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Ammonia I1s the primary alkaline gas in the atmosphere
and contributes to fine particle mass, wisibility problems, and
dry and wet deposition The chjective of this research
was to measure ammonia and other exhaust emissions from
a large sample of on-road vehicles using California

phase 2 reformulated gasoline with low sulfur content
{~10 ppm by weight} Vehicle emussions of ammonia, NO,,
C0, and CO; were measured in the center bore of a San
Francisce Bay area highway tunnel on eight 2-h afternoon
samphng peneds dunng summer 1999 Ammonia concen-
trations were divided by total carbon (mamly COy)
concentrations to compute an emission factor of 475 &

29 mg L=7(95% C L.} The meolar ratio of nitrogen emitted in
the tunnel in the form of ammonia to that emitted in the
form of NO,was 0 27 & 0.01 Emussions of NO, and CG have
been measured at thts tunnel sampling location since
1984, From 1994 to 1999, emissions decreased by 41 + 4%
for NO, and 54 4 6% for CO These reductions include
the impacts of turnover in the vehicle fieet and the use of
reformulated gasoline Between 1997 and 1989, when

fuel proeperties did not change significantly, emissions of
NOxand CO decreased by 26 2% and 31 - 3%, respectively
While use ofthree-way catalytic converters has contributed
to decreases in NJ, and CO emissions, their use, in
combination with fuel-nch engine operation, 1s the hkely
cause of the ammonia emissions from motor vehicles ocbserved
duning this study

introduction

Motor vehicle emissions contribute significantly to ar
pollution problems on local, regional, and national scales
(1). Despite mcreasing numbers of vehicles on the road and
increasmg vehucle travel, progress has been made in lowenng
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vehicle emissions in the United States (2) Catalytic converters
play an :important role 1n controlling emissions by oxidizing
carbon monoxide (CO) and volatile orgamic compounds
(VOC) and reducmg oxides of nitrogen (NQy present m
vehicle exhaust. An unintended conseguence of the use of
three-way catalyuc converters has been mncreased emissions
of mitrous oxde (3, 4} and ammonia (5, 6).

Ammonia (NH;) is the third most abundant rutrogen-
containmg compound, after N; and N;0O, and is the primary
alkaline gas in the atmosphere (7). An important role of
ammonia in the atmosphere 1s neutralizing compounds such
as mtric and sulfuric acids, formed as products of the
atmospheric oxidation of NO; and SO; emissions, respec-
tively. Ammonium mitrate and sulfate contribute significantly
to fine particle mass and visibility problems (8, 9). Ammona,
along with NO, and SO, 15 one of the primary pollutants
involved with acidifying deposition (7, 10) The transport of
nitric acid is arded by the formation and condensahen of
ammomum mtrate on accumulation mode particles. In
addstion, dry and wet deposition of ammonia and ammonium
is an important source of nutrients 1o some ecosystems (7,
10).

Major sources of ammorma emissions 1dentified m past
assessments include animal waste, biological processes 1
soils, ammonia-based chemical fernlizers, biomass burrung,
and sewage treatrent plants (77, 12). Most mternal com-
bustion processes also produce ammonia, though the amount
of ammonia produced 1s typically small compared to the
other sowrces mentioned above (J1—13)

Ammoma emissions from catalyst equipped vehicles have
been shown n laboratory dynamometer studies to be
dramatically higher than for precatalyst vehicles (5, 14, 15).
The production of ammonia can be increased further if the
engine runs fuel-rich, because that condition favors reducing
processes on the catalyst surface (5, 14, I5). On-rcad
measurements of amriona enussions from motor vehicles
have beenreported by three groups of mvesugators Pierson
and Brachaczek (16) determined the on-road emussion rate
of ammonia from gasoline-powered vehicles to be 1.3 £ 3.5
mg kim~! i the Allegheny Mountain Tunnel in Pennsylvania.
In 1981, when these measurements were made, less than
10% of vehicles were equpped with three-way catalytc
converters Moeckh et al. (17) reported ammonia enmssions
of 15 & 4 mg kan~ for vehicles traveling through the Gubrist
Turne} in Switzerland mn 1995. This vehicle fleet was made
up of mostly light-duty vehicles but also included 4 4% large
trucks. Fraser and Cass (6) made measurements dunng 1993
in the Sherman Way tunnel in Van Nuys, CA, and found an
average emission factor of 380 mg L™! (equvalent to about
60 mgkm™1} for afleet in which 76% of the fuel was consumed
by three-way catalyst equipped vehicles, These results suggest
that on-road velucle ammonia emissions mcreased sigmifi-
canty following the introduction of three-way catalytic
converters. Furthermore, turnover in the on-road vehicle
fleet continues to replace clder vehicles with new three-way
catalyst-equipped vehicles. Major reformulation of gasoline
that occurred m Califormain 1996 (18) may have also affected
ammonia emissions, for example because fuel sulfur levels
decreased. Sulfur i1s known to adversely affect catalytic
converter efficiency for regulated pollutants (19), but its
impact on ammonia emussions is uncertain. In laboratory
flow reactors, it has been shown that decreasing the SO,
concentration in a simulated exhaust stream increases
ammonia production over a catalyst (20, 21). On the other
hand, a recent chassis dynamometer study of two vehicles
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found that decreasmg the fuel sulfur content caused lower
ammoma ernissions for one vehicle and had hittle effect on
ammoma emssions for the second vehicle (22).

The objective of this study was to measure ammonia and
other exhaust emissions from a large sample of on-road
vehicles using California reformulated gasohine.

Experimental Section

Field Sampling Site. Vehicle enmssions were measured in
the Caldecott Tunnel, which 1s situated on Cahiforma state
highway 24 near Berkeley 1 the San Francisco Bay area. The
tunnel connects the inland commumties of Contra Costa
County with Oakland, Berkeley, and San Francisco. The
tunne] 1s 1100 m long and has three traffic bores of two lanes
each. The center bore was used as the sarmpling location for
this study as heavy-duty vehicles are restncted from using
these lanes. The tunnel grade 1s 4.2% with eastbound traffic
headed uphill. Ventilahon in the tunnel is accomplished with
adjustable speed fans located at each end of the tunnel.
Dunng thss study, the ventilation fans were turned off at
both ends of the tunnel, so there was only longitudinal airflow
caused by the flow of traffic through the tunnel and prevailing
winds. A diagram of the tunnel can be found m Kirchstetter
et al. (23)

Pollutant Measurements. Pollutant concentrations were
measured at samphng points located 11 m from the entrance
(west end) and about 50 m from the exit (east end) inside the
center bore of the tunnel on 8 weekdays between July 21 and
August 5, 1999. Measurements were made dunng the
afternoon rush hour between 1600 and 1800 h PDT, when
traffic was traveling eastbound and uphill Pollutants that
were measured mcluded ammonia, NO, CO, CO,; and
speciated VOC, Results for VOC will be presented elsewhere.

Ammoma sampling was performed using glass annular
denuders (Uruversity Research Glassware, Chapel Hill, NC;
model 2000-30B). Denuders were coated with a solution of
4% w/v citric acid and 2% v/v glycenn muxture in methanol
and dried with mitrogen. Three annular denuders 1n senes
were used for samplng at the east end (exat) of the tunnel.
The primary denuder was expected to collect gas-phase
ammonia present in the sample air stream. The second
denuder was used to check for breakthrough, and the final
denuder was used as a field blank. Two annular denunders in
sentes were used at the west end (entrance) of the tunnel.
The concentration of ammeorua at the tunnel entrance was
expected to be low, sc no breakthrough of ammonia was
antcipated A 24 ¢m long Teflon sampling tube (1 7 cm ID)
and a fluoninated ethylene-propylene copolymer-coated
cyclone were placed upstream of the denuders mn the
samphing train. Samples were collected over 2 h periods at
aconstant normnal flow rate of 10 LPM. At this flowrate, the
cyclone cutpomt was approximately 2.5 ym.

Following samphng, the denuders were extracted with
deionized water and analyzed for ammomum using an ion
chromatograph (Dionex, Sunnyvale, CA, model 20101) with
aWescan conductivity detector (Alltech, Deerfield, IL; model
269-004) and Dionex cation micromembrane suppressor
column. The efuent and regenerant used in the analyses were
0004 M HCI and 0 05 M KOH, respectively. The amount of
delomized water used to extract and dilute the samples varied
between 5 and 100 mL to maintain the sample m the hnear
range of the ion chromatograph, which was 0—200 uM of
ammonum ion. The detection imit of the system used was
approximately 25 M, which corresponds to ~3 ppb of
ammonia n a 2-h integrated air sample collected at 10 LPM
when the mimimum amount (5 mL) of deionized water was
used to extract the denuder samples. Peak heights were
compared with a five point calibration curve tc determine
molar concentration of amamonium 1on. At both tunnel
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entrance and exat, the amount of ammoma present on the
last denuder present in series (field blank) was subtracted
from ammoma measured on the pnimary denuder As
described below, this adjustment was minor at the tunnel
exit where ammeoma concentrations were high. Ammonia
concentrations determmed in g m~8 were converted 1o parts
per bilbon by volume (ppb) assuming a constant ar tem-
perature of 25 °C and 1 atm pressure.

NO, concentrations mnside the tunnel were monitored
continuously using chemiluminescent analyzers (Thermo
Environmental Instruments (TECO), Frankhn, MA, model
42 at the tunnel exit and model 14A ar the tunnel entrance).
Similarly, CO concentrations were monitored continuously
at both ends of the tunnel by infrared absorption using gas
filter correlation spectrometers (TECO model 48). Pollutant
concentrations were recorded as 5-mun averages using
datatoggers (Environmental Systems Corporation, Knoxville,
TN; model 8800) Calibration checks of the gas analyzers
were performed dailyusing +1% NIST traceable gas mixtures.
The Bay Area Air Quality Management District performed
audits of the NO, and CO analyzers used at both ends of the
tunnel. The NO, analyzer at the exit of the tunnel was accurate
within +£3%, and the NO, analyzer at the entrance read 9%
low. Both tunnel CO analyzers were accurate within +4%. A
second aud:t was performed on the analyzers at the tunnel
exit by the California Air Resources Board. This audit showed
the CO analyzer was accurate to within +3%, and the NO;
analyzer read 7% low for NO and 15% low for NO,. Typically,
the NO, measured m the tunnel consisted of only 3% NO,,
so inaccuracy 1n the NO, measurements did not impact the
results sigmificantly.

Two-hour mtegrated air samples were collected i evacu-
ated 6 L stainless steel camusters using mass flow controllers
to maintain a constant sample awr flow rate of 85 cm® mn™!
(XonTech, Inc., Van Nuys, CA, model 810A) CQ, concentra-
tions I these arr samples were determined using gas
chromatography (Perkan-Elmer, Wellesly, MA; mode! 8700}
with thermal conductivity detector and Carbosieve II packed
column (Supeice, Bellafonte, PA)

Traffic Monitoring. The types and total volume of velicles
traveling through the center bore of the tunnel were
momitored during each sampling penod. The average speed
of vehicles mside the tunnel was also calculated by driving
through the tunnel repeatedly dunng the sampling periods
and recording travel ume for a known distance. The
instantaneous speed of the vehicle at major points along the
tunnel was recorded along with the elapsed time for each
tunnel dnvethrough.

Resuits

The average traffic volume was 4200 + 80 vehicles per hour
over all 8 sampling days Traffic consisted almost entirely of
light-duty velucles due to the time of day (afternoon
commuter peak) and the requirement for heavy-duty vehicles
to stay out of the center bore. On average, the vehicle fleet
m the center bore consisted of 62% cars, 37% light-duty trucks
(prckups, sport utility vehicles, and minivans), 0 8% motor-
cycles, and 0.1% heavy-duty vehicles

Typical vehicle speeds at the tunnel entrance and exit
were 52 + 14 and 71 3: 5 km h~l, respectively. Note greater
vanability in vehicle speed was observed at the tunnel
entrance. No stalled vehicles were observed within the center
bore, and the general pattem of driving involved steady,
gradual acceleration throughout the tunnel. Stop-and-go
driving conditions and heavy acceleratons were rarely
observed. The location of the Caldecott Tunnel 1s such that
cars in the center bore will be in a warmed, or hot-stabilized,
operating mode. These traffic conditions are simzlar to those
observed at the tunnel in previous years (18).



JABLE 1, Average Poliutant Concentrations in the Center Bore of the Caldecott Tunne! from & to 6 p.m. during Summer 1398

Rél; {pph) NO, (ppm} CO (ppm} £0; (ppm)

date entrance exit entrance exit entrance exit entrance exit
7/20/28 26 403 0.16 1.83 25 18.7 472 1111
7/21/99 34 344 0.18 1.50 29 18.7 466 1087
7/27/98 21 333 .18 1.37 25 18.3 472 1069
7/28/99 36 370 0.22 1.51 27 185 472 1138
7/29/89 35 403 0.21 1.55 24 183 486 1097
8/3/99 37 355 0.23 1.42 2.7 18.7 500 1054
8/4/99 40 360 0.22 1 41 28 188 486 1081
8/5/99 81 384 0.28 1.48 39 212 486 1081

Pollutant concentrations measured at the entrance and
exit of the tunnel are presented i Table 1. For all pollutants,
concentrations at the tunnel exit were significantly above
the entrance concentrations. Ammoma showed the greatest
relative increase i concentration from entrance to exat, a
factor of over 10. NO, and CO both mcreased by a factor of
about 7, and CO. increased by a factor of 2.3 above
background (tunnel entrance} levels.

At the tunnel exit, the quantity of ammonia collected on.
the second and third denuders in series were typically 2 and
3%, respectively, of the amount collected on the primary
denuder At the tunnel entrance where ammora concentra-
tions were lower, the mass of ammoma collected on the
second denuder was typically 25% of that found on the
primary denuder. The molar ratio of nitrogen emutted in the
tunnel in the form of ammonia to mitrogen emiited 1n the
form of NO, was 0.27 + 001, mdicaung that ammonia
ernissions contnbute significantly to total mtrogen-contain-
mg pollutant emissions from gasoline powered light-duty
vehicles.

Light-duty vehicle emission factors By for pollutant Pwere
calculated by carbon balance, using the following equation

(AP (MW
B = (A{COZJ T A[CO])(MWC)wcpf &

where A[P] 15 the mncrease in concentration of pollutant P
measured between tunnel milet and outlet, MWp is the
molecular weight of pollutant P (g mol™), MW¢ = 12 gmol™*
C, we = 0.85 1s the weight fraction of carbon 1n gasohine, and
gasohne density p¢r = 740 g L~ Hydrocarbons have been
ignored i the denominator of eq 1; the hydrocarbon
contribution to total carbon concentrations in the tunnel 1s
known to be negligible compared to CO; (18). Erission
factors determuned from summer 1999 measurements are as
follows: 475 = 29 mg L~! for NH;, 4 85 £ 0.17 g L™! for NO;
{asNOy), and 38.7 & 2.5 gL~} for CO. The uncertamnty bounds
provide 2 95% confidenice mterval for the mean based on
run-to-run vatiability i the results over 8 days of sampling.

Discussion

Ammonia Emission Pactor. License plate surveys carned
out at thus site in recent years have shown that typically ~99%
of vehicles mn the center bore are gasoline-powered, and the
average vehicle age is about 6 years old (18, 24). In 1997, 96%
of the vehicles traveling through the tunnel were 1981 and
newer models, and 93% were 1984 and newer. These
percentages are estimated to have mcreased to 97 and 95%,
respectively, between summers 1997 and 1999, given 2
additional years of fleet turnover. 1981 is an important model
year because this was when three-way catalysts were
mtroduced in mass on cars sold in Califorma. By 1984, almost
all new cars sold in California were equipped with three-way
catalysts (25). Less stningent NO, emussion standards apply
to light-duty trucks compared to cars, so the installation of
three-way catalyst systems n the light-duty truck fleet

occurred later m the 1980s (26} As aresult, the fleet of vehicles
observed 1n the Caldecott Tunne! in 1999 mncluded a high
proporton (>94%) of vehicles originally outfitted with three-
way catalyst systems

The ratio of the exit to entrance concentrationn was
approximately 10 for ammonta, compared to and about 7 for
both NO; and CO The somewhat larger relative increase in
ammonia concentrations compared to NO, and CO suggests
that the emission charactenistics of vehicles before entering
the tunnel differed from those inside the tunnel due to
differences in driving conditions. By focusing on the differ-
ence between tunnel entrance and exit concentrations, the
influence of emissions accurring before vehicles entered the
turinef 1s removed from the ermission factors reported here.

Based on measurements made at the Sherman Way tunnel
in Van Nuys, CA, during 1993, Fraser and Cass (6) reported
an ammorua emission factor of 380 mg L™}, which 1s 20%
lower than the value of 475 +£ 29 mg L™! found m the present
study Important factors that are likely to contribute to
differences 1n ammonia emission factors between the two
studies mclude 3 igher proportion of three-way catalyst-
equpped vehicles on the road i 1999 compared t¢ 1993 and
the presence of 3% heavy-duty diesel trucks in the 1993
vehicle fleet studied by Fraser and Cass Diesel trucks would
be expected to contmbute to CO; but do not contribute as
sigmaficantly to ammonia concentrations (16) and thereby
lower the fleet-average ammonta emission factor. Fraser and
Cass estimated from their data that the ammonia emission
rate from a fleet composed entirely of dual-bed and three-
way catalyst-equipped vehicles would be 480 mg L1, which
1s nearly identical to the result reported in the present study

Other differences between the two studies may mclude
the fraction of vehicles operating in cold start mode,
differences :n dnving conditions and engmne load, and the
low sulfur content (~10 ppm by weight) characteristic of the
reformulated gasoline bemg used m 1999 A summary of Bay
Area gasohne propernes measured during summers 1894~
1999 1s presented i Table 2

An esimate of the ammoma erssion factorona g k™!
basis can be made using vehicle fuel efficiencies measured
at another tunnel. Pierson et al. (27) measured light-duty
vehucle fuel consumption for uphill traffic (average grade =
3 3%) 1n the Fort McHenry tunnel in 1992 to be 9.8 km L-!
(23 mpg). If this rate of fuel consumption 1s assumed to apply
to the present study, the average ammorna emission factor
would be approximately 49 mg km~! Given the uncertamnty
i fuel consumption mnvolved m these calculations, we
conclude that our value s sirmilar to Fraser and Cass’ estimate
of 61 mg km™! but sigmificantly higher than the values
reported by Moeckli et al. (17) in Switzerland and by Pierson
and Brachaczek (16) i the Allegheny Mountain tunnel. The
fleet of vehicles in the Caldecott Tunnel had more three-way
catalysts than the vehicles from Switzerland. Moeckh et al
state the fleet of vehicles 1 the district of Zurich was about
75% three-way catalyst equipped during their study. The 1981
study by Pierson and Brachaczek was performed before a
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TABLE 2. Summary of San Francisco Bay Area Gasoline Properties® (Mean X 1o} during Summers 18541599

gasolire property 1984 1985 1936 1987 1933 1938
RVP? (kPa) 5141 51+1 48 1 48 =1 483+ 1 49 =1
{psi) 74+£0.1 74%+01 70£0.1 7.1+£01 7001 7101
sulfur {(ppmw) 131+ 41 81436 1689 12+ 11 168 10+8
oxygen {wt %) 05+03 02402 20+£03 1.6+ 0.6 1.6+06 17+06
MTBE® {vol %) 27 £17 1.0£09 107+£17 8.2+ 3.7 74143 80£40
TAME? (vol %) N/A N/A N/A N/A 05408 0101
ethanol (vol %} N/A N/A N/A N/A 05+16 07£21
alkane (vol %) 57.4 £ 4.8 56.6 & 5.1 626+25 65437 64+ 3 6645
alkene (vol %} 7.9+44 88%£35 3.3£0.9 34£12 36£12 22424
aromatic (vol %) 31.94+21 33.7£33 235+14 227+ 1.4 2442 22+ 3
benzene (voi %) 16404 1.5k04 04+0.1 0401 0514008 0524008
Teo {°C) 101+£4 032 838+£22 933%£17 §3.3+ 1.7 933£ 1.1
{°F) 214 £+ 8 21844 189+ 4 20043 200 £ 3 200 = 2
Tap (°C) 168 + 4 172+ 4 149+ 2 148 £ 3 151+4 152+ 6
(°F) 334 =8 3418 300+ 4 298+ 6 304 48 306 £ 10
density {g L) 761+8 760+ 4 743+ 2 7415 746 5 7426

2 Sales-weighted average of regular, mid-grade, and premium gasoline Service station samples collected during July in Concord and August
in San Francisco and analyzed by Southwest Research Institute © RVP 1s Resd Vapor Pressure, ¢ MTBE 13 methyl tertiary butyl ether ¢ TAME 15

tert-amyl methy! ether

significant number of three-way catalyst equipped vehicles
were on the road. As a consequence, that study should be
treated as a base case to demonstrate how emussions of
ammonia have changed as the prevalence of three-way
catalysts has mcreased over the past 20 years.

Ammonia emissions have been shown to increase from
three-way catalyst equapped vehicles when the engine runs
fuel-nich, because this favors reducing processes on the
catalyst (5, 14, 15} Well-maintained vehicles run at near-
stoichiometric conditions during driving condittons defined
i the Federal Test Procedure (FTP) used for emuissions
certification testing The operation of three-way catalysts 1s
optimized for these condifions, so that overall exhaust
enussions are rmmmized. Under high load conditions,
emissions of CO and ammoma from vehicles may increase
dramatically due 10 commanded ennchment of the air-fuel
muxture. This strategy is used to maximize engine torque,
avoid engine knock, and protect the catalyst and exhaust
valves from excessive temperatures while at the hugh load
condinon (28). As a predictor of conditions under which
ennchment of the air-fuel muxture may occur, following
Juménez (28}, vehicle power output P, In Watts, was estunated
as follows

2
P = (ma(l +e€) +mgsin 6+ Gymg + CDAffz—) Xv
#23

where m1s vehicle mass, @ 1s acceleration, ¢, 1s a mass factor
which accounts for the acceleration of rotaung components
(this is gear-dependent), g=2.81ms2, s;nf~tan § =0.042
for uphill trafficin the Caldecott Tunnel, Gy and & are roliing
resistance and aerodynamic drag coefficients, Aris the frontal
area of the vebicle, p, 1s air density, and v 1s vehicle speed.
Equation 2 neglects additional contributions to engine load
due to fnnctional losses in the dnvetrain and use of accessones
such as air conditioning Vehicle specific power P; = P/m
was then computed assuming G = 0.0135, CoAs/ m2 = 0.0005,
and ¢;= 0.1 (see ref 28). The maxamum value of P; calculated
for FTP dnving conditions is 24 W kg=! The onset of
commanded enrichment s expected to occur at higher values
of P, and may vary depending on vehicie make and model

Based on second-by-second measurements of vehicle speed
collected inside the tunnel using a specially instrumented
vehicle in summer 1996 (18), the average value of Py calculated
for Caldecott Tunnel driving conditions is 12 Wkg™' with a
standard deviation of 7 W kg™! (average vehicle speeds in the
center bore of the tunnel were sumilar in 1996 and 1999).
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Therefore, the effect of the uphill grade on engine load does
not appear to be large enough to lead to commanded
enrichment, and the reported ammonia emissions are hkely
to result from malfunctonng catalyst-equipped vehicles that
have lost their abihty to control air-fuel ratio effectively.

Sampling Artifacts. Losses of ammonua to the tunnel walls
may lead to a negative bias in the ammomnia emission factor
reported here. Simultaneous on-road measurement of am-
moma, NO,, and CC emissions via remote sensing (27, 29,
30) 1srecommended to determine the distribution and inter-
relatonship of emussions across individual vehicles and
model years. This approach would be less susceptible to wall
loss effects that may be present in tunnel sampling for
ammonia.

Addinonal losses of ammoma may have occurred n the
24 cm length of Teflon tube and the cyclone used upstream
of the denuders when sampling ammoma. To quantfy the
magmtude of thus effect, side-by-side ammoma measure-
ments were made using identical sampling trains except the
Teflon mlet tube and cyclone were removed from one
sampling system. The relative increase i the guantity of
ammoma collected on the systern without the cyclone and
sampling tube ranged from 13% to —1%, with an average of
7%. Although the losses of ammoma were not large m the
samphling system used, a correction factor of 1.07 could be
applied to the ammomna erussion factor reported above.
Concerns about losses of ammeonia 1n sampler mlets have
been raised before (31, 32} Sampler inlet losses of ammonia
are expected to be more problematc in ambient air sampling,
especially when low (sub-ppb) levels of ammomna are being
measured In contrast, high ammoma concentrations were
measured in the tunnel, as shown in Table 1.

Other Exhaust Emissions. Emissions of other pollutants
such as NO, and CO have been measured at this site since
1994 (18). The emissions trends are given in Figure 1 for NO,
and Figure 2 for CO Between 1994 and 1999, ermussions
reductions of 41 =+ 4% for NO, and 54 + 6% for CO have been
observed. These reductions include the impacts of Cahforrua
phase 2 reformulated gasoline and turnover in the vekhucle
fleet For comparison, Calfornia’s EMFAC 7G emissions
model predicts similar reductions i the emission factors of
34% for NOr and 53% for CO from 1994 to 1999 for light-duty
gasohne powered vehicles. Vehicle speeds and the distribu-
tion of vehicle types observed at the Caldecott Tunnel were
used m EMFAC 7G, 1t was not possible to simulate the effect
of uphill grade using the model. The reductions predicted by
EMFAC 7G were simlar whether presented on an emissions
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FIGURE 1. Measured MO, (as NO,) emission factors (3-95% C.I.) for
light-duty vehicles at the Caldecott Tunnel, 19941998, No mea-
surements were made during summer 1598,
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FIGURE 2. Measured 00 emission factors (1:95% C L) for light-duty
vehicles at the Caldecott Tunnef, 1994—1993. No measurements
were made during summer 1398

per fuel burned or emussions per distance traveled basis

Between 1997 and 1999, ermissions of NOand CO decreased
at the tunnel by 26 & 2% and 31 + 3%, respectively. During
this period, there has been kittle change in fuel propertes,
as can be seen mn Table 2 The reductions seen mn the tunnel
between 1997 and 1999 are roughly double the reductions
of 14% for NO, and 16% for CO predicted by EMFAC 7G over
the same 2-year pertod Uncertamnties m both EMFAC 7G
model predicuons and the tunnel measurements may
contribute to these differences
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