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A B S T R A C T

Recently, there are discussions about whether current sampling and measurement practices for
the regulated gravimetric PM measurement are sufficiently accurate in quantifying PM at the
proposed 3 and 1 mg/mi emission standards for light-duty vehicles. In this study, a series of
modifications were made to the existing gravimetric PM measurement method, aiming to pre-
serve the integrity of the method while increasing the robustness and decreasing the testing
variability. The experiments were conducted with a Higher (~2 mg/mile) and a Lower
(0.1–0.2 mg/mile) PM Source Vehicle over the Federal Test Procedure (FTP) and US06 cycles,
providing PM emissions with various solid/semi-volatile compositions and size distributions. The
results showed the suggested modifications, i.e., increased filter face velocities (from 100 to
150 cm/s) and combined filters (single filter vs. 3/4 filters), could increase the collected filter
mass without introducing statistically significant differences in the measured PM mass emission
rates. No statistically significant improvements were seen in the measurement variability with
the Higher PM Source Vehicle. For the Lower PM Source Vehicle; however, the 4-phase cumu-
lative filter showed a statistically significant reduction in PM mass measurement variability,
while not impacting the measured PM mass emissions, but these improvements must be weighed
against the increased testing costs/time required for the longer test time.

1. Introduction

Present motor vehicle particulate matter (PM) mass emission regulations (Code of Federal Regulations [CFR] Title 40 Parts 1065
and 1066) require gravimetric determination of PM collected onto filter media from a diluted exhaust stream (CFR, 2001,2002).
These regulations were put in place to address issues in making PM measurements for the 2007 PM standard for heavy-duty engines
(HDEs), when diesel particulate filters were essentially implemented in the U.S (Khale, 2005a, 2005b, 2005; Swanson, Kittelson, &
Dikken, 2009).

Reductions to PM mass emission standards are now also being implemented for light-duty vehicles (LDVs). These regulations have
been of particular interest since reductions in corporate average fuel economy levels have led to the introduction of gasoline direct
injection (GDI) vehicles, which generally have higher PM mass emission rates relative to more traditional port fuel injection (PFI)
gasoline vehicles. The PM emission standards for LDVs will be lowered from 10 to 3 mg/mi for the United States Environmental
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Protection Agency (EPA) Tier 3 and the California Lower Emission Vehicle (LEV) III standards by 2017, with an additional reduction
to 1 mg/mi expected in 2025 as part of the California LEV III requirements (CARB, 2012; USEPA, 2013). While the 2007 changes to
the PM measurement methodology considerably improved measurement practices, there is a remaining need to improve the un-
derstanding of and confidence in mass measurements for LDVs, given the implementation of these new standards.

Currently, the protocol for light-duty chassis dynamometer testing (CFR Part 1066) refers to the heavy-duty engine testing
regulations (CFR Part 1065) for most PM measurement parameters, even though the equipment and methods used to determine PM
emissions in light-duty chassis dynamometer laboratories are generally quite different from those used in heavy-duty engine dy-
namometer laboratories. For example, most heavy-duty laboratories have secondary dilution tunnels to manage the dilution factor
(DF), filter face temperature, and condensation for PM measurements, but for LDVs, secondary dilution tunnels are not typically used.
The HDV Federal Test Procedure (FTP) is also a single phase test with a single filter, while the LDV FTP test is composed of three
phases utilizing one filter per phase along with different weighting factors to determine cycle averaged PM emissions.

Recently, there has been discussion about whether current sampling and measurement practices are sufficiently accurate in
quantifying PM at the proposed 3 mg/mi standards, and even more so at the 1 mg/mi PM emissions standards for LEV III LDVs (CFR,
2011, 2012). Studies by Hu et al. (2014) have suggested that the gravimetric method is sufficiently accurate to measure PM emissions
at the levels for both the 3 and 1 mg/mile standard. There is uncertainty, however, if these methods can be more widely implemented
under the conditions seen for certification testing, and a number of strategies are still being investigated to further improve the
understanding of and confidence in mass measurements for LDVs at low levels. Increasing the filter face velocity (FFV) is one of them.
Currently, the FFV specified in CFR Part 1065 is up to 140 cm per second (cm/s), which represents approximately 84 l per minute
(lpm) through a 47 mm-diameter filter. Increasing FFV has been shown to reduce filter efficiency based on model predictions from
the University of Minnesota, but it is unknown what the real filter efficiency will be (see Section S1 in Supporting Information (SI)).
Zhang and McMurry (1987, 1991) examined the dependence of the PM collected on a filter on the FFV and found that higher FFVs
could minimize sampling artifacts associated with gas phase adsorption, but can also increase volatilization of the PM, although this
was for ambient particles that are largely semi-volatile. Similar results were reached in the CRC E-66 study (Khale, 2005a, 2005b,
2005)..

Combining filters is another method to increase the filter mass collected that can be utilized for the LDV FTP test. A single
cumulative filter approach as opposed to using one filter per phase was examined by Andersson et al. (2007), but using different filter
media of TX40. They found that a relatively low coefficient of variation of 15% could be obtained for exhaust PM levels of ~1 mg/
mile using a cumulative filter method. Maricq, M. M., Szente, J., Loos, M., & Vogt., R. (2011) also suggested that use of a single filter
can reduce both the magnitude of artifacts and uncertainty.

Lowering the DF, or the ratio of the volumetric flow rate of the dilution air to that of the raw engine/vehicle exhaust, is another
strategy to increase the mass collected on a filter. Although it is desirable to reduce DFs, this approach raises the possibility of
increasing water condensation and other uncertainties (Hood & Silvis, 1998; Kittelson, Arnold, & Watts, 1999; Maricq, Chase,
Podsiadlik, & Vogt, 1999). Other strategies for improving PM mass emission measurements include using more advanced weighing
strategies, such as using an automated robotic weighing system, and utilizing real-time or other measurement methods or meth-
odologies (Park, Kittelson, McMurry & P. H, 2003; Swanson & Kittelson, 2008; Bushkuhl, Silvis, Szente, & Maricq, 2013; Xue et al.,
2015, 2016, 2017; Quiros & Zhang, 2015; Quiros, Hu et al., 2015; Li et al., 2014).

The goal of this study was to investigate PM sampling methodologies that extend beyond the recommendations of CFR Part 1066
and 1065. The objective was to evaluate how differences in sampling methodology could improve accuracy, reduce variability, and
increase the signal-to-noise ratio of the measurement. The modifications investigated were limited to varying FFV and using cu-
mulative filters, with some testing also to examine DF effects. The results provide the most detailed information available to date to
characterize the fundamental limitations of the current gravimetric PM method and its application for LDVs. This is becoming
increasingly important given the introduction of a wider range of vehicle technologies designed to achieve increased fuel economies
that may have a wider range of PM emission rates. This information may also provide value for low level PM mass sampling for
ambient or other low PM emitting sources.

2. Experimental section

2.1. Test vehicles, test cycles, and study design

Vehicles were tested over two regulated driving cycles, the FTP cycle and the US06 cycle. The FTP is the primary emission
certification test for all LDVs in the U.S., and the cycle to which the 3 mg/mi and 1 mg/mi standards will be applied. The FTP includes
3 phases designed to represent different types of driving. This includes a “cold start” phase 1, which represents operation when the
vehicle is first started for the day, a “stabilized phase” 2, which represents driving after the vehicle is warmed up, and “hot start”
phase 3, which is a repeat of phase 1 conducted after the engine has been turned off for 10 min. The different phases are then
weighted using the factors of 0.43 for the cold start phase, 1.0 for the stabilized phase and 0.57 for the hot start phase to obtain a
composite emission rate for the full cycle. The FTP can also be run as a 4 phase test by repeating the phase 2 stabilized driving cycle
immediately after phase 3. The 4-bag FTP was introduced in the 1970s, but was subsequently modified to allow 3 phase testing as
well. For the 4 phase FTP test, weighting factors of 0.75 are used for phase 1 and phase 2, and 1.0 for phases 3 and 4 to obtain a
composite emission rate for the full cycle that is mathematically the same as for the 3-bag FTP, assuming that phase 2 and phase 4 are
essentially equivalent. The 3-bag and 4-bag FTPs have been shown to be equivalent with the use of these appropriate weighting
factors Danielson (1979). During preliminary testing for this study, we also found that PM emission rates for 3-bag and 4-bag FTPs
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approaches showed good agreement well within the experimental uncertainty for the Lower PM Source Vehicle, as discussed in more
detail in section S2 in the SI. The US06 cycle is a single phase test that was incorporated into the regulatory procedures as part of the
Supplemental Federal Test Procedure (SFTP) beginning in 2000, and is designed to represent more aggressive driving behavior. The
driving schedules for the FTP and US06 are provided in the Supplemental information (Section S3). For both the FTP and US06, the
driving schedules are followed to within± 2 mph on a second by second basis, except in cases where the vehicle cannot achieve the
desired acceleration rates.

Since the FTP is a 3 or 4 phase test, individual PM filters are typically used to obtain PM mass emissions for each individual phase.
PM emissions can also be obtained using a single composite filter that collects PM cumulatively over the entire FTP. When a single
cumulative filter is utilized as opposed to individual filters, the flow rates for the different phases must be adjusted to ensure that the
cumulative filter provides the appropriate weighting between the different phases for the composite emissions factor, as described in
CFR Part 1066.815(b). Thus, the FFV is adjusted to 43% of the nominal phase 2 FFV for phase 1 and 57% of the nominal phase 2 flow
rate for phase 3 for the 3 phase test. For the 4 phase FTP, the FFVs for phase 1 and 2 are adjusted to 75% of the nominal FFVs for
phases 3 and 4. The use of lower FFVs for phase 1 is a particularly important consideration as gravimetric filter measurements by
phase show that between 62% and 100% (in cases where the PM levels for bags 2 and 3 are below background levels) of the PM mass
is emitted during bag 1 for the test vehicles in this study. As such, in comparing cumulative filters for the 3- and 4-phase FTPs, the 4-
phase FTP provides more PM mass gain with the cumulative filter approach because it includes an additional phase, and more
importantly because it utilizes a 74% higher flow rate during the cold start phase 1 where most of the PM mass is emitted. A 4-phase
FTP test does take ~35% longer test time compared with a 3-phase FTP test, however, which is a disadvantage in a high production
testing environment.

Two test vehicles were used for this study, a Lower PM Source Vehicle (a PFI vehicle) with an FTP emissions rate of ~0.1 mg/mi
and a Higher PM Source Vehicle (a GDI vehicle) with an FTP emission rate just below 2 mg/mi. These vehicles were targeted to be
representative of the PM emissions levels that new vehicles meeting the upcoming 3 mg/mi and 1 mg/mi standards will have going
into the foreseeable future. Looking forward, the range of light-duty powertrains will include, gasoline PFI, GDI, GDI with particle
filter, diesel with particle filter, and CNG. The Lower PM Source Vehicle used here is representative of PFI and GDI with particle filter
vehicles, while the Higher PM Source Vehicle is more representative of GDI vehicles without a particle filter. The PM (mass)
emissions from CNG and diesel with filter are likely to be extremely low, comparable to the levels seen for Lower PM Source Vehicle.

Testing with two vehicles with different PM emission levels and over two cycles provided PM emissions with different solid/semi-
volatile compositions and particle size distributions (PSDs) (Section 3.3), which are important characteristics in understanding the
impacts of the alternative parameters investigated in this study. All tests were conducted in CE-CERT's Vehicle Emissions Research
Laboratory (VERL) equipped with a Burke E. Porter 48-inch single-roll electric dynamometer. The dynamometer room is maintained
within temperature limits of 20–30 °C specified in the regulations, with testing typically conducted at a room temperature of
21–24 °C. Detailed specifications of the vehicles and the test cycles are provided in Table S4 and Section S3 in SI, respectively.

The Higher PM Source Vehicle was tested using a 3-phase FTP, while the Lower PM Source Vehicle was tested using a 4-phase
FTP. Overall, six FTP tests were completed for both vehicles and six US06 tests were completed for the Lower PM Source Vehicle.
Only two US06 tests were completed with the Higher PM Source Vehicle, however, because the engine overheated and was unable to
maintain the US06 trace after two tests. Some preliminary testing was conducted at the start of the program to evaluate a broader
range of test conditions in terms of FFV, DF, 3 vs. 4 phase FTPs, and cumulative filters and to identify conditions under which stable
and repeatable PM emissions are obtained while providing the most PM mass on the filters. Results from the preliminary tests are
presented in Johnson et al. (2015). It should be noted that during the preliminary testing, the PM mass variability for the US06 testing
was found to be two times higher compared to the FTP for both vehicles, which suggested that the preparation cycle for the US06 may
be more critical for PM emissions than gaseous emissions. As such, the US06 cycles for the final testing were run following a single
preparation FTP cycle, followed by a preconditioning US06, a 2 min soak, and then the actual US06 emissions test was run. For more
details about the impact of the precondition of the vehicles, please refer to Johnson et al. (2015).

2.2. PM sampling

A schematic of the laboratory setup is shown in the Abstract graph and Fig. S9 in the SI. Two unique PM samplers were utilized in
this study: a multi-filter PM sampler in a constant volume sampler (CVS) system and a single filter partial flow dilution system (PFD).

2.2.1. CVS
A multi-filter sampler was utilized that simultaneously collected PM on four different gravimetric filter samplers from the dilute

CVS to evaluate parameter changes in parallel. This sampler utilized a single heated sample probe, a particle impactor, a heated and
temperature controlled chamber for the various filter holders, a residence chamber designed to provide a residence time of 2.5 s from
the point at which the exhaust is first diluted to the point where the PM sampling media is located, CFR Part 1065 compliant filter
holders with filter cassettes, solenoid bypass valves, and four mass flow controllers (MFCs). The heated chamber is maintained at
47±5 °C, and contains four filter samplers. Samplers A, B and C were designed to collect a cumulative PM filter at different nominal
FFVs during FTP or US06 tests, while sampler D represented the traditional CVS filter sampling system, which collected filters for the
individual phases of the FTP. The nominal FFVs for samplers A, B, C, and D were 150, 125, 100 and 100 cm/s, respectively. Note that
100 cm/s was used as the base case for this study, as this was the FFV specified in the CFR at the time this study was conducted. The
actual FFVs for the individual FTP phases could be different for samplers A, B and C, due to different flow weightings per
1066.815(b). Preliminary test results showed the MFCs could not maintain a FFV of 175 cm/s for the Higher PM Source Vehicle
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during the 4-phase FTP test due to increased pressure differential of around 10 in Hg across the filter and limitations with the MFCs.
This suggested that 150 cm/s used with sampler A represented the approximate upper flow limit achievable with current flow
controller technology in this application. The CVS flow was set to provide a mean DF for phase 1 of the FTP and for the US06 of 7,
based on the carbon balance calculation in CFR Part 1066.610. This provided average DFs from 8 to 12 for the other phases of the
FTP, depending on the vehicle. These DFs are sufficiently high to prevent condensation, but allow for higher amounts of PM to be
collected on the filter. The actual DFs will oscillate above and below the mean value during a transient test, but predicted relative
humidity at the filter surface will never reach a level leading to condensation at 47 °C (see Johnson et al., 2015). An AVL Micro Soot
Sensor (MSS, Model 483 AVL Inc.) and an Engine Exhaust Particle Sizer (EEPS, Model 3090, TSI Inc.) sampled directly from the CVS
to provide real-time measurements of soot concentration and PM PSDs. It should be noted that the transfer line between the vehicles
and the CVS was insulated and kept as short as possible to minimize any potential sampling artifacts. Table 1 lists the test conditions
for the FTP and US06 cycles

2.2.2. PFD
The PFD used for this study was a commercially available CFR Part 1065 compliant system (AVL Smart Sampler_478). The PFD

was mounted upstream of the CVS and directly sampled from the raw exhaust. A PFD can help reduce interference from artifacts by
allowing lower DFs and avoiding the need for a long transfer hose for the full exhaust, which can cause storage/release effects (Foote
et al., 2013). The PFD used a sample flow proportional to the total exhaust flow, mimicking the varying dilution in the CVS as a
function of exhaust flow rate. In this study, the PFD extracted approximately 1–4% of the total exhaust volume, depending on the
driving condition and FFV, and the CVS PM mass emission rates were corrected to account for the fraction of exhaust extracted by the
PFD. The DF for FTP phase 1 was set to be 5 for the PFD. Our preliminary tests showed a lower DF (< 5) will cause overloading of the
filter and prevent the PFD from maintaining an FFV of 150 cm/s. A DF of 5 could not be applied to the CVS, on the other hand, due to
the greater potential for condensation that was prevented in the PFD with a heated line at 47±5 °C. Methods to calculate dilution
factors for CVS and PFD systems were introduced in Section 4 in SI.

2.3. PM mass emission measurements

PM sampling was conducted following the procedures in CFR Part 1066.110 and associated references in CFR Part 1065, with the
exception of changes to the protocol designed to test experimental extremes in variables. Total PM mass samples for both the CVS and
PFD were collected using Whatman 47 mm polytetrafluoroethylene (PTFE) filters. They were weighed using a CFR Part 1065-
compliant microbalance with a neutralizer in a conditioned room meeting CFR Part 1065 requirements. Filters were weighed at least
twice both pre- and post-test until two measurements within 3 µg were obtained. The stability of the weighing conditions was also
monitored with 5 Teflon reference filters, that were weighed at least daily and sometimes hourly, which showed standard deviations
of between 1.0 and 2.0 µg.

The PM emission results were background corrected based on average tunnel blank filter masses collected periodically over the
course of the program. Tunnel blanks were collected over a test with the same duration as the cumulative or individual FTP phases or
US06 tests, but without exhaust flow. The average tunnel blank equaled to 5.0± 4.0 µg (average± standard deviation, No.=20) for
the CVS probes and 0.8± 0.6 µg for the PFD sampler (No.=2). In this study, the same tunnel blanks were applied to all CVS filter
probes over both FTP and US06 cycles. In some cases, the background correction resulted in negative filter weights, but only for
individual bag 2, 3, and 4 results for probe D. Since the objectives of this project were to understand biases, variability, and mean
differences, these negative filter weights were allowed to be negative, and no truncation was performed, for the evaluations relating

Table 1
Test matrix design for confirmation testing (n = 6 except for GDI US06).

Cyclea Vehicle Test CVS sample (DF = 7)b PFD Samplee

FFV(cm/s)

No. 1 Filter/phasec 1 Filter/FTPd 1 Filter/FTP

"D" "C", "B", "A" FFV DF

4-phase FTP Lower 6 100 100, 125, 150 150 5
3-phase FTP Higher 6 100 100, 125, 150 150 5
US06 Lower 6 100 100, 125, 150 150 5
US06 Higher 2 100 100, 125, 150 150 5

a FTP is performed as a cold start FTP. The US06 is performed as a hot start test. The US06 preparation is a FTP, followed by a US06 (prep) followed by a US06 (test)
where the time between the US06 (prep) and US06 (test) is between 1 and 2 min. Also the next repeat will be performed on the following day. The US06 test with the
Higher PM Source Vehicle (GDI vehicle) was not able to maintain the speed trace due to possible cooling issues; thus only two tests were completely.

b The CVS will remain at DF = 7 where the DF is based on Phases.1 for the FTP.
c CVS Sampler “D” is a complete sampler and configured for one filter per phase.
d CVS Samplers “C”, “B”, and “A” are three separate samplers. Flow- weighting is as per 1066.815(b)(4) [0.43, 1.0, 0.57] and (b)(5) [0.75, 0.75, 1.0, 1.0].
e The PFD will operate at DF = 5 where the DF is based on phase 1 for the FTP.
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to the total weight of PM mass collected on a filter (e.g., Fig. 2). However, negative filter weights were zeroed out prior to calculating
emission factors (e.g., Fig. 1), following CFR 1066.”

3. Results

3.1. PM mass emissions (mg/mi)

The PM emissions for both vehicles are shown in Fig. 1 for the FTP and US06 test cycles. The PM emissions were in close
agreement for the Higher PM Source Vehicle and averaged between 1.85 and 1.98 mg/mi for different PM samplers (with individual
tests ranging from 1.73 to 2.12 mg/mi) over the FTP cycle and between 1.99 and 2.41 mg/mi for different PM samplers (with
individual test ranging from 1.92 to 2.64 mg/mi) over the US06 test cycle.

The Lower PM Source Vehicle had much lower overall PM emission levels. Average emission rates measured with the different
samplers ranged from 0.09 and 0.11 mg/mi (with individual tests ranging from 0.04 to 0.24 mg/mi) over the FTP test and
0.19–0.24 mg/mi (with individual tests ranging from 0.10 to 0.30 mg/mi) over the US06 test. The differences between individual
samplers and the overall average for all the samplers were only 0.02 and 0.05 mg/mi for the FTP and US06 cycle, respectively. For
the FTP, this represents less than 1% of the 3 mg/mi standard and 2% of the 1 mg/mi standard.

The above results suggest good consistency among samplers. However, although individual samplers tended to agree with one
another, there was significant test-to-test variability, with maximum differences of 0.72 and 0.20 mg/mi for the Higher PM Source
Vehicle and Lower PM Source Vehicle, respectively, suggesting significant test-to-test variability of the vehicle emission rates. This is
consistent with the results of other studies of low level PM measurements from LDVs (Kittelson et al., 1999).

3.2. PM filter weights (μg)

The amount of mass collected on the PM filters is an important consideration in terms of understanding the levels of PM being
sampled, and the applicability of these results to other types of PM measurements. Fig. 2 shows the accumulated PM filter weights for
all the PM samplers. The filter weights increased with increased FFVs and reduced DFs for both test cycles and both vehicles,
indicating that strategies can be used to increase the signal to noise ratios for PM mass measurements. For the FTP tests the Higher PM
Source filter weights varied from 205 to 417 μg for the C100 samplers and PFD, respectively, while the Lower PM Source filter
weights varied from 26 to 46 μg for the 4-phase FTP test for the C100 and PFD, respectively. The US06 test cycle showed lower filter

Fig. 1. PM emission rates for the CVS and PFD samplers (a) Higher, (b) Lower PM Source Vehicle. 1 Data are corrected for tunnel blanks. Error bars represent two
standard deviations (2σ). The labels A150, B125, C100, and D100i, denote different sampling samplers (i.e., A, B, C, and D) along with the associated FFV (i.e., 100,
125, and 150). The D100i represents the Sampler D system with individual filters per phase; the others represent cumulative filters. The error bars of the Higher PM
Source Vehicle with US06 cycles was not presented because the GDI vehicle was unable to maintain the US06 trace, reducing the sample size to n = 2, which means
that the data variability may be higher due to the operational difficulties.
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weights compared to the FTP test cycle, despite the fact that the US06 is a more severe high speed cycle with typically higher
emission rates. This is because it does not include a cold start, and also because it is much shorter in time, 596 vs 1877 s, and
somewhat shorter in distance, 8.01 vs 11.04 miles, compared to the 3 phase FTP with even greater differences compared to the 4
phase.

3.3. Solid/semi-volatile composition of PM and particle size distribution

Particle composition was not measured directly, but MSS and size distribution results are suggestive. The Higher PM Source
Vehicle showed a nearly linear relationship between black carbon (BC) mass measured with MSS and filter mass during FTP tests as
shown in Fig. 3. The slope was 0.97 suggesting that nearly all the mass was BC. On the other hand, for US06 there were only 2
successful tests and the ratios of BC to filter mass ranged from 0.5 to 0.6 suggesting the particles were nearly half semi-volatile.
During FTP testing, the Lower PM Source gave nearly constant BC emissions but variable filter mass emissions with the ratio of BC to
filter mass ranging from 0.7 to 1.2. This suggests that a variable amount of semi-volatile material that is the source of most of the
variation of filter mass in this case. For the US06 tests, there is much more semi-volatile material present with the ratio of BC to filter
mass varying from about 0.4–0.9. Again, most of the variation in filter mass is due to semi-volatile material. Xue et al. (2017) also
showed a bigger contribution of adsorbed semi-volatile PM in their study using a variety of late model light duty vehicles.

The size distributions shown in Fig. 4 also give indications of composition. For the Lower PM Source Vehicle the mass in the
accumulation mode (area under the curve), where most BC is typically found, is nearly the same for the FTP and US06 tests,
consistent with the MSS data. The nucleation mode, usually composed mainly of semi-volatile material, is very small for the FTP tests
and much larger for the US06 tests, again consistent with the relationship between MSS and filter mass data. For the Higher PM
Source Vehicle mass in the accumulation mode is nearly twice as large for the FTP compared to the US06 test, again consistent with
MSS data. Much more material is found in the nucleation mode range for US06 than for FTP tests, consistent with the higher semi-
volatile to BC ratio, but the mode is not as distinct as that of the Lower PM Source Vehicle. The comparisons of PM mass determined
by real-time instruments, gravimetric filter, and emission of soot determined by MSS were described in details in other papers (Xue
et al., 2016, 2017).

3.4. Comparisons between sampling parameters

This section provides a detailed discussion of the impacts of the changes in FFV and the cumulative filter approach in improving

Fig. 2. PM filter mass gain for the CVS and PFD samplers (a) Higher, (b) Lower PM Source Vehicle. 1 Error bars represent two standard deviations (2σ). The labels
A150, B125, C100, and D100i, denote different sampling samplers (i.e., A, B, C, and D) along with the associated FFV (i.e., 100, 125, and 150). The D100i represents
the sampler D system with individual filters per phase; the others represent cumulative filters. The Higher PM Source Vehicle was unable to maintain the US06 trace,
which reduced the sample size to n = 2, which means that the data variability may be higher due to operational difficulties.
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the effectiveness of gravimetric PM mass measurements. Different dilution ratios were also utilized between the CVS and PFD tests,
but comparisons in the impact of DF on improving the effectiveness of PM emission measurements are inappropriate because the
sampling systems are different. The DF results are presented in Section S5 in SI. We have also recently conducted a more extensive
comparison of PM sampling between a CVS and different PFD systems, and these results will be presented in a separate paper.

In this section, we first investigate if the alternative values altered the measured PM emission rate. Then, we evaluate whether the
alternative parameters reduced the measurement variability. The results for paired t-tests for the means differences and f-tests for
variability differences are shown in Table 2, with f-test results shown in parentheses. Note that a paired t-test was used to evaluate the
differences between filter samplers within each test, and therefore is independent of the test-to-test variability that is represented by
the error bars for the average emission test values presented in Fig. 1. P-values are shown in red for values below 0.05 and in blue for
values greater than 0.05 but less than 0.1, indicating that the differences between the samplers are statistically significant at a
confidence level of 95% or more or 95%>90%, respectively.

3.4.1. Filter face velocity (FFV)
In this subsection, differences in the PM mass emissions between CVS samplers A, B, and C were evaluated. These samplers were

all operated with the same DF and flow-weighting conditions, and sampled simultaneously from the same CVS system.

Fig. 3. MSS and PM mass correlations for the Higher and Lower PM Source Vehicles.

Fig. 4. Averaged number (solid lines log scale) and mass (dashed lines linear scale) PSD for the Higher and Lower PM Source Vehicles.
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3.4.1.1. Mean differences. Table 2 part 1 shows the paired two tailed t-test results for the selected FFVs evaluated from the CVS PM
samplers. Each column shows the p-values for a statistical comparison between two different samplers operating at different FFVs.
Out of the 12 combinations evaluated, none of the means were statistically different at a 95% confidence level, and only one of the
means was statistically different at the 90< x<95% confident level. These results in general suggest that increasing the FFV (from
100 to 150, flow-weighted, and at a DF of 7) does not alter the mean measured emission rates for either the Higher or Lower PM
Source Vehicles.

3.4.1.2. Variability. Variability was evaluated using an f-test to compare the variance among the different FFV cases utilized for
samplers A, B, and C (Table 2 part 1). The p-values for all the tested combinations were greater than 0.05 except for the B125/C100
combination. The low p-value suggests the FFV of 125 compared to the FFV of 100 cm/s for the 4-phase Lower PM Source Vehicle
showed a statistically significant difference in the variance at a 95% confidence level. The remaining f-tests showed p-values higher
than 0.05, suggesting that there were not significant differences in the variance for the different FFVs evaluated.

3.4.2. Cumulative filters
The D100i and C100 samplers in the CVS system provide the most direct comparison of the effects of combining filters, where the

FFV is the same and the only difference was combining or not combining filters. So these samplers are the focus of the comparisons
for this section.

3.4.2.1. Mean differences. Table 2 part 1 shows the statistical results of the paired t-tests performed between the D100i sampler and
sampler C100 for both vehicles over the FTP cycle. Similar comparisons were not done for the US06 cycle, as it contains only a single
phase. Neither of the vehicles showed statistical differences in means for an FFV of 100 cm/s for a cumulative filter as compared to
the individually utilized D100i conditions. The Higher PM Source Vehicle FTP tests showed a relatively small increase of 0.09 mg/mi
for probe sampler C100 compared to D100i that was statistically significant at a 90% confidence level.

3.4.2.2. Variability. Table 2 part 2 also shows the statistical results of the f-tests performed on the D100i and C100 samplers for both
vehicles over the FTP cycle. The low p-value for the 4-phase FTP tests suggests that the differences in variabilities are statistically
significant at the 95% confidence level for the Lower PM Source Vehicle. The results are different from the results in Sardar et al.
(2016), which showed no improvement or reduction of the measurement variability when comparing a cumulative single filter with
conventional individual filter sampling for vehicles with emission rates from ~0.1 to 2 mg/mi. Sardar et al. (2016) used two different
PFD systems to compare the difference in filter collection strategies, which may have added additional uncertainties. The variability
for the Higher PM Source Vehicle did not show statistically significant differences possibly due to the much higher filter weights.

It is also useful to look at the absolute differences in test variability between different samplers, and compare these with theo-
retical estimates. The measurement variabilities, as characterized by two times the standard deviation for the flow-weighted CVS, i.e.,
A150, B125 and C100, and the PFD sampler, were 0.05, 0.04, 0.05 and 0.03 mg/mi, respectively, while it was 0.14 mg/mi for the
individual filter by phase PM sampler (D100i). This result is consistent with a theoretical estimation based on propagation of error
analyses that indicates the measurement uncertainty could be reduced by a factor of four between traditional sampling conditions
(one filter per phase, an FFV of 100 and a DF of 7), in comparison to a composite 4-phase FTP test, with an FFV of 150 and a DF of 5.
These theoretical estimations are discussed in greater detail in Johnson et al. (2015).

4. Discussion

For this study, different modifications have been applied to the current regulatory gravimetric PM measurement method (i.e., the
use of cumulative PM filters and increasing filter face velocities (FFVs) (from 100 to 150 cm/s)) in an effort to increase the robustness
of the PM measurements, while decreasing the testing variability. The evaluations were designed to the question “Does changing the
sampling parameter improve the signal-to-noise ratio and decrease variability, while not altering the measured PM mass emission
rate?” The results showed that PM mass emission rates were in close agreement over the range of sampling parameters evaluated.
Average FTP PM emission rates for different samplers for the Higher PM Source Vehicle ranged from 1.85 to 1.98 mg/mi. Average
FTP PM emission rates for different samplers for the Lower PM Source Vehicle ranged from 0.09 and 0.11 mg/mi. These differences
represent less than 5% of the 3 mg/mi and 1 mg/mi standards, respectively. The differences for individual tests for various PM

Table 2
Paired two tail t-test and f-test (numbers in parentheses) for the evaluation of FFV: p-values (mg/mi).

Cycle Vehicle n Part 1: FFV Comparison p-value Part 2: Cumulative Filters p-value

A150 vs. B125 A150 vs. C100 B125 vs. C100 C100 vs. D100i

4-phase FTP Lower 6 0.280(0.874) 0.450(0.986) 0.068(0.019) 0.840(0.027)
3-phase FTP Higher 6 0.614(0.582) 0.339(0.211) 0.553(0.377) 0.085(0.869)
US06US06 Lower 6 0.460(0.757) 0.331(0.590) 0.638(0.527) –

Higher 3a 0.473(0.242) 0.615(0.389) 0.187(0.398) –

a One test from the preliminary test was included for the calculation.
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samplers were slightly larger, ranging from 1.73 to 2.12 mg/mi for the Higher PM Source Vehicle and from 0.04 to 0.24 mg/mi for
the Lower PM Source Vehicle. Statistical analysis results suggested that neither increasing the FFV (from 100 to 150, flow-weighted,
at a DF of 7) nor using a cumulative vs. individual filters significantly altered the mean emission rates for either the Higher or Lower
PM Source Vehicles at a 95% confidence level.

The results showed these suggested modifications could increase the collected filter mass/signal-to-noise ratio without in-
troducing statistically significant differences in the PM mass emission rates. For a given mass emission rate, the signal (i.e., filter
mass) could be increased with either higher FFVs or cumulative filters, thus the overall signal-to-noise ratio was increased. A sta-
tistically significant reduction in measurement variability was not found when the Higher PM Source Vehicle was tested, indicating
the modifications investigated in this study may have limited benefit to lower the measurement uncertainty when testing a vehicle
targeting the EPA Tier 3 and 2017 California LEV III PM standard of 3 mg/mile. When the Lower PM Source Vehicle was tested, the 4-
phase cumulative filter for both the CVS (with a DF of 7 and FFV of 100 cm/s) and the PFD (with a DF of 5 and FFV of 150 cm/s)
showed a statistically significant reduction in the PM mass measurement variability while not impacting the PM mass measurements,
when compared with the traditional individual bag filter PM collection method. Therefore, these modifications could lower the
measurements uncertainty when testing a vehicle that targets California LEV III requirements in 2025 (1 mg/mi). The 4-phase FTP
does; however, require increasing testing time and associated increases in testing costs, so the tradeoffs between improved PM
measurement and increased testing effort would need to be more carefully evaluated.

It is important to note that the results of this study represent carefully constrained conditions designed to reduce variability in PM
measurements, including the use of dedicated vehicles, the same fuel (E10), a single test site at one facility, the use of one driver, low
dilution factors of 7:1, dedicated PM sampler hardware, the same environmental conditions, no intermittent contamination from
testing high emitting vehicles, the same PM filter weigh room/filter handling procedures, etc. The variability of PM measurements in
a commercial setting would likely be higher than the variability found in this study, where multiple facilities, different vehicle
architectures, different drivers, different PM samplers, sites exposed to different fuels (gas, diesel, CNG, E85, etc.), carry over from
higher emitting vehicles, higher DF's up to 20 or more (hybrids), different environments, varying blank test (or tunnel blank) PM
corrections, etc. would be encountered. Therefore, variability of PM measurements in a commercial environment needs to be further
investigated and considered.

Acknowledgments

The authors thank the following organizations and individuals for their valuable contributions to this project. We acknowledge
funding from the Coordinating Research Council (Project E-99-1) and the California Air Resources Board (Contract No. 12-320). We
acknowledge Mr. Mark Villela, Mr. Kurt Bumiller, Ms. Michelle Ta, Mr. Don Pacocha, Mr. Edward O′Neil, and Mr. Joe Valdez, of the
University of California, Riverside for their contributions in conducting the emissions testing for this program. The authors also
acknowledge the help of the E-99-1 project advisory panel, including Mr. Don Nagy from General Motors, Dr. Mahmoud Yassine from
Fiat Chrysler Automobiles, and Dr. Matti Maricq from Ford Motors.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.jaerosci.2017.
12.006.

References

Andersson, J., Giechaskiel, B., Munoz-Bueno, R., Sandbach, E., & Dilara, P. (2007). Final Report: Particule measurement programme (PMP) light-duty inter-laboratory
correlation exercise (ILCE_LD). Institute for Environment and Sustainability.

Bushkuhl, J., Silvis, W., Szente, J., & Maricq, M. M. (2013). A new approach for very low particulate mass emissions measurement. SAE Technical Papers, 6,
1152–1162 http://dx.doi.org/10.4271/2013-01-1557〉.

CARB (2012). Staff report: LEV III PM, technical support document- development of particulate matter mass standard for future light-duty vehicles.
CFR (2011). Code of Federal Regulations, 40 Parts, PART 1065—ENGINE-TESTING PROCEDURES. Available at: 〈http://www.ecfr.gov/cgi-bin/text-idx?Tpl=/

ecfrbrowse/Title40/40cfr1065_main_02.tpl〉.
CFR (2012). Code of Federal Regulations, 40 Parts, PART 1066—VEHICLE-TESTING PROCEDURES. Available at: 〈http://www.ecfr.gov/cgi-bin/text-idx?Tpl=/

ecfrbrowse/Title40/40cfr1066_main_02.tpl〉.
Danielson, E. (1979). Particulate measurement-evaluation of the equivalency of the three-bag and four-bag LA-4 dynamometer test procedures. EPA, Technical report,

EPA-AA-SDSB-79-15.
Foote, E., Maricq, M. M., Sherman, M., Carpenter, D., Guenther, M., Peabody, J., Polster, M., Szente, J., & Loos, M.(2013). Evaluation of partial flow dilution

methodology for light duty partiulate mass measurement. SAE Technical Papers, 2013-01-1567, http://dx.doi.org/10.4271/2013-01-1567.
Hood, J. F., & Silvis, W. M. (1998). Predicting and preventing watr condensation in sampled vehicle exhaust for optima CVS dilution. SAE Tech. Pap., 1998-02-23,

http://dx.doi.org/10.4271/980404〉.
Hu, S. H., Zhang, S. Y., Sardar, S., Chen, S. Y., Dzhema, I., Huang, S. M., Quireos, D., Sun, H. W., Laroo, C., Sanchez, L. J., Watson, J., Chang, M. C. O., Huai, & T, Ayala,

A. (2014). Evaluation of Gravimetric Method to Measure Light-Duty Vehicle Particulate Matter Emissions at Levels below One Milligram per Mile (1 mg/mile).
SAE Technical Papers, 2014-01-1571, 〈http://dx.doi.org/10.4271/2014-01-1571.

Johnson, K. C., Xue, J., Russell, R. L., Durbin, T. D., Miller, W., Jung, H. J. (2015). Final Report: Very low PM Mass Measurements. CRC Report No. E-99.
Khale, I. A. (2005a). Final Report: Project E-66-Phase 1 2007 Diesel Particulate Measurement Research.
Khale, I. A. (2005b). Final Report: Project E-66-Phase 2 2007 Diesel Particulate Measurement Research.
Khale, I. A. (2005c). Final Report: Project E-66-Phase 3 2007 Diesel Particulate Measurement Research.
Kittelson, D., Arnold, M., & Watts, W. F. (1999). Final Report: Reiview of diesel particulate matter sampling methods. Available at: 〈http://www.me.umn.edu/centers/

cdr/reports/EPAreport3.pdf〉.

J. Xue et al. Journal of Aerosol Science 117 (2018) 1–10

9

http://dx.doi.org//10.1016/j.jaerosci.2017.12.006
http://dx.doi.org//10.1016/j.jaerosci.2017.12.006
http://dx.doi.org//10.4271/2013-01-1557
http://www.ecfr.gov/cgi-bin/text-idx?Tpl=/ecfrbrowse/Title40/40cfr1065_main_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?Tpl=/ecfrbrowse/Title40/40cfr1065_main_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?Tpl=/ecfrbrowse/Title40/40cfr1066_main_02.tpl
http://www.ecfr.gov/cgi-bin/text-idx?Tpl=/ecfrbrowse/Title40/40cfr1066_main_02.tpl
http://dx.doi.org//10.4271/2013-01-1567
http://dx.doi.org//10.4271/980404
http://dx.doi.org//10.4271/2014-01-1571
http://www.me.umn.edu/centers/cdr/reports/EPAreport3.pdf
http://www.me.umn.edu/centers/cdr/reports/EPAreport3.pdf


Li, Y., Xue, J., Johnson, K. C., Durbin, T. D., Villeta, M., Pham, L., Hosseini, S., Zheng, Z., Short, D., Karavalais, G., Awuu, A., Jung, H. J., Wang, X. L., Quiros, D., & Hu,
S. (2014). Determination of suspended exhaust PM mass for light-duty vehicles. SAE Technical Papers ,2014-01-1594.

Maricq, M. M., Szente, J., Loos, M., & Vogt., R., (2011). Motor vehicle PM emissions measurements at LEVIII levels. SAE Technical Papers, 2011-01-0623, http://dx.
doi.org/10.4271/2011-01-0623〉.

Maricq, M. M., Chase, R. E., Podsiadlik, D. H., & Vogt, R. (1999). Vehicle exhaust particle size ditributions: A comparison of tailpipe and dilution tunnel measurements.
SAE Technical Papers, 1999-01-1461, 〈http://dx.doi.org/10.4271/1999-01-1461.

Park, K., Kittelson, D. B., McMurry, & P. H (2003). A closure study of aerosol mass concentration measurements: Comparison of values obtained with filters and by
direct measurements of mass distributions. Atmospheric Environment, 37, 1223–1230.

Quiros, D. C., Hu, S. H., Hu, S. S., Lee, E. S., Sardar, S., Wang, X. L., ... Huai, T. (2015a). Particle effective density and mass during steady-state operation of GDI, PFI,
and diesel passenger cars. Journal of Aerosol Science, 83, 39–54.

Quiros, D. C., Zhang, S., Sardar, S., Kamboures, M. A., Eiges, D., Zhang, M., ... Hu, S. H. (2015b). Measuring particulate emissions of light duty passenger vehicles using
Integrated Particle Size Distribution (IPSD). Environment Science and Technology, 49, 5618–5627.

Sardar, S., Zhang, S., Larsen, L., Frodin, B., McMahon, W., Huang, S. M., & Chang, M. C. O. (2016). Evaluation of PM measurement precision and the equivalency of the
single and three filter sampling methods for LEV III FTP standard. SAE Technical Papers, 9, (pp. 342–354).

Swanson, J., & Kittelson, D. (2008). A method to measure static charge on a filter used for gravimetric analysis. Aerosol Science and Technology, 42, 714–721.
Swanson, J., Kittelson, D., & Dikken, D. (2009). Uncertainties in filter mass measurements made to determine compliance with the 2007 diesel PM standard. SAE

Technical Papers. 2009-01-1516.
USEPA (2013). EPA Proposes Tier 3 Tailpipe and Evaporative Emission and Vehicle Fuel Standards. Office of Transportation and Air Quality, EPA, EPA-420-F-13-018a,

(Available at: 〈http://www.epa.gov/otaq/documents/tier3/420f13018a.pdf〉).
Xue, J., Li, Y., Wang, X. L., Durbin, T. D., Johnson, K. C., Karavalais, G., ... Jung, H. J. (2015). Comparison of vehicle exhaust particle size distributions measured by

SMPS and EEPS during steady-state conditions. Aerosol Science and Technology, 49, 984–996.
Xue, J., Li, Y., Johnson, K. C., Durbin, T. D., Villeta, M., Pham, L., ... Jung, H. J. (2016). Using a new inversion matrix for a fast-sizing spectrometer and a photo-

acoustic instrument to determine suspended particulate mass over a transient cycle for light-duty vehicles. Aerosol Science and Technology, 50, 1227–1238.
Xue, J., Li, Y., Quiros, D., Hu, S. H., Huai, T., Ayala, A., & Jung, H. J. (2017). Investigating alternative metrics to quantify low PM mass emissions from light-duty

vehicles. Journal of Aerosol Science, 113, 85–94 (2017).
Zhang, X., & McMurry, P. H. (1987). Theoretical analysis of evaporative losses from impactor and filter deposits. Atmospheric Environment, 21, 1779–1789.
Zhang, X., & McMurry, P. H. (1991). Theoretical analysis of evaporative losses of adsorbed or absorbed species during atmospheric aerosol sampling. Environmental

Science and Technology, 25, 456–459.
Zhang, X., & McMurry, P. H. (1992). Evaporative loss of fine particulate nitrates during sampling. Atmospheric Environment, 26, 3305–3312.

J. Xue et al. Journal of Aerosol Science 117 (2018) 1–10

10

http://dx.doi.org//10.4271/2011-01-0623
http://dx.doi.org//10.4271/2011-01-0623
http://dx.doi.org//10.4271/1999-01-1461
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref1
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref1
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref2
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref2
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref3
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref3
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref4
http://www.epa.gov/otaq/documents/tier3/420f13018a.pdf
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref5
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref5
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref6
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref6
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref7
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref7
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref8
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref9
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref9
http://refhub.elsevier.com/S0021-8502(17)30212-4/sbref10

	Very low particle matter mass measurements from light-duty vehicles
	Introduction
	Experimental section
	Test vehicles, test cycles, and study design
	PM sampling
	CVS
	PFD

	PM mass emission measurements

	Results
	PM mass emissions (mg/mi)
	PM filter weights (μg)
	Solid/semi-volatile composition of PM and particle size distribution
	Comparisons between sampling parameters
	Filter face velocity (FFV)
	Mean differences
	Variability
	Cumulative filters
	Mean differences
	Variability


	Discussion
	Acknowledgments
	Supplementary material
	References




