable to the
Supplemental FTP (US06) test cycle, as well as higher interim
in-use emission limits.
One stated objective of the LEV III standards was to ensure

future vehicles continue to have very low PM emissions.

Current gasoline vehicles commonly use port-fuel injection
(PFI) and typically overcomply with the current 10 mg/mi
standard. However, some newer technologies being introduced
to meet increasingly stringent greenhouse gas emission
standards, such as gasoline direct injection (GDI), have been
shown to comply by a smaller margin15−17 and the measure-
ment precision at the new standards, especially at 1 mg/mi, was
not thoroughly investigated. Since the adoption of the LEV III
standards, ARB has confirmed the feasibility of gravimetric
measurement of PM emissions below 1 mg/mi using the
existing filter-based gravimetric method.18 PM emission
standards in the United States have thus far been defined on
a filter-based mass basis, which to date remains the reference
method for measuring PM. Nevertheless, alternative metrics
used to define, measure, and control PM emissions is critical to
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further understand the nature of PM emissions emitted by
vehicles compliant to today’s most stringent emission stand-
ards.
One promising alternative approach for measuring PM mass

from light-duty vehicles is integrated particle size distribution
(IPSD),19−21 a method where real-time mobility-based particle
size distributions22−24 are converted into mass distributions by
applying size-resolved particle effective density.25−28 Previously,
the IPSD method, reporting suspended PM mass, has shown
reduced test-to-test variability relative to a filter-based
gravimetric reference mass and has exhibited a one-to-one
relationship relative to gravimetric mass when measuring heavy-
duty diesel truck emissions.19,20,29 Effective density of
particulate emissions from light-duty gasoline vehicles has
been measured by Maricq and Xu (2004);25 and, more recently
redefined by Quiros et al.30 for modern GDI and PFI gasoline
vehicles, and a light-duty diesel vehicle (LDD) with a diesel
particulate filter (DPF). The primary objective of this study is
to evaluate the IPSD method for estimating suspended PM
mass (MIPSD) compared to the filter-based gravimetric mass
defined by the CFR Part 1065 specifications (MGRAV). We test
this hypothesis using a comprehensive of particle size
distribution data measured using the TSI EEPS (engine exhaust
particle sizer, 5.6−560 nm) from 168 FTP and 87 US06 tests,
and 34 different vehicles that included PFI, GDI, and LDD
technologies.
Although inconclusive, some studies suggests health effects

are also associated with alternative metrics such as total or
ultrafine particle (UFP, <100 nm) number concentration31−33

and active or Fuchs surface area.34−37 Accordingly, this work
evaluates trends using estimates of total particle number
(NIPSD) and active surface area (SAIPSD) using the same EEPS
distributions. In addition to trends in total number and active
surface area calculated over the entire measurement range of
the EEPS (5.6−560 nm), active surface area and number are
reported by size bin (e.g., SAIPSD < 23 nm or NIPSD < 100 nm).

2. MATERIALS AND METHODS
Testing was conducted at the ARB Haagen-Smit Laboratory
(HSL) in El Monte, CA. Data were collected in three of the
light-duty test cells equipped with a 48 in. single-roll electric
chassis dynamometer, a constant volume sampler (CVS), and a
PM sampling system that meets requirements defined by 40
CFR 1065.38 Each test included gravimetric filter sampling
using Polytetrafluoroethylene (PTFE) media downstream of a
cyclone (d50 ≈ 2.5 μm and >99% penetration of submicron
particles). A more detailed description of the test cells and test
procedures can be found in Hu et al.18 An FTP test includes a
cold-start urban dynamometer driving schedule (UDDS) and a
hot-start UDDS weighted by 0.43 and 0.57, respectively. This
study included both three-filter and two-filter tests as defined in
CFR Part 1066.801(b) options 1 and 2, respectively.39 Tunnel
blank filters were collected at test-cell ambient temperature, but
dilution-air subtraction was not conducted to better understand
emissions variability without selecting, and presenting results
from, a specific subtraction method. US06 tests were measured
using a single filter following an initial US06 preconditioning
cycle followed by 90 s of neutral idling without restarting the
engine. Test fuels included California certification- and
commercial-grade gasoline containing between 0 and 10%
ethanol, and California commercial-grade diesel (<15 ppm
sulfur). Complete test lists are located in Tables S1 and S2 in
the Supporting Information.

Four TSI EEPS units were deployed in three test cells
concurrently over a few years that ran firmware versions
between 3.05 and 3.11. The EEPS uses a unipolar diffusion and
field charger that generates a positive corona to induce a high
degree of charge onto particles, which are then classified using
22 electrodes providing size distribution over 32 channels.23

Gravimetric and suspended PM was measured using a cyclonic
separator with >99% penetration of 1 μm particles (d50 ≈ 2.5
μm); no additional dilution or sample flow heating was used.
The manufacturer maintenance procedures were followed,
including regular cleaning of the electrode surfaces, using an
acrylic cylinder and a lint-free cloth, and charging needles using
forceps. A small portion of PM mass and size distribution data
were rejected for violation of PM sampling criteria (e.g., filter
temperature violation) or EEPS errors (e.g., flow or charger
voltage errors). The EEPS has been widely used to measure
transient particle size distribution,40,41 but it has been shown to
underestimate the concentration of fractal-like exhaust particles
with diameters greater than 100 nm compared to measure-
ments from an SMPS.22,24,29,42,43 To minimize some sizing bias
associated with using the EEPS, but not introduce additional
variability between vehicles, each size distribution was corrected
using the identical average SMPS-to-EEPS log-normal ratio
determined using a comprehensive evaluation of light-duty
vehicles under various low- and high-load steady-state driving
conditions representing all the range of conditions of the FTP
and US06 test cycles.30 All data in this paper reflect this
correction, which resulted in approximately ten percent higher
calculated PM mass (MIPSD) than uncorrected distributions
(Figure S1, in the Supporting Information).
Size distributions were used to estimate three IPSD

parameters: total number (NIPSD); active surface area (SAIPSD)
by weighting mobility diameter (dp) by an exponent of 1.4;36,44

and, particle mass (MIPSD) following eq 1:

∑ ρ π= × ×⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥M d n

6i
i i iIPSD eff, p,

3

(1)

where ρeff,i is the particle effective density, dp is the mobility
diameter, and ni is the measured number concentration for size
bin i. IPSD calculations were derived from EEPS measurements
of diluted vehicle exhaust, whereas gravimetric measurements
and CVS parameters are reported at standard conditions (T =
293.15 K and P = 1013 mbar). Therefore, the EEPS
measurements were corrected to standard conditions following
the ideal gas law using the proportionality of pressure (P),
volume, and temperature (T), which experimentally resulted in
3.0 ± 0.6% and 7.1 ± 2.0% average calculated mass increases
for the FTP and US06 tests, respectively.
Effective density was calculated and applied using the power

fit law presented in eq 2 and functions shown in Supporting
Information Figure S2.

ρ = × × −c d1000 D
eff p

3m
(2)

Effective density (kg/m3) is a function of electrical mobility
diameter dp (nm), a constant c (dimensionless), and mass-
mobility scaling exponent (Dm). An exponential model fits well
to measured effective densities for the nucleation mode;20,21

however, as particle size increases, experimental measurements
deviated from fits. Because mass yielded by the IPSD method is
heavily dependent upon the accuracy of effective densities
reported near the mass median diameter (MMD), a power fit
law, expressed by eq 2, was used to model the effective densities
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of all particles 55 nm and larger, and the fit agrees well with
experimental data collected up to 350 nm.45 The density of
particles smaller than 55 nm is assumed equivalent to the
calculated value at 55 nm, which generally fits measured data25

and agrees with the empirical approach for calculating
coefficients c and Dm based on fractal aggregate theory.46 The
same effective density function was used for all speed-time trace
points because the majority of the FTP cycle lay within similar
operational windows of power; the application of time-resolved
functions based on various steady-state loads had less than a
one percent impact on final mass estimates even for LDD
vehicles, for which effective density is a stronger function of
engine load than gasoline vehicles. Moreover, the selection of
an accurate effective density function for a vehicle technology is
critical for IPSD to yield accurate mass estimates. This paper
uses separate effective density functions for each vehicle
technology as recently defined,30 which are presented in Figure
S2 in Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Real-Time PM Mass and Size Distribution. Figure 1
presents real-time and normalized cumulative IPSD mass for
the following selected FTP tests of each engine technology: one
PFI (2011 Nissan Altima, MGRAV = 0.99 mg/mi), one GDI
(2010 Volkswagen Jetta, MGRAV = 1.69 mg/mi), the same GDI
retrofit with a prototype gasoline particulate filter (GPF)
(MGRAV = 0.22 mg/mi), and one LDD (2013 Volkswagen Jetta
TDI, MGRAV = 0.11 mg/mi). The emission of gasoline vehicles
was the maximum during the first acceleration of the FTP at a
rate of 0.4 mg/sec for the GDI vehicle and between 0.1 and 0.2
mg/sec for the PFI vehicle. The first 45 s of Phase 1 includes
three distinct accelerations, during which approximately 25%
and 55% of cumulative PM was emitted from the PFI and GDI
vehicle, respectively. These two vehicles were each tested
multiple times, and a similar trend of emission was observed
during Phase 1 of each repeat test (Figure S3, Supporting
Information). Elevated cold start emissions for GDI vehicles
have been widely reported,47−50 and this phenomenon is
generally attributable to cylinder wall and piston surface wetting
before chamber temperatures are sufficient for rapid evapo-
ration. Although PFI systems typically result in lower overall

PM emissions than current GDI systems, Figure 1 shows higher
real-time PM emission rates were observed later in the test
cycle, such as during the successive accelerations between 800
and 1100 s. In contrast to the gasoline vehicles, the LDD
emitted at a near constant rate over the FTP; constant
emissions over the FTP cycle is also a characteristic of
unfiltered diesel emissions,51 suggesting the DPF efficiency was
constant over this specific test. The impact of emissions
attributable to the engine cold-start can be assessed by
calculating the ratio between phases 1 and 3 because the
driving traces are identical. The ratio averages and standard
deviations were 5.9 ± 2.0 for GDI, 2.7 ± 0.9 for PFI, and 1.8 ±
1.9 for LDD. Although the LDD vehicles in this study emitted
PM at more constant rates over the phases of the FTP than the
PFI or GDI vehicles, this may change as emission control
strategies and after treatment component designs evolve to
meet future emission standards.
A prototype GPF provided by the Dow Chemical Company

was temporarily installed underfloor, downstream of the close-
coupled catalyst and relying solely on passive regeneration, on
the GDI vehicle, and it reduced weighted FTP emissions by
87% relative to without the GPF. Fill state, or soot loading,
strongly impacts removal efficiency; Chan et al. (2014) showed
a removal efficiency range of 73−88% for BC comparing an
empty to filled GPF.52 The fill state and regeneration status
were unknown at the time of testing. Interestingly, the rate of
normalized cumulative emissions during the FTP was identical
for the GDI vehicle with and without the GPF (Figure 1), even
during cold start conditions, indicating the GPF efficiency was
constant over the cycle. Moreover, the MMD and geometric
standard deviation (GSD) did not change appreciably as a
result of the GPF (Figure S4 and Table S3 in the Supporting
Information).

3.2. Tunnel Blank Determination. Tunnel blanks
conducted at the HSL laboratories through 2012 indicated
tunnel blank filter loadings ranged from 1.8 to 2.5 μg per filter
(phase), which contributed to around 0.16 mg/mi for the FTP
cycle.18 The origin of this signal could be due adsorption of
gaseous artifact, or other uncertainty associated with the
gravimetric method during filter handling. Measurements from
the EEPS during a selected tunnel blank corresponded to total

Figure 1. PM emissions rates and cumulative mass emissions for selected PFI, GDI, LDD, and GDI + GPF vehicles for the three-phase FTP.
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particle number concentrations around 7 × 102 #/cm3, volume
concentrations of 6 × 10−7 cm3/m3, and calculated tunnel blank
mass (MIPSD) of 0.018 mg/mi (constant ρeff = 1200 kg/m3)30

for standard FTP test conditions (3 phases, 350 CFM). Some
test-to-test variation in the number concentration of the EEPS
size distribution was observed, but this typically did not span
more than a factor of 2. The measured values were all greater
than the EEPS detection limit of 170 #/cm3 calculated using
size-resolved RMS noise values provided and derived by TSI
from five EEPS units. When accounting for PM larger than the
560 nm EEPS mobility cutoff with a TSI aerodynamic particle
sizer (APS, 0.54−2.5 μm) for the same FTP tunnel blank
(0.006 mg/mi), the total tunnel background of PM was 0.024
mg/mi, over six times lower than reported by the gravimetric
filter-based method. This ratio could change because the
availability of EEPS and APS data for the same test was limited,
and also the effective density of tunnel background particles

could change due to environmental conditions. Nevertheless,
the lower tunnel background level for the IPSD method
demonstrates the improved sensitivity of the method when
measuring near tunnel background levels for the gravimetric
method. An evaluation of EEPS and APS size distributions for
multiple laboratories over longer periods of time would be
needed to define the equivalent tunnel background level for the
IPSD method.

3.3. Comparing IPSD and Gravimetric Mass. Figure 2
presents a series of Pearson Least Squares linear regressions for
MIPSD versus MGRAV by vehicle technology for FTP and US06
tests. FTP tests with PM emissions exceeding 4 mg/mi were
excluded for the linear correlation only, in order to focus on
compliant and marginally compliant vehicles to the LEV III
standards. A correlation was not reported for the GDI vehicle
with a retrofit GPF because only two tests were conducted.
Prediction intervals at the 95% confidence level are shown as

Figure 2. Correlations ofMIPSD versus MGRAV for vehicle tests over the FTP (A, C, E), and US06 (B, D, F) test cycles. Dashed lines indicate the 95%
prediction intervals, annotations include equations for the best fit lines (least-squares), and fit parameters including R2 and standard error of the
estimate (Se).
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dashed lines. The standard error of the estimate (Se) is reported
for each panel, which quantifies the average residual error, in
units of the dependent variable (MIPSD) in the vertical direction
from the best fit line.
3.3.1. Goodness of Fit. PFI and GDI vehicles showed good

agreement between IPSD and gravimetric measurements for
FTP (R2 = 0.70 and 0.86, respectively) and US06 (R2 = 0.55
and 0.89, respectively) tests. Measurements generally lay within
the 95% prediction intervals; the average residual error
indicated by Se ranged from 0.12 to 0.19 mg/mi for PFI, and
from 0.12 to 0.20 for GDI vehicles. Measurements over the
US06 cycle showed better agreement for GDI vehicles
compared to PFI vehicles in terms of R2 and Se, indicating
that measurements were more predictable when characterizing
emissions from GDI vehicles. For the FTP cycle, GDI vehicles
only showed better fit in terms of R2 but not Se, suggesting
improved characterization of vehicles with higher emissions, but
not necessarily tests with lower emissions because the average
of the residuals was greater when weighting all tests equally.
LDD vehicles exhibited weaker correlation between the

methods (R2 = 0.11) compared to gasoline vehicles for FTP
tests. One US06 test included an active DPF regeneration
(MGRAV = 69.7 mg/mi, ID = 251 in the Supporting
Information), resulting in a strong apparent correlation (R2 =
0.998). This regression analysis violates the assumption that
variance is equal across the range of values evaluated; but, it
demonstrates how R2 alone is not always a useful parameter to
assess goodness of fit. In this case, the average residual error
indicated by Se was 0.057 and 0.133 mg/mi for the FTP and
US06 tests respectively, indicating that the FTP tests exhibited
better fit when giving equal weight to each datum. It is
important to consider test ID 251 in the analysis because it
demonstrates the linearity and application of IPSD to vehicles
with PM emissions meeting the LEV III standards and during
off-cycle events such as DPF regeneration. When removing the
single US06 test including a DPF regeneration, and evaluating
the correlation of the clustered data between 0.1 and 0.2 mg/
mi, a worse fit (R2=0.07) was observed. This uncertainty could
originate from unpredictable effective density function for
LDD, measurement and formation of nonrefractory PM
fraction, or measurement uncertainty resulting from measuring
vehicle emissions below gravimetric tunnel background levels.
3.3.2. Understanding Methodological Bias. Theoretically,

MIPSD and MGRAV should be equivalent, and a one-to-one
relationship would result in a slope near unity. However, as
shown in Figure 2, MIPSD was virtually always lower than
MGRAV. Predictive slopes ranged from 0.25 to 0.44 over the FTP
and 0.16−0.19 over the US06. These ranges are lower than our

previous evaluation of a smaller data set (slope = 0.63), which
included multiple vehicle technologies with PM emissions up to
6 mg/mi.48 However, the slope of 0.63 was impacted by a single
test with MGRAV ≈ 6 mg/mi; the remaining measurements
follow a slope more consistent with the results in this study. In
contrast to earlier heavy-duty evaluations of IPSD showing
good one-to-one agreement with the gravimetric method,19,20

this work shows IPSD persistently underestimates filter-
collected PM mass when applied to a range of light-duty
vehicle technologies. Several possible contributing factors were
considered to explain why suspended IPSD mass was lower
than filter-collected gravimetric mass.
Strategies used to accelerate catalyst light-off following cold

start such as late injection and retarded spark timing,53,54 could
change the relative quantities of soot and hydrocarbon
emissions, which influence the effective density of PM
emissions, for the brief period responsible for a large fraction
of total FTP emissions (Figure 1). The hypothesis that
particulate effective density is actually higher during cold start
than during warmed-up conditions (and is a contributor to
IPSD underestimation) would return a lower slope in the MIPSD
vs MGRAV relationship for Phase 1 (Cold Start) compared to the
identical Phase 3 (Hot Start). Data show that the slope for
Phase 1 was at least 60% higher than Phase 3 for gasoline
vehicles (Figure S5, Supporting Information), suggesting that
cold-start specific effective density was not a major contributor
to the observed IPSD underestimation.
Because tunnel blanks were not subtracted from vehicle tests,

the y-intercept of the linear regression can be used to better
understand the interaction of volatile constituents on filter
media that are not measured by the IPSD method. Using this
approach, there was no indication of either gaseous adsorption
or evaporation from filter media for gasoline vehicles because
all positive and negative intercepts were within the uncertainty
of the best-fit line between the two methods. Figure 2 shows
the magnitude of the intercepts was within the scatter of the
data expressed by Se. For FTP tests, the intercept ranged from
−0.0709 to 0.083 mg/mi, and the Se ranged between 0.118 and
0.203 mg/mi; and for US06 tests the intercept ranged from
0.108 to 0.145 mg/mi, and Se ranged 0.117 and 0.190 mg/mi.
Although the intercept-based approach indicates gaseous
adsorption onto filters was not occurring at very low PM
emission levels, gaseous adsorption onto filter media could be
proportional to PM emissions. Therefore, at higher emission
levels, gaseous adsorption could occur more greatly than at
lower emission levels, and be a contributor to the observed
discrepancy between the measures of suspended IPSD versus
filter-based gravimetric mass.

Table 1. Five PFI and Three GDI Vehicles with Eight or More Repeat Testsa

ID vehicle no. of tests, n MGRAV (mg/mi) MIPSD (mg/mi) correlation, r Se (mg/mi) Pitman-Morgan, t-value two-sided, p-value

PFI
A 2013 Dodge Caravan 10 0.13 ± 0.06 0.16 ± 0.01 −0.65 0.011 10.4 <0.01*
B 2011 Nissan Altima 17 0.68 ± 0.24 0.35 ± 0.11 0.84 0.062 1.10 0.210
C 2012 Honda Civic 14 0.61 ± 0.13 0.33 ± 0.05 0.89 0.026 2.20 0.043*
D 2012 GM Malibu 14 0.38 ± 0.09 0.28 ± 0.05 0.54 0.037 1.20 0.187
E 2009 Toyota Camry 14 0.54 ± 0.14 0.35 ± 0.14 0.36 0.143 −2.55 0.024
GDI
F 2009 μBW 335i 9 1.20 ± 0.51 0.40 ± 0.13 0.78 0.087 0.78 0.174
G 2009 μBW 750i 8 2.60 ± 0.86 0.70 ± 0.25 0.99 0.046 −1.09 0.204
H 2010 Volkswagen Jetta 17 1.82 ± 0.78 0.51 ± 0.23 0.91 0.104 −0.30 0.374

aStandard deviations of the means are indicated following the (±) symbol. Asterisks (*) indicate statistical significance at the 0.05 level.
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We previously used a TSI APS for measuring the
contribution of particles above the EEPS cutoff of 560 nm
and up to 2.5 μm aerodynamic diameter.30 By aligning the
IPSD and gravimetric measurement ranges to the cyclone
cutoff, the slope of MIPSD vs MGRAV increased from 0.50 using
only the EEPS to 1.03 using the EEPS and APS. Because
Supporting Information Figure S4 suggests FTP mass
distributions are bimodal with the larger peak centered above
the EEPS measurement range, size range is likely the major
contributor to the underestimation by IPSD in the present
evaluation. Fast-mobility instrumentation such as the Cambus-
tion DMS 500 (Cambustion, Ltd., Cambridge, UK) could
report PM mass up to 1000 nm, but it is still limited because it
does not measure size distributions between 1 and 2.5 μm.
Combining multiple instruments capable of measuring transient
exhaust emissions could be used to further evaluate the
relationship between IPSD and gravimetric mass over similar
size measurement ranges.
3.4. Repeat FTP Testing and Methodological Var-

iance. Table 1 presents five PFI and three GDI vehicles with at
least eight repeat tests over the FTP. Figure 3 presents the

average (x) and one standard deviation (s) of repeat tests for
each vehicle, and the change in the coefficient of variance

(COV = s/x) between methods (ΔCOV = COVIPSD −
COVGRAV) calculated from the difference in the average s and x
for each vehicle. Generally, reduced COV was observed for
measurements of MIPSD compared to MGRAV, and the pooled
test-to-test variance indicated ΔCOV was −8%, but a wide
range of ΔCOV was observed for individual vehicles (−40% to
+25%), indicating variability was higher when using IPSD for
some vehicles. The statistical significance of reduced test-to-test
variability using IPSD compared to gravimetric measurements
was evaluated for each vehicle using the Pitman-Morgan test,
which is commonly applied to test the assumption of
homogeneity of variance for paired-correlated data.44 The
formula for the t-distribution test statistic is presented in eq 3:

=
− * −

× × −
t

F n

F r

( 1) ( 2)

2 ( (1 ))2
(3)

where n equals the number of tests, F equals the ratio of the
larger versus the smaller variances (e.g., gravimetric to IPSD
variance, sGRAV

2 /sIPSD
2 ), and r is the correlation between the

methods of the paired data. The Pitman-Morgan Test rejected
the null hypothesis of equal variance (Ho: F = 1) for all vehicles
at the 0.05 alpha level; however, the statistically significant
differences in variances were predominately a manifestation of
the underestimation of the IPSD method. When accounting for
the bias by multiplying the standard deviations of IPSD
measurements for each vehicle by the respective ratio of
gravimetric to IPSD mass, we were only able to reject the null
hypothesis for Vehicle A (p-value <0.001, MGRAV = 0.13 mg/
mi) that emitted below the gravimetric tunnel background of
0.16 mg/mi, and Vehicle C (p-value < 0.05, MGRAV = 0.61 mg/
mi). For the remaining six vehicles, the IPSD method does not
appear to provide a statistically significant reduction in
measurement variability. This assumes that measurement
variance is proportional to the magnitude of the measurement,
and no more or less variance would be observed if a one-to-one
agreement were achieved between IPSD and gravimetric
methods. Future evaluations of IPSD mass measurement
variability should repeat these Pitman-Morgan tests on a data
set where a one-to-one relationship is achieved.
Table 1 shows that a strong correlation of MIPSD and MGRAV

was observed for all vehicles, (0.54 < r < 0.99) except for
Vehicle A that had PM emissions below the gravimetric tunnel
background. Figure 4 shows a positive correlation between
MIPSD and MGRAV for the vehicles above the gravimetric tunnel
background (Vehicles C and H). Given these two independent

Figure 3. Evaluation of means, standard deviation, and coefficient of
variation (COV) between methods for repeat tests of eight or more for
five PFI and three GDI vehicles.

Figure 4. Evaluation of test-to-test variability shown for two PFI vehicles (a,b) and one GDI vehicle (c).
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measurement approaches show the same trends in test-to-test
variability, it suggests the variability does not originate from
either measurement method. The correlation parameter r was
calculated initially for the Pitman-Morgan tests and, for seven
out of eight vehicles, shows how a large fraction of variability
originates from actual differences in the vehicle PM emissions
rather than the measurement procedure.
The average Se calculated using repeat tests shown in Table 1

was 0.082 mg/mi including all PFI and GDI vehicles. This
average residual for the intravehicle evaluation was smaller than
the combined study-pooled PFI (Se = 0.118 mg/mi) and GDI
vehicles (Se = 0.203 mg/mi). Improved fit when evaluating
repeat tests of the same vehicle, as opposed to pooling multiple
vehicles using the same engine design technology (e.g., PFI,
GDI, or LDD) suggests the accuracy of the mass yielded by
IPSD could be influenced by characteristics of emissions from
different individual vehicles, at least when referencing
gravimetric measurements as the standard. Differences in
particulate morphology could result in uncertainty during the
conversion of electrometer current into size distribution, and
similarly could result in minute differences in effective density
functions specific to an individual vehicle make-model, either of
which could bias the relationship between gravimetric and
IPSD mass.
3.5. Evaluating Alternative Metrics. Figure 5 presents

estimates of total particle number (NIPSD) and active surface
area (SAIPSD) derived from EEPS measurements versus
gravimetric mass (MGRAV) over the FTP cycle. The two dashed
vertical lines indicate the 1 mg/mi and 3 mg/mi standards that
will be implemented starting with MY 2017 and MY 2025,
respectively. Data are clustered by engine technology; most
GDI vehicles have PM emissions below 3 mg/mi (average 2.65
mg/mi) and most PFI vehicles have PM emissions below 1
mg/mi (average 0.53 mg/mi). The scatter plot shows a trend
between both total number or estimated active surface area, and
gravimetric PM mass for the FTP cycle; the slope of the linear

regression was used to determine the ratio of NIPSD/MGRAV and
SAIPSD/MGRAV.
Per unit mass, PFI vehicles (2.76 × 1012 #/mg) emitted

higher total particle number emissions than GDI vehicles (1.63
× 1012 #/mg) and both emitted higher than the LDD vehicle
(8.74 × 1011 #/mg). These ratios bound the ratio of 2 × 1012

#/mg for total particle number to gravimetric PM reported
previously for GDI vehicles.18,44 The observed trend between
total number and gravimetric PM mass emissions measured
above 1 mg/mi over the FTP suggests control of particle
number could be achieved through mass-based emissions
standards (and conversely, that control of mass emissions could
be achieved through particle number standards). In some
situations, such as high-temperature events as a result of high-
load or DPF regeneration, the ratio may deviate from the
trends shown in Figure 5.55,56 Nevertheless, the data suggest
both total number and mass emissions are expected to decline
when fully implementing the 1 mg/mi mass standard.
One limitation of using real-time methods estimating mass

(e.g., IPSD) and number (e.g., the Euro 5/6 solid particle
number >23 nm standard) are their sensitivities to upper and
lower size cutoffs, respectively. A measurement parameter that
appears less sensitive to lower cutoff size is active surface area,21

which may be also be a more appropriate dose metric than mass
for linking PM exposure to adverse health outcomes.34

Estimates of active surface area (d1.4) using EEPS distributions
show the contribution of particles with diameters less than 23
nm (the Euro SPN lower cutoff size) decreased relative to
estimates of total particle number (d0) for emissions measuring
during FTP tests with PM emissions less than 3 mg/mi; the
percent contributions decreased from 13.5% to 4.4% for PFI
vehicles, from 28.7% to 4.7% for GDI vehicles, and from 23.1%
to 1.5% for LDD vehicles as shown in Figure S6 in the
Supporting Information. Based on the trends shown in Figure
5, the estimated active surface area to gravimetric mass ratios
were 8.64 × 1014 nm1.4/mg, 6.84 × 1014 nm1.4/mg, and 5.55 ×

Figure 5. Scatter plots for (a) total particle number, and (b) surface area versus gravimetric PM mass.
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1014 nm1.4/mg for PFI, GDI, and LDD vehicles, respectively.
The exponent of particle diameter used to estimate active
surface area varies by flow regime (continuum versus free
molecular) therefore, a reference method (such as using a
diffusion charger) is needed to further verify these calculations.
Currently, commercially available instruments can also measure
the contribution of particles in size bins between 560 nm and
2.5 μm to evaluate the sensitivity of active surface area to the
upper size cutoff.
In summary, this paper evaluates the IPSD method using a

comprehensive data set of more than 250 tests representing 34
light-duty vehicles. The application of IPSD as a standalone
method for regulatory mass measurement is limited by
persistent underestimation of gravimetric filter-collected mass
(slope = 0.25−0.44 over the FTP, and slope = 0.16−0.19 over
the US06). The underestimation of the IPSD method could
originate from the limited size range of the TSI EEPS (5.6−560
nm) and also filter sampling artifact from organics condensing
onto filters but not being measured by the IPSD method.
Uncertainty in the suspended PM mass measured by IPSD
could have resulted from the static performance of the EEPS
inversion matrix to convert electrometer current into particle
size distribution, and the application of predefined effective
density functions. Nevertheless, strong covariance between
IPSD and gravimetric methods suggest that observed test-to-
test emission variability is largely due to actual differences in
vehicle PM emissions, and does not originate from measure-
ment procedures. The IPSD method offered an 8% reduction in
test-to-test variability as measured by COV, but the majority of
vehicles did not exhibit statistical significant reductions in
measurement variability. Future investigations of IPSD need to
consider a wider range of particle sizes (and achieve alignment
with the gravimetric reference measuring up to 2.5 μm), and
additionally need to consider methods to overcome source-
specific calibrations of fast-sizing spectroscopy converting
charge into number distributions, and effective density
functions converting number distributions into mass distribu-
tions. Alternative measurement methods adopting new opera-
tional definitions, where new paradigms could be used to
regulate PM using parameters more broadly than calculating
mass, may also be useful to control the adverse health impacts
of PM. For example, this work presents estimations of active
surface area using size distributions measured by the EEPS and
how it is less sensitive to lower cutoff diameter than using a
particle number approach. Future work could evaluate these or
other alternative metrics, which would not require complex
inversion or the postprocessing with effective density functions
required to obtain mass using the IPSD method, in order to
better understand the trends in PM emissions from light-duty
vehicles.
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