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Abstract: Emissions of gaseous and particulate pollutants from on-road gasoline and diesel vehicles
were measured in a traffic tunnel under real-world driving conditions. Emission factors were
attributed to gasoline and diesel vehicles using linear regression against the fraction of fuel consumed
by diesel vehicles (% fuelp). We measured 67% higher NOx emissions from gasoline vehicles in winter
than in spring (2 versus 1.2 g NO, kg fuel™!). Emissions of CO, NOx, and particulate matter from
diesel vehicles all showed impacts of recent policy changes to reduce emissions from this source.
Comparison of our measurements to those of a previous study ~10 years prior in a nearby traffic
tunnel on the same highway showed that emission factors for both gasoline and diesel vehicles have
fallen by 50-70%. To further confirm this long-term trend, we summarized emission factors measured
in previous tunnel studies in the U.S. since the 1990s. More restrictive emission standards are effective
at reducing emissions from both diesel and gasoline vehicles, and decreases in observed emissions
can be mapped to specific vehicle control policies. The trend of diesel-to-gasoline emission factor
ratios revealed changes in the relative importance of vehicle types, though fuel-specific emission
factors of NOx and elemental carbon (EC) are still substantially larger (~5-10 times) for diesel vehicles
than gasoline vehicles.
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1. Introduction

On-road gasoline and diesel vehicles are a major source of air pollutants in the urban
atmosphere [1,2]. Approximately 37% of CO emissions, 14% of Volatile Organic Compound (VOC)
emissions, 39% of NOy emissions, and 3% of primary fine particle (PM, 5) emissions were contributed
by on-road gasoline and diesel vehicles in the United States in 2014 [1]. These pollutants are important
participants in atmospheric chemical reactions and have adverse effects on human health. NOx and
VOC are important precursors to tropospheric ozone (O3) [3], which can lead to lung function damage
and cause respiratory diseases.

PM, 5 impacts climate by scattering or absorbing solar radiation [4,5], and exposure to PM; 5 is
detrimental to health [6,7]. Roughly 50% of fine particle mass is constituted by organic species, i.e.,
organic aerosol (OA) or organic carbon (OC) [8,9]. In addition to OC, PM emissions from vehicles also
mainly consist of carbon soot, which is also known as elemental carbon (EC) or black carbon (BC) [10].
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Gasoline and diesel vehicles have distinctive emission characteristics because of differences
in engine technology. Gasoline vehicles are powered by spark-ignition (SI) engines, while diesel
vehicles are powered by compression-ignition (CI) engines. The local fuel-rich conditions and the
high combustion temperature of the CI engine favor the formation of PM and NOy [11]. The overall
fuel-to-air ratio in SI engines is higher than in CI engines, and there is not enough time in SI engine to
convert all CO to CO; [11]. Gasoline vehicles emit more CO than diesel vehicles, while uncontrolled
diesel vehicles emit much higher NOy and PM than gasoline vehicles [12-15]

Numerous studies have been conducted to measure vehicle emissions, including dynamometer
studies [13,16,17], on-road and near-road measurements [18-22], vehicle chase studies [23-25], and
tunnel studies [12,14,26-33]. On-road and near-road studies include measurements with portable
emissions measurement systems (PEMS) [34] and remote sensing [35]. Dynamometer studies, in
which the vehicle exhaust is sampled under a prescribed driving cycle, offer controlled sampling
conditions, though questions remain whether dynamometer tests are representative of real-world
driving conditions. In addition, the vehicle population sampled in a typical dynamometer campaign is
tiny compared with the real-world traffic volume. For on-road, near-road, and vehicle chase studies,
the vehicle exhaust is sampled under real-world driving conditions. Tunnel and near-road studies
typically sample from large vehicle fleets, but these studies have to account for the dilution of emissions
with background air.

Tunnel studies offer real-world driving conditions and a large-volume traffic fleet. The primary
advantages of tunnel studies are that the emissions are less diluted than in near-road conditions and
that a large vehicle fleet can be sampled under realistic driving conditions. A major challenge of
tunnel studies is to separate the gasoline and diesel vehicle emissions from a mixed fleet [33]. Also,
since many tunnel studies sample from highway tunnels, only emissions from high-speed driving are
characterized. Thus, tunnel measurements typically do not capture emissions at low speed or vehicle
cold starts, operation modes that can have significantly different emissions rates than high-speed
driving [13,17].

Previous studies have suggested that ambient temperature can affect vehicle emissions; this
in turn would drive seasonal variations in on-road vehicle emissions. Nam et al. [16] tested 496
vehicles on a chassis dynamometer under summer and winter ambient temperature. They found that
PM emissions from gasoline-powered vehicles increased dramatically with decreased temperature,
and the temperature effects on PM emissions were most significant during the vehicle cold-start
phase. Saha et al. [22] and Wang et al. [36] conducted near-road measurements and measured higher
emissions of NOx and particle number in winter than summer, but higher emissions of particulate BC
in summer. Grange et al. [37] observed that NO, emissions from light-duty diesel vehicles increased
with decreasing temperature. Grieshop et al. [14] measured vehicle emission factors in a traffic tunnel
and found that during the rush-hour period, the PM, 5 mass emission factor and the EC emission factor
were lower in winter than in summer, but the OC emission factor was higher in winter.

Although previous lab and field studies found that emission factors of on-road vehicles may have
seasonal variations, vehicle emission models do not always use seasonally dependent emission factors.
The MOtor Vehicle Emission Simulator (MOVES) developed by US EPA (Environmental Protection
Agency) and the EMission FACtors (EMFAC) model developed by the California Air Resources Board
(CARB) are two widely used vehicle emission models. MOVES uses seasonally independent emission
factors [38]. EMFAC uses different emission rates for different seasons, since fuel composition is
different in summer and winter in the state of California [39].

The purpose of this study is to quantify vehicle emissions under real-world driving conditions
and current fleet composition. We conducted multi-seasonal measurements in the Fort Pitt Tunnel in
Pittsburgh, PA, which allowed us to investigate potential seasonal variations of vehicle emissions. The
fleet average emission factors were combined with traffic data to apportion the fuel-based emission
factors of gasoline and diesel vehicles. In order to study the long-term trend of vehicle emissions, we
compared our emissions measurements to those of previous U.S. tunnel studies over the past three
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decades, including an earlier study in Pittsburgh [14]. We also compared the vehicle emission factors
measured in traffic tunnels to emission factors simulated by MOVES.

2. Methods

2.1. The Fort Pitt Tunnel

The measurement campaign was conducted in the two-lane outbound (westbound) bore of the
Fort Pitt Tunnel on Interstate 376 in Pittsburgh, PA. The tunnel is 1.1 km long with a 2.5% uphill
grade. It connects the downtown area of Pittsburgh to the Pittsburgh International Airport and other
suburban areas. Continuous spring measurements were conducted in April and May 2013, together
with the work presented in Li et al. [40] and Tkacik et al. [41], and continuous winter measurements
were conducted in January and February 2014. A one-week measurement was conducted in the period
29 April-4 May, 2014, in order to study the difference of emission factors measured over different
traffic lanes, as described in detail later. A detailed description of the Fort Pitt Tunnel, the tunnel
measurement station, and the traffic conditions in the tunnel can be found in Li et al. [40]

We quantified the presence of diesel vehicles by calculating the diesel fuel fraction (% fuelp) with
the following equation:

foUp

foUp + (1~ fp)Ug

The % fuelp represents the percentage of fuel consumed by heavy duty diesel vehicles (HDDV).
Here fp is the number fraction of diesel vehicles determined based on traffic counts obtained from
the Pennsylvania Department of Transportation at the tunnel exit. Ug and Up are the fuel economies
of gasoline vehicles (25 mile/gallon) and diesel vehicles (6 mile/gallon), calculated based on the total
vehicle-mileage data and total fuel consumption data of light duty vehicles and trucks in 2011 from the
US Department of Transportation [42].

% fuelp =

)

2.2. Air Quality Measurement Station

As described in Li et al. [40], for both the winter and the spring campaigns, we had one gas-phase
sampling line (0.25 in. diameter Teflon tubing) for all gas monitors and one particle-phase sampling
line (0.325 in. diameter copper tubing) for all particle instruments.

During the spring campaign, we continuously measured CO, (LiCor Li-820), CO (Teledyne-API
T300), NOx (= NO + NO;; Teledyne-API 200EU), and particle-phase OC and EC concentrations in the
tunnel. All gases were measured at 1 second resolution. Particle-phase OC and EC were measured with
a semi-continuous OC/EC analyzer (Sunset Laboratories) operating at hourly resolution. A denuder
was placed upstream of the OC/EC analyzer to remove vapor-phase organics and reduce sampling
artifacts. The sampling inlet was over the left lane, and the sampling lines were about 22 m long due
to constraints on where the instruments could be deployed. The Reynolds number of the particle
sampling line was less than 2000, indicating the airflow inside was laminar flow. The long length of the
particle-phase sampling line may potentially lead to a high particle loss for smaller particles. Smaller
particles are negligible in mass, so any losses should have a minor impact on the measured particle
mass concentration.

During the winter campaign, in order to better capture emissions from heavy-duty diesel vehicles
(HDDYV), the sampling inlet was placed on top of the right lane, where most trucks drive. All
instruments were also moved next to the sampling inlet to minimize the length of the sampling line
(<2 m), reduce losses, and capture exhaust plumes from individual trucks.

During the winter campaign, the denuder placed upstream of the OC/EC analyzer became
saturated. Therefore, in order to constrain potential sampling artifacts, we collected quartz filter sets
for offline OC/EC analysis, as described by Li et al. [40] As shown in Figure S1 in the Supporting
Information, we used the correlation between concurrent measurements of OC on filters and from
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the semi-continuous OC/EC analyzer to determine an empirical artifact correction for the winter
measurement period.

2.3. Fuel-Based Emission Factors

Emission factors reported in this work are fuel-based emission factors calculated using the
following equation, which assumes a carbon balance between the fuel and the combustion exhaust:

AP MWp

EFp =
P~ ACO, + ACO MW “C

@

EF, is the emission factor of pollutant P (in g/kg-fuel). AP, ACO,, and ACO are background
corrected concentrations of P, CO,, and CO. MW, and MW, are molecular weights of pollutant P and
carbon, w, is the weight fraction of carbon in the fuel. The w, of gasoline and diesel are 0.85 and 0.87,
respectively; w, values at each hour of the day in the tunnel were calculated as the weighted average
w, based on the % fuelp. This method assumes that the carbon in the fuel was dominantly transformed
into CO, and CO during combustion and that VOCs and particle-phase OC and EC are negligible for
the carbon balance. Following previous studies, we report NOy emissions in NO, equivalents (e.g.,
g-NO,/kg-fuel).

2.4. Background Pollutant Concentrations

The background pollutant concentrations used in this work were the ambient monitoring data
from nearby U.S. EPA air monitoring sites. The data were obtained from the EPA Air Quality System
(AQS). NOy and CO background concentrations came from monitoring data at the Carnegie Science
Center site (40.4456° latitude, —80.0162° longitude), which is ~900 m away from the Fort Pitt Tunnel.
For the particle-phase OC and EC concentrations, we used the ambient monitoring data from the
Lawrenceville site (40.4654° latitude, —79.9608° longitude). This site is ~5 km away from the tunnel
and is representative of urban background concentrations in Pittsburgh.

Background CO, concentrations were measured on the campus of Carnegie Mellon University
with a Li-Cor LI-820 CO, monitor at 1 Hz from 29 April to 17 May, 2014. Diurnal patterns of weekday
and weekend CO, ambient concentrations were used to background correct the CO, concentrations
measured in the tunnel. We assumed that these data were relevant for background correction of both
spring and winter measurements.

The pollutant concentrations measured in the tunnel were in general much larger than the ambient
background concentrations. In Figure 1, we present the diurnal average fraction of background air
contribution to each of the measured pollutants. The NOy background concentrations were less than
3% of the tunnel measurement, and the EC background concentrations were around 10%. CO had
a higher background contribution, around 20% during the day and 30% in the early morning hours
(02:00-04:00). OC and CO; had the highest contributions from the background. The OC background
ratios were 40-60%.
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Figure 1. Background fraction of pollutants measured in the tunnel in the spring campaign. OC:
organic carbon, EC: elemental carbon.
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3. Results and Discussion

3.1. Pollutant Concentrations and Emission Factors

The background-corrected time series of gaseous and particulate pollutants measured in the
tunnel in a typical week (3 February to 9 Feb, 2014) are presented in Figure S2. All measured species
showed strong diurnal patterns, and these diurnal trends are good indicators of the traffic conditions.
CO; and CO concentrations showed two peaks during weekdays, one during the morning rush hour
(around 08:00), and the other one in the afternoon rush hour (15:00-17:00). During weekends, these
species presented only one peak during the afternoon. These trends are consistent with the overall
traffic patterns, driven by the number of gasoline vehicles.

The time series of NOy, OC, and EC concentrations showed a different temporal pattern than CO
and CO,. On weekdays, NOy, OC, and EC had only one peak around midday. This seemed to be
associated with diesel truck activity, since the peak volume of HDDV in the tunnel was also around
noon. Weekend concentrations of NOx were generally much lower than on weekdays, consistent with
reduced HDDV traffic. One exception occurred on Saturday at ~01:00-02:00, when a spike in NOx and
CO was observed. This spike may be indicative of high diesel truck volumes during that specific time.

The hourly averaged diurnal patterns of NOy, OC, EC, and CO emission factors measured on
weekdays in the spring campaign are presented in Figure 2. The diurnal trends of emission factors
measured in the winter campaign were similar. Unlike the NOy, OC, and EC concentrations, which
followed the trend of the HDDV volume and peaked around midday, the NOy, OC, and EC emission
factors closely followed the trend of the % fuelp and had the highest value during overnight hours
(0:00—-4:00), dropping by about 65% in daytime. This is because HDDV emit much higher NOy, OC,
and EC than light-duty gasoline vehicles (LDV), and the fraction of HDDV in the tunnel was much
higher during overnight hours than in daytime.

The diurnal trends of NOy, OC, and EC emission factors measured in this study are similar to those
measured by Grieshop et al. [14] at a nearby Pittsburgh tunnel in 2002. They separated the measured
emission factors into three time periods—the early morning (high truck, 0:00-06:00), morning rush
hour (low speed, 07:00-09:00), and midday (high speed, 10:00-16:30)—and found that the NOy, OC,
and EC emission factors were much higher in the early morning than in other time periods and the
emission factors in the rush hour were slightly lower than at midday, since the % fuelp was lower
during rush hour.

Unlike NOy, OC, and EC, the diurnal pattern of the CO emission factors measured in the tunnel
does not follow the trend of % fuelp. The hourly averaged CO emission factors were relatively constant
during the entire day, suggesting that CO emissions trends are driven by LDV. From midnight to 3 am,
the CO emission factors were slightly higher and more variable. It may be because during these hours,
the background CO ratio was also higher (Figure 1) and the calculated CO emission factors were more
subject to the influence of the background air.
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Figure 2. Diurnal patterns of the hourly averaged (a) NOy, (b) OC, (c) EC, and (d) CO emission factors
measured in the tunnel on weekdays in spring (right axis) and the heavy-duty diesel vehicle (HDDV)
fuel fraction (left axis). Bars represent the standard deviation of the measurement. OC and EC data are
not available at 04:00 and 05:00 because the instrument ran a blank sample each day in that period. R?
values show the correlation between hourly averaged % fuelp and emission factor.

3.2. Seasonal Variation of Emission Factors

As discussed above, the hourly averaged emission factors shown in Figure 2 are mixed emission
factors of gasoline and diesel vehicles and were greatly affected by % fuelp. In order to remove the
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dependence of emissions factors on % fuelp and directly show the potential seasonal trend, in Figure 3,
we performed a linear regression of emission factors as a function of % fuelp. The linear regression was
performed separately for winter and spring measurements. It was performed for NOx, OC, and EC in
the % fuelp range of 0%—40%. The data points used for the linear regression were hourly averaged
diurnal emission factors and hourly averaged % fuelp. The uncertainty of the linear regression was
calculated as the simultaneous functional bounds of the linear fit at the 95% confidence level.
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Figure 3. The (a) NOy, (b) OC, and (c) EC emission factors as a function of % fuelp over the % fuelp
range of 0-0.4. Circles represent measurement data, and the color represents the average ambient
temperature during the measurement. The linear regression lines of spring and winter measurements
are shown as red and green lines, respectively. Red and green shadings are the simultaneous functional
bounds of the linear fit at the 95% confidence level for spring and winter measurements, respectively.

As shown in Figure 3, we observed a seasonal variation in emissions of NOx and EC. NOx and
EC emissions were both elevated in winter for the entire % fuelp range. The NOx emission factor we
measured in winter was, on average, 1.7 times larger than in spring at all % fuelp, which is larger than
the seasonal changes measured by Wang et al. (50%) [36] and Saha et al. (13%) [22]. Regardless of
absolute differences, our results contribute to the growing body of evidence that on-road vehicle NOx
emissions are higher in winter.

We measured EC emission factors in winter that were 1.4 times higher than in spring, whereas
Wang et al. [36] and Saha et al. [22] measured slightly lower wintertime emissions. Uncertainty ranges
of the NOx and EC emission factors we measured in winter and spring did not overlap, except for EC
emission factor at % fuelp = 0 (i.e., our estimated EC emissions for gasoline vehicles). OC emissions, on
the other hand, were not systematically different between winter and spring.

The spring and winter measurements were conducted over left and right lanes, respectively. Since
diesel trucks are expected to primarily travel in the right lane, there is a possibility that the higher
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emission factors measured during winter are simply a result of the traffic distribution between lanes.
Therefore, we further verified that the seasonal variation of emission factors was not an artifact of
sampling over different lanes. We collected data during weekdays in a single week in spring 2014 and
compared the diurnal pattern of NOx emission factors measured over left and right lanes in Figure
S3. Overall, there was good agreement. From 5:00 to 20:00, emission factors over the two lanes were
identical within experimental uncertainty. The % fuelp ranged from 3% to 13% over this time. NOx
emissions measured over the right lane were 30-40% higher between 20:00 and 3:00, when % fuelp was
between 7% and 30%. Some of this difference is likely attributable to the right lane having more diesel
trucks, but some of the difference (e.g., higher emission factors from 20:00 to 21:00 when % fuelp <
10%) may be due to lower pollutant concentrations and higher background ratios. Figure S3 suggests
that the differences in emission factors shown in Figure 3 for % fuelp <13% are robust but that the
difference in emission factors for periods with higher diesel activity (e.g., >20%) may be exaggerated
by the lane difference. Since the LDV emission factors can be determined from the regressions when %
fuelp is 0, we assume that the seasonal trend presented in Figure 3 is valid for LDV. LDV emission
factors measured in winter and spring are summarized in Table 1.

Table 1. Mean emission factors of light-duty gasoline vehicles (LDV) and heavy-duty diesel vehicles
(HDDV) measured in the Fort Pitt Tunnel. SCR: selective catalytic reduction, DPF: diesel particulate filter.

Species (Emission . . . . . Dynamometer
Factor Units) Vehicle Type  Spring Regression = Winter Regression (May et al.)
NOx (g NOy/kg fuel) LDV 1.2+0.3 2+05 2.7
18.2 (no SCR)
HDDV 171+24 292+32 s5.2 (with SCR)
OC (mg/kg fuel) LDV 185+7.2 14.7 + 4.8 1 01(31.3 bPE)
HDDV 109.4 + 54.0 167.8 £ 36.3 7.6 (with DPF)
EC (mg/kg fuel) LDV 159 +45 244 +£55 - 81(r71.§ bPE)
HDDV 158.7 + 33.8 196.8 + 41.1 0.3 (with DPF)
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Figure 4. The (a) weekday and (b) weekend diurnal profiles of CO emission factors measured in the
Fort Pitt Tunnel in winter and spring.

As shown in Figure 2d, the CO emission factor was not correlated with % fuelp. We therefore
assessed the potential seasonal variation of the CO emission factor by directly comparing the weekday
and weekend diurnal patterns of CO emission factors measured in winter and spring. The results are
shown in Figure 4. The CO emission factors were in general similar in winter and spring. During
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8:00-19:00 on weekdays and 1:00-21:00 on weekends, when LDV dominate the traffic flow, CO emission
factors were similar (in general, less than 10% difference) in winter and spring. During 20:00-7:00 on
weekdays, when both the fraction of LDV in the traffic flow and the total traffic volume are lower, CO
emission factors were slightly higher (10-51%) in winter than in spring. Wang et al. [36] also reported
similar CO emission factors across different seasons.

3.3. Emission Factors of LDV and HDDV

The hourly averaged emission factors shown in Figure 2 are mixed emission factors of gasoline
and diesel vehicles. They cannot be directly compared with other tunnel studies, since different tunnels
may have different traffic volumes and vehicle composition (% fuelp). The strong correlations between
the emission factors and the % fuelp, especially for NOx, OC, and EC, offer a chance to apportion LDV
and HDDV emissions. Following previous studies [14,43,44], we extended the linear regression shown
in Figure 3 to the % fuelp range of 0 to 1 to extrapolate the LDV emission factor (% fuelp = 0) and the
HDDYV emission factor (% fuelp = 1). The results of linear regressions are presented in Figure 5, and the
uncertainty ranges of linear regressions are presented in Figure 54.
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Figure 5. The (a) NOy, (b) OC, and (c) EC emission factors as a function of % fuelp over the % fuelp
range of 0-1. The linear regression lines of spring and winter measurements are shown as red and green
lines, respectively. Black dashed lines are linear regression results of Grieshop et al [14]. Symbols with
error bars represent mean values and standard deviations measured in recent dynamometer studies by
May et al [13].
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An advantage of using the linear regression to determine LDV and HDDV emission rates is that it
allows us to compare them directly to measurements by Grieshop et al. [14], which were conducted
in a different tunnel (Squirrel Hill tunnel) on the same highway (I-376) in Pittsburgh ~10 years prior
to our measurements. Emission factors from Grieshop et al. [14] are shown as black dashed lines in
Figure 5. These paired studies show that over the course of ~10 years, emissions of NOx, OC, and EC
from LDV and HDDV decreased by 50-70%, with the exception of EC emissions from LDV, which only
decreased by about 8%. Our results indicate that the emission regulation policies and the advancement
of vehicle and emission control technologies were effective at reducing on-road vehicle emissions.

Figure 5 and Table 1 also compare our tunnel-based emission factors to those of a recent
dynamometer study by May et al. [13]. May et al. [13] classified all tested LDV into three groups
based on the vehicle model year: pre-LEV (Low Emission Vehicle; before 1994), LEV-I (1994-2003),
and LEV-II (2004 and later). In order to compare our results with those of with May et al. [13], we
calculated the fractions of pre-LEV, LEV-], and LEV-II LDV based on the vehicle inspection records of
Allegheny County in 2010 and then calculated a weighted-average LDV emission factor of dynamometer
measurements. The average LDV NOy emission factors measured on a dynamometer were about 35%
higher than winter tunnel measurements. OC measured by May et al. [13] was lower than tunnel
measurements for either season. Dynamometer emission factors (EFs) for EC fell within the range of
our tunnel measurements. Differences in NOx and OC emissions may reflect the impact of transient
drive cycles on the dynamometer versus high-speed cruise conditions in the tunnel, and OC emissions
may be further impacted by differences in gas-particle partitioning in the tunnel versus the constant
volume sampler used with the dynamometer [40,45,46].

Major changes were instituted in 2007 (for PM) and 2010 (for NOx) for regulating HDDV emissions.
May et al. [13] tested HDDV meeting both pre-2007 (no after treatment) and post-2010 (equipped
with diesel particulate filter (DPF) and selective catalytic reduction (SCR)) standards. The average
dynamometer emission factors of HDDV with and without after-treatment devices are presented in
Figure 5 to compare with the tunnel measurements. Tunnel-measured HDDV emissions of NOX,
OC, and EC were all similar to dynamometer measurements of untreated (pre-2007) HDDV. Tunnel
estimates of HDDV emissions may be biased high because of extrapolation and uncertainty in % fuelp,
as described below, and by the uphill grade in the tunnel. Nonetheless, the tunnel measurements
suggest that a significant fraction of the on-road fleet consisted of HDDV without exhaust after
treatment (i.e., pre-2007 vehicles) during this study.

The HDDV emission factors derived from the regression are uncertain because the % fuelp never
exceeded 40%. Thus, there was significant extrapolation from the measurements to pure HDDV
emissions (% fuelp = 1) and a correspondingly large uncertainty (Figure S4). For LDV (% fuelp = 0),
less extrapolation was necessary, and the uncertainty ranges were smaller.

An additional uncertainty when determining HDDV emission factors was that the traffic data were
not resolved by left versus right lane. While most HDDV travel in the right lane (and the calculated
HDDV EF was larger for the right lane for high truck periods), the average % fuelp does not represent
the specific fleet distribution in either lane. Therefore, the HDDV emission factor measured in winter
(right lane) may be overestimated, while spring measurements (left lane) may be underestimated. In
Table 1 and Figure 5 we used the measurements from the two seasons to constrain the range of HDDV
emission factors as determined by the linear regression method.

3.4. Long-Term Trend of LDV and HDDV Emission Factors

In a previous section, we compared results from our tunnel measurement with results from
Grieshop et al. [14] and concluded that on-road gasoline and diesel vehicle emission factors significantly
dropped in the decade between studies. However, this conclusion is based on only two studies in the
same city and may not represent the situation over the entire United States. Also, there is significant
uncertainty in the diesel emission factors, because we used the regression method in that comparison.
Therefore, to further confirm the decreasing trend of on-road vehicle emission factors, we summarized
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emission factors reported by previous tunnel studies [12,14,26-33] in the United States since the 1990s
and compared them with the change of federal vehicle emission standards. The results are presented
in Figure 6. All data presented in Figure 6 and the cited previous studies are summarized in Tables S1

and S2.
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Figure 6. Emission factors of (a) gaseous pollutants emitted by LDV, (b) particulate pollutants emitted
by LDV, (c) gaseous pollutants emitted by HDDV, and (d) particulate pollutants emitted by HDDV
measured in tunnels in the United States since the 1990s. The emission factors of LDV and HDDV
simulated by EPA MOtor Vehicle Emission Simulator (MOVES) are also presented in the figure as
dashed lines. The data and cited previous studies of emission factors are summarized in Table S1 (LDV)
and Table S2 (HDDV). For CO emission factors in 2014, we used the average winter emission factors
from this study. For emission factors measured in 1992 and reported by Pierson et al., only the uphill
measurements conducted in the Fort McHenry Tunnel are shown.

As shown in Figure 6, over the past three decades, measured LDV and HDDV emission factors
decreased as the emission standards became stricter. It indicates that stricter emission standards have
been effective at reducing on-road vehicle emissions in the U.S. For example, CO and NOy emission
factors for LDV have dropped by 70-80% since 2002. Total PM emissions from LDV have also decreased.
This decrease is driven by reductions in OC emissions, whereas EC emissions have been essentially
flat. Decreasing LDV emissions of OC and stable EC measured in tunnels echo similar trends observed
in dynamometer tests [13,17].

The long-term trend of gas-phase pollutants and PM emitted by HDDV measured in the tunnel
are presented in Figure 6¢,d, respectively. Tunnel measurements demonstrate a rapid decrease in
HDDV NOx emissions associated with 2010 reductions in emissions limits; tunnel studies conducted
before 2010 typically measured HDDV NOx emissions >40 g NO, kg-fuel ™!, whereas 2010 data from
Dallmann et al. [32] show lower emissions (~30 g NO, kg-fuel_l), and our data indicate the lowest
emissions. Presumably, fleet penetration of SCR for NOx control, which we did not measure directly,
increased from 2010 to 2014.

Like NOx in 2010, the HDDV PM emission standard experienced a step change in 2007. Our
measurements in 2014 show a significant decrease (~30% decrease) in both EC and OC relative to tunnel
studies in the mid-2000s, prior to the introduction of DPFs into the on-road fleet. The introduction of
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diesel after-treatments has also contributed to reductions in HDDV CO emissions in 2010 and 2014
relative to the 1990s.

Although both LDV and HDDV emission factors measured in tunnels decreased in the past three
decades, they did not decrease at the same rate. Thus, the relative significance of HDDV to total
on-road vehicle emissions also changed over time. In Table 2 we summarize the ratio of HDDV-to-LDV
emission factors measured in previous tunnel studies and in this study in the United States.

Table 2. Ratio of HDDV-to-LDV emission factors measured in traffic tunnels in the United States.

Year of

References Tunnel NOy ocC EC
Measurement
. Fort McHenry Tunnel,
Pierson et al. MD, Dowy il 1992 40+£042 - -
Pierson et al, Fort hﬁge;‘;ifu“m‘d' 1992 324052 - -
. Tuscarora Mountain
Pierson et al. Tunnel, PA, level 1992 69+502 - -
Miguel et al. Caldecott Tunnel, CA 1996 - - -
Kirchstetter et al. Caldecott Tunnel, CA 1997 63+0.8P 11.8 +2.8b¢ 400 +17.7b
Allen et al. Caldecott Tunnel, CA 1997 - 127+764 52.5 + 2496 4
McGaughey et al. Washburn Tunnel, TX 2000 31+£51°¢ - -
Géller et al. Caldecott Tunnel, CA 2004 - - 241 +44°f
Grieshop et al. Squirrel Hill Tunnel, PA 2002 and 2004 13.0+7.7 8.6+9.7 16.5 +18.9
Ban-Weiss et al. Caldecott Tunnel, CA 2006 13.3+1.3 13.3+3.18 39.1+7.8
Dallmann et al. Caldecott Tunnel, CA 2010 147 £1.0h - -
This work Fort Pitt Tunnel, PA 2013-2014 6.0+8.0 11.4+45 8.1+25

2 We assumed one gallon of gasoline weighs 2.80 kg and one gallon of diesel weighs 3.24 kg to convert units. ® Data
calculated by Ban-Weiss et al. using the revised regression method are reported here. A factor of 1.4 was used to
convert Organic Matter (OM) concentration to OC concentration. 4 Data reported here are for PM 9. ¢ We assumed
the carbon fraction of diesel equals to 0.87 to convert units. We assumed the density of gasoline equals to 0.74 kg/L
to convert units. The diesel vehicle emission factors reported here are calculated based on the linear regression
results from Table 4 of McCaughey et al. f Data reported here are for PMy 5. 8 A factor of 1.4 was used to convert OM
concentration to OC concentration. ' We used adjusted light-duty-vehicle emission factors reported in Dallmann et
al. as the LDV emission factor to calculate these ratios.

The HDDV-to-LDV ratio of NOx emission factors reflects changes in vehicle regulations. Studies
in the 1990s observed HDDV/LDV NOx emission ratios in the range of 3—6, and this ratio increased
in the mid-2000s to ~13-15, as LDV emissions were reduced relative to HDDV vehicles when Tier-1
and Tier-2 LDV entered the vehicle fleet. Our study is the first among those listed in Table 2 with
appreciable penetration of SCR-equipped HDV, and we observed a HDDV/LDV emission ratio of 6,
consistent with a rapid drop in HDDV emissions relative to LDV emissions.

HDDYV emissions of EC showed a similar rapid drop. The HDDV/LDV EC emission ratio fell by
at least 50%, and perhaps more, between the mid-2000s and 2013-2014 when our measurements were
acquired. The relative emissions of OC, on the other hand, have been more stable.

In Figure 6, we also compared the vehicle emission factors measured in tunnels with the national
level vehicle emission rates simulated by the EPA MOVES. Unlike tunnel studies that only measure
the vehicle emissions under high-speed driving, MOVES estimates the vehicle emission factors under
a wide range of conditions, including vehicle cold starts and transient operation. The emission factors
estimated by MOVES are used for national emission inventory development.

As shown in Figure 6, MOVES consistently has larger estimates for LDV emissions of CO, NOx,
and OC than tunnel studies. For 2014, our LDV emission factors for both NOx and CO were roughly
half of what is predicted by MOVES. MOVES and the tunnel studies agree better for LDV EC, though
for 2014, our measurements suggest a larger EF than MOVES. However, the trend in LDV EC emissions
does not agree between MOVES, which shows a smooth decrease with time, and tunnel measurements,
which show roughly constant emissions.

Overall, MOVES and the tunnel measurements agree better for HDDV emissions. For HDDV
NOx emissions, the tunnel measurements largely agree (within error bounds) with MOVES from 1997
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onward. The same is true for CO since 1992, albeit for only three points in time. Agreement for OC and
EC is more variable. MOVES predicts higher emissions than tunnel measurements for the 1990s and
early 2000s. MOVES also predicts higher emissions than our 2014 data for both OC and EC, though
agreement is better than in previous years.

4. Conclusions

In this work, the gaseous and particulate pollutants emitted by on-road gasoline and diesel vehicles
under real-world driving conditions were measured in a traffic tunnel. Since the measured fleet
average vehicle emission factors are strongly correlated with the % fuelp in the tunnel, we performed
linear regression of vehicle emission factors as a function of % fuelp to apportion the gasoline and
diesel vehicle emission factors. We found that the NOy and EC emission factors of LDV are about 70%
and 40% higher in winter than in spring, respectively.

We compared the emission factors measured in this study with emission factors measured by
Greishop et al. [14] ~10 years prior in another traffic tunnel in Pittsburgh and found that the NOx, OC,
and EC emission factors of diesel vehicles and the NOy and OC emission factors of gasoline vehicles
significantly dropped (~50-70%), while the EC emission factors of gasoline vehicles measured in both
studies are similar. To further confirm this long-term trend, we summarized emission factors measured
in previous tunnel studies in the U.S. since the 1990s and compared them with the change of vehicle
emission standards in U.S. The more restrictive emission standards were effective at reducing NOx
and PM emissions of diesel vehicles and NOy, CO, and PM emissions of gasoline vehicles, while the
EC emissions of gasoline vehicles did not change much over the past three decades. By studying the
trend of HDDV-to-LDV emission factor ratios measured in the tunnel since the 1990s, we found that
the relative importance of HDDV for NOy and EC emissions decreased, but the NOy, OC, and EC
emissions of HDDV are still significantly higher (~5-10 times) than those of LDV.

The gasoline and diesel vehicle emission factors reported in this study can be used by policy-makers
to develop policy plans on regulating air pollutant emissions from on-road vehicles. The application of
new vehicle technology, such as the gasoline direct-injection (GDI) engine, coupled with increasingly
restrictive emissions standards, may alter the characteristics of vehicle emissions [17,47]. It is therefore
necessary to conduct on-road studies to continuously monitor vehicle emissions, test the effectiveness
of policies on regulating vehicle emissions, and provide up-to-date vehicle emission factors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/7/2458/s1,
Figure S1-54, Table S1-52.
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