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ABSTRACT
The temporary ineffectiveness of motor vehicle emission
controls at startup causes emission rates to be much higher
for a short period after starting than during fully warmed,
or stabilized, vehicle operation. Official motor vehicle
emission inventories estimate that excess emissions dur-
ing cold-start operation contribute a significant fraction
of all hydrocarbon, carbon monoxide (CO), and nitrogen
oxide (NOx) emissions from California vehicles. In an ef-
fort to verify these estimates under real-world conditions,
vehicle emissions were measured in an underground park-
ing garage in Oakland, CA, during March 1997. Hot sta-
bilized emissions were measured as vehicles arrived at the
garage in the morning, and cold-start emissions were
measured as vehicles exited in the afternoon; the incre-
mental, or excess, emissions associated with vehicle start-
ing were calculated by difference. Composite emissions
from ~135 vehicles were sampled during each of six morn-
ing and six afternoon periods. Measured stabilized exhaust
emissions were 19 ± 2 g nonmethane hydrocarbons
(NMHC), 223 ± 17 g CO, and 8.6 ± 1.3 g NOx per gal of
gasoline consumed. Cold-start emissions of 69 ± 2 g

IMPLICATIONS
Cold starts are thought to contribute a large fraction of
total emissions from California’s motor vehicle fleet. This
study suggests that the importance of cold-start emissions
may be overstated, and that control strategies that focus
exclusively on reducing cold-start emissions may not
achieve projected improvements in air quality. Instead,
greater emphasis should be placed on reducing warm run-
ning emissions from in-use vehicles. Transit-oriented strat-
egies such as park-and-ride lots may also provide greater
air quality benefits than previous assessments have indi-
cated, especially if travel by older, high-emitting vehicles
can be reduced.

NMHC/gal, 660 ± 15 g CO/gal, and 27.8 ± 1.2 g NOx/gal
were measured for vehicles spending an average of ~60
sec in the garage after starting in the afternoon. Using
second-by-second emissions data from California’s light-
duty vehicle surveillance program, average fuel use dur-
ing cold start was estimated to be ~0.07 gal, and the cold-
start period was estimated to last for ~200 sec. When cold-
start emission factors measured in the garage were scaled
to represent the full 200-sec cold-start period, incremen-
tal start emission factors of 2.1 g NMHC, 16 g CO, and
2.1 g NOx per vehicle start were calculated. These emis-
sion factors are lower than those used by California’s
motor vehicle emission inventory model (MVEI 7G) by
45% for NMHC, 65% for CO, and 12% for NOx. This sug-
gests that the importance of cold-start emissions may be
overstated in current emission inventories. Overall, the
composition of volatile organic compound (VOC) emis-
sions measured during cold start was similar to that of
hot stabilized VOC emissions. However, the weight frac-
tions of unburned fuel and acetylene were higher during
cold start than during hot stabilized driving.

INTRODUCTION
Motor vehicle tailpipe emissions of carbon monoxide
(CO), nitrogen oxides (NOx), and hydrocarbons (HC) have
been reduced substantially since the late 1960s by tech-
nological controls that reduce pollutant formation dur-
ing combustion and remove pollutants from exhaust
gases. Strict stoichiometric control of the air-fuel ratio
results in lower levels of CO and HC production relative
to fuel-rich operation, and lower levels of NOx produc-
tion relative to fuel-lean combustion. Stoichiometric air-
fuel mixtures are also required for the treatment of ex-
haust gases by three-way catalytic converters, which si-
multaneously oxidize HC and CO to carbon dioxide (CO2)
and reduce NO to N2. New vehicles, equipped with these
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and other emission controls, typically emit less than 5%
of the pollutants emitted by pre-control vehicles.1

One limitation of current vehicle emission control sys-
tems is that they are ineffective for a short period after a
vehicle is started. At startup, the fuel-air mixture is inten-
tionally enriched to facilitate ignition and improve cold
engine operation. This enrichment leads to increased pro-
duction of CO and HC during combustion, and limits the
oxidation of these pollutants in the catalytic converter. In
addition, automobile catalysts must reach temperatures
above 400–700 °F before significant pollutant conversion
is achieved.2,3 If a vehicle is inactive for more than ~30–60
min before being started, the catalyst will cool significantly.
As a result, the catalyst may be ineffective or only partially
effective for some additional time after the initial fuel-en-
richment period ends. Since the catalytic converter is heated
by engine exhaust gases, catalyst warm-up occurs more rap-
idly when the engine operates under heavier loads and when
the catalyst is positioned closer to the engine. Longer peri-
ods of vehicle inactivity and lower ambient air tempera-
tures increase the heating required for the catalyst to reach
effective operating temperatures, and thus prolong the pe-
riod of elevated exhaust emission rates. When a vehicle is
fully warmed up and the engine and emission controls have
reached high temperatures, a vehicle is said to be in hot
stabilized operating mode. The excess emissions that result from
limited control system effectiveness during cold-start opera-
tion are referred to as incremental start emissions.

According to current motor vehicle emission inven-
tories, vehicle starts are responsible for a large fraction of
total vehicle emissions. California’s MVEI 7F model esti-
mates that incremental start emissions contributed about
one-third of the HC and CO, and one-fourth of the NOx

emitted from light-duty vehicles in the Los Angeles area
during the summer of 1991.4 In the winter, when ambi-
ent air temperatures are lower, vehicle starts are estimated
to contribute an even larger fraction of total emissions.
However, emissions estimates of MVEI 7F and earlier
models are uncertain.5–8 Singer and Harley8 combined re-
mote sensing measurements of CO emissions from
~70,000 Los Angeles area vehicles with fuel sales data to
show that MVEI 7F understated stabilized CO emissions
by a factor of ~2 for the summer of 1991. If the stabilized
CO inventory is increased by this factor, the estimated
contribution of start emissions is reduced to ~18%. In
the newer MVEI 7G model, both stabilized exhaust and
incremental start emissions estimates are higher than cor-
responding MVEI 7F values. According to MVEI 7G, in-
cremental start emissions contributed ~29% of CO emis-
sions in the Los Angeles area during the summer of
1991.9 At present, both the absolute magnitude and
relative importance of incremental start emissions re-
main uncertain.

The objectives of this study were (1) to measure incremental
cold-start emission factors from a large sample of in-use ve-
hicles under real-world conditions, and (2) to compare the
measured emission factors with MVEI 7G model predictions.

APPROACH
Inventories of cold-start emissions are calculated as the prod-
uct of start emission factors, expressed as excess grams of
each pollutant emitted per start, and the total number of
starts per day for the vehicle fleet. Incremental start emis-
sion factors used by 7F and earlier versions of the MVEI
model are derived from the dynamometer testing of re-
cruited in-use vehicles on standardized cold start and hot
stabilized driving cycles. Emissions are measured in gram/
mile units and multiplied by the total distance driven dur-
ing the tests. For MVEI 7G, start emission factors are de-
rived from cold-start dynamometer tests. Controlled dyna-
mometer testing reduces the effects of many variables, such
as driver behavior, which can affect emissions. However,
since dynamometer testing is expensive and time-consum-
ing, only limited numbers of vehicles may be tested. Dyna-
mometer testing also requires the voluntary participation
of vehicle owners; this can result in sampling bias if own-
ers of high-emitting vehicles are less willing to participate.

As an alternative to dynamometer studies, cold-start
emissions can be measured under real-world conditions
by sampling the exhaust air in enclosed or underground
parking garages.6 Parking garage studies are “real-world”
because emissions are measured from vehicles as they are
driven under everyday conditions. In garages used for
workday parking, stabilized emissions can be measured
as vehicles enter in the morning, and cold-start emissions
can be measured as vehicles start and exit in the after-
noon. The incremental, or excess, emissions associated
with vehicle starting are calculated by difference.

Vehicle emissions may be normalized to miles trav-
eled by measuring the total distance driven by all vehicles
inside the garage, and the airflow rates of the garage ven-
tilation system.6 One problem with this approach is that
gram-per-mile emissions vary significantly with engine load.
If vehicles spend more time idling during afternoon peri-
ods—when cars are started and allowed to warm up for a
short time—than during morning periods, differences be-
tween morning and afternoon gram-per-mile emission fac-
tors may not be due solely to cold-start effects.

By carbon balance, vehicle emissions may also be nor-
malized to fuel consumption, as follows:

EP = ∆ P[ ]
∆ CO2[ ] + ∆ CO[ ] + ∆ VOC[ ]







× wc

12
ρf





 × MP (1)

where EP is the emission factor for pollutant P, ∆[P], ∆[CO2],
∆[CO], and ∆[VOC] represent the background-corrected
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pollutant concentrations measured inside the garage, MP

is the molecular mass of pollutant P, wc is the weight frac-
tion of carbon in gasoline, and ρf is the fuel density. Since
emission factors are calculated by ratio to total carbon,
airflow and driving distance measurements are not re-
quired, and uncertainties associated with these measure-
ments are removed from emission factor calculations.
Emission factors normalized to fuel consumption are also
more consistent as driving varies.8,10–12 As a result, small
changes in driving patterns between morning and after-
noon periods should not bias the calculation of incremen-
tal start emission factors.

EXPERIMENTAL
Vehicle emissions were measured during March
1997 in a three-level underground parking garage
at an office building in Oakland, CA. The first
underground level of the garage accommodates
visitor and company vehicles, which enter and
exit throughout the day. The bottom two levels
(2 and 3) are used for employee parking. Most ve-
hicles were parked on these levels before 9:00 a.m.
and remained in the garage until after 4:00 p.m.,
providing a large sample of cold-starting vehicles
in the afternoon period. All vehicle activity and
emissions measurements described in this study
pertain only to levels 2 and 3 of the garage. Each
parking space on these levels is assigned to an in-
dividual employee; as a result, vehicles proceed
directly to their assigned spaces on these levels.
The posted speed limit in the garage is 5 mph.

Morning and afternoon sample periods were
chosen to coincide with periods of maximum
vehicle activity and the highest pollutant concen-
trations in the garage, generally from 7:15–8:45
during morning periods, and 16:30–18:00 during
evening periods. Exact sampling times varied
slightly from day to day; dates and times of all
sampling periods are provided in Table 1. Pollut-
ant concentrations and vehicle activity were also
monitored directly preceding and following the
periods noted in Table 1.

The number of vehicles entering and exiting
the garage was recorded during each 10-min in-
terval for all sample periods. All vehicles entering
the garage were assumed to be in hot stabilized
mode. Departure and arrival times for each ve-
hicle were matched to determine the length of
time vehicles were parked before exiting the ga-
rage during the afternoon sampling period. The
model year and fuel type of each vehicle were
determined from vehicle registration records.
Typical vehicle trip times during morning and

afternoon periods were measured using a stopwatch. Tim-
ing of an arrival trip started as the vehicle turned the cor-
ner from the ramp to enter a level and ended when the
vehicle was turned off. Departure trips extended from the
first crank of the engine until the vehicle reached the exit
ramp between levels 1 and 2 of the garage. Vehicle speeds
were estimated by visual observations and by measuring
the distance traveled during the timed vehicle trips.

During sampling periods, clean ventilation air was
supplied to the garage through a single plenum near the
center of level 3; background pollutant concentrations were
measured by inserting a sample line into this plenum. Pol-
luted garage air was collected through ducts at the east end

Table 1. Average pollutant concentrations measured in the garage exhaust air (garage) and ventila-
tion intake air (Bkg) during each sample period.

Date Location Time CO
2

CO NO
x

CH
4

NMHC
(ppm) (ppm) (ppb) (ppm) (ppmC)

Morning Sample Periods
11-Mar Garage 7:20-9:00 558 8.3 268 N/Aa N/Aa

11-Mar Bkg 7:20-9:00 411 0.8 88 N/Aa N/Aa

12-Mar Garage 7:10-9:00 558 7.4 273 2.37 3.65
12-Mar Bkg 7:00-9:00 422 0.6 96 2.00 0.31

13-Mar Garage 7:20-9:00 596 8.3 374 2.33 4.15
13-Mar Bkg 7:12-9:02 450 1.8 172 2.13 0.56

17-Mar Garage 7:20-8:50 566 8.7 239 2.12 4.07
17-Mar Bkg 7:20-8:50 399 0.9 86 2.00 0.33

18-Mar Garage 7:15-8:45 571 8.0 267 2.25 3.91
18-Mar Bkg 7:00-9:00 429 1.0 119 2.12 0.39

19-Mar Garage 7:10-8:50 606 7.8 349 2.33 3.96
19-Mar Bkg 7:05-8:50 483 1.7 178 2.16 0.59

Afternoon Sample Periods
10-Mar Garage 16:30-18:00 560 23.3 735 N/Aa N/Aa

10-Mar Bkg 16:30-18:00 404 1.1 99 N/Aa N/Aa

11-Mar Garage 16:30-18:00 578 28.2 782 2.22 5.55
11-Mar Bkg 16:30-18:00 388 0.7 79 1.85 0.29

13-Mar Garage 16:40-18:10 621 28.8 895 2.32 6.98
13-Mar Bkg 16:15-18:00 384 0.6 76 2.00 0.27

17-Mar Garage 16:30-18:00 560 22.7 588 2.20 4.64
17-Mar Bkg 16:00-18:00 381 0.6 55 1.95 0.20

18-Mar Garage 16:35-18:10 574 26.5 647 2.18 5.65
18-Mar Bkg 16:15-18:00 384 1.0 60 1.95 0.28

19-Mar Garage 16:40-18:10 592 25.5 674 2.18 5.75
19-Mar Bkg 16:15-17:55 407 0.5 90 2.00 0.33

aNot available. Samples were not collected for this period.
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of levels 2 and 3, channeled into a central plenum, and
discharged outdoors. Garage air was sampled at a point ~3
m above the junction of the exhaust airstreams from levels
2 and 3. An additional clean air supply on level 2 and the
exhaust ventilation system at the west end of the garage
were turned off during all sample periods.

Garage exhaust and clean ventilation airstreams were
monitored continuously for CO, CO2, and NOx. CO2 con-
centrations were measured using Thermo Environmental
Instruments (TECO, Franklin, MA) model 41H gas filter
correlation spectrometers. NOx concentrations were mea-
sured using TECO model 42 chemiluminescent analyz-
ers. CO in garage exhaust was measured with a TECO
model 48 gas filter correlation spectrometer; background
CO was measured with a Langan Databear electrochemi-
cal CO analyzer (Langan Instruments, San Francisco, CA).
Continuous monitoring data were averaged and recorded
for each 5-min period between 6:30–9:30 and 15:30–18:30.

Total and speciated HC concentrations were measured
by collecting integrated 90-min air samples in 6-L stain-
less steel canisters using XonTech model 910A continu-
ous flow samplers. Background and garage air samples were
analyzed by GC-FID at the Bay Area Air Quality Manage-
ment District Laboratory in San Francisco (see Reference
15 for details of the analytical technique). Carbonyl samples
were collected in parallel with HC canister samples using
DNPH-impregnated silica cartridges. The cartridges were
eluted with acetonitrile immediately following each sample
period and the liquid samples were capped and stored in a
refrigerator for ~3 months prior to analysis; the extracted
samples were at room temperature for ~3 weeks during this
period. Carbonyl samples were analyzed by high-perfor-
mance liquid chromatography (HPLC) to quantify concen-
trations of individual aldehydes and ketones.13,14

RESULTS
Vehicle Activity

A summary of vehicle counts during morning and after-
noon sampling periods is provided in Table 2. Vehicles
entering during the 5–10 min directly preceding emis-
sions sampling are included because these vehicles con-
tributed to pollutant concentrations measured in the ga-
rage in the early part of each sample period. Morning ve-
hicle activity was steady from 7:00 until 7:40, increased
between 7:40 and 8:00, gradually declined until 8:30, then
was steady again until the end of the sample period. Dur-
ing afternoon periods, ~40% of the vehicles exited between
16:30 and 16:50; vehicle traffic then declined gradually
through the remainder of each afternoon sample period.
Light-duty trucks, minivans, and sport-utility vehicles
constituted 25–35% of the vehicle fleet sampled. Almost
all of the vehicles sampled had gasoline engines; less than
1% of the vehicles in the garage were diesel-powered. Each

day, 80–90% of vehicles sampled during the afternoon
were also present during the morning sample period; the
remaining vehicles entered the garage either before 7:10
or after 8:50 a.m. As shown in Table 2, on average 93% of
morning vehicles and 6% of afternoon vehicles were op-
erating in hot stabilized mode. About one-third of the
vehicles exiting the garage in the morning had soak times
of less than 1 hr.

Soak time distributions for vehicles exiting between
16:20 and 18:00 on the afternoons of March 17–19 are
shown in Figure 1. This figure indicates that 70–80% of
vehicles exiting the garage during afternoon periods were
parked for 8 hr or more, and fewer than 5% were parked
in the garage for less than 2 hr. The age distribution of
vehicles parked in the garage during the three-day period
is presented in Figure 2, along with the age distributions
used by MVEI 7G for 1997 San Francisco Bay Area emis-
sion inventory calculations. MVEI 7G uses slightly differ-
ent age distributions to calculate fleet-average cold start
versus stabilized exhaust emissions; both profiles are
shown in Figure 2. The age distribution of vehicles parked
in the garage is similar to the age distributions used in MVEI

Table 2. Vehicle counts during morning and afternoon sample periods.

A.M.: 7:10–8:50 P.M.: 16:20–18:00

Date Day IN OUT % staba IN OUT % staba

10-Mar Mon - - - 7 110 6%

11-Mar Tue 128 8 94% 9 120 7%

12-Mar Wed 123 10 92% 8 137 6%

13-Mar Thu - - - 8 128 6%

17-Mar Mon 126 7 95% 5 121 4%

18-Mar Tue 121 15 89% 7 133 5%

19-Mar Wed 129 9 93% 11 130 8%

Mean 125 10 93% 8 126 6%

aFraction of vehicles operating in hot stabilized mode.

Figure 1. Distribution of soak times for vehicles parked in the garage.
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7G. The garage sample includes fewer vehicles from the
most recent (1995–1997) and oldest (pre-1983) model years,
and a higher fraction of 1984–1993 model year vehicles.

Driving in the garage consisted mainly of low-speed
operation at ~10–15 mph. Exit times for vehicles parked
on level 2 ranged from 15 to 125 sec, with 90% of the
vehicles exiting within 60 sec. A mean exit time of 41 ± 3
sec was calculated from 43 observed trips (vehicles start-
ing from all areas of level 2). Since the layout of the two
levels is almost identical, it was assumed that vehicles
parked on level 3 followed the same exit pattern as those
parked on level 2. Vehicles parked on the lowest level drove
through level 2 en route to the garage exit in 28 ± 1 sec.
These vehicles spent an additional ~10 sec on the ramp
between levels 2 and 3. Therefore, vehicles exiting from
level 3 were in the garage for ~80 sec on average following
ignition. In the morning, vehicles reached their assigned
parking spaces in 29 ± 2 sec after arriving on their assigned
level. During morning periods, vehicles parking on level 3
spent 25 ± 1 sec driving through level 2 and an additional
~10 sec on the ramp between levels 2 and 3. Since speeds
were similar and no significant traffic back-ups were ob-
served during any morning or afternoon period, these ob-
servations confirm that, on average, vehicles spent an ad-
ditional 10–15 sec in idle during afternoon periods.

Pollutant Concentrations
Average pollutant concentrations measured during each
sample period are presented in Table 1. In this table, meth-
ane (CH4) and nonmethane hydrocarbon (NMHC) con-
centrations are reported separately. Except for methane,
all pollutant levels were much higher in garage exhaust
air than in background air. Background pollutant con-
centrations were similar for most morning and afternoon
periods, except on the mornings of March 13 and 19, when
background concentrations of CO2, CO, NOx, and NMHC
were elevated. CO2 levels inside the garage were similar

during morning and afternoon periods. However, after
accounting for differences between morning and after-
noon background CO2 levels, ∆CO2 values were higher
during afternoon periods (190 ± 26 ppm) compared to
morning periods (144 ± 14 ppm). Since ventilation flows
and vehicle counts were similar during morning and af-
ternoon periods, the higher ∆CO2 suggests that more fuel
was burned per vehicle in the afternoon. This may be at-
tributed to two factors: reduced fuel economy during the
period of fuel enrichment at ignition, and the longer ve-
hicle trip times during afternoon periods as compared to
morning periods. Garage CO and NOx levels were much
higher in afternoon periods as a result of increased emis-
sions of these pollutants during cold start. In contrast,
NMHC concentrations in the garage were similar during
morning and afternoon periods. While exhaust NMHC
emissions were expected to be higher during afternoon
periods due to cold start, morning NMHC samples in-
cluded hot soak evaporative emissions in addition to ex-
haust emissions.

The composition of volatile organic compound (VOC)
(includes both hydrocarbons and carbonyls) emissions
measured during morning and afternoon periods is pre-
sented in Table 3. The morning profile represents a mix
of stabilized exhaust and hot soak evaporative emissions.
The afternoon profile represents cold-start exhaust emis-
sions for the garage fleet. The composition of stabilized
exhaust VOC emissions measured at the nearby Caldecott
tunnel during August 199615 is also presented in Table 3.
Overall, the garage cold start and tunnel stabilized ex-
haust profiles are similar. The weight fractions of most
compounds are similar in the two profiles, and the same
compounds (methane, 2-methylbutane, ethene, toluene,
xylene, and MTBE) are most abundant in both profiles.
The lower methane and higher acetylene fractions in the
cold-start profile are consistent with the reduced catalyst
activity expected during cold start.16–18 However, the acety-
lene fraction measured in garage cold-start sampling is
still much lower than that measured from fleets of non-
catalyst vehicles.17,19,20 Higher abundances of 2-
methylbutane and n-butane in garage cold-start samples
likely result from the increased presence of these com-
pounds in higher vapor pressure gasoline sold during win-
ter months as compared to the summertime gasoline in
use during the Caldecott tunnel study.21 By contrast, the
weight fractions of methylpentanes and n-pentane are
higher in the VOC profile measured at the Caldecott tun-
nel during summer 1996. The cold-start profile indicates
a higher ratio of C7+ aromatics to benzene compared to
stabilized emissions. The increased C7+ aromatics to ben-
zene ratio suggests a larger fraction of unburned fuel in
the cold-start profile. The combined weight fractions of
formaldehyde and acetaldehyde are much lower during

Figure 2. Age distributions of vehicles parked in the garage and for
the overall Bay Area fleet, as estimated in the MVEI 7G model.
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cold start than during stabilized driving. This difference
results from reduced aldehyde production during the fuel-
rich period following ignition, and because combustion
products are reduced relative to unburned fuel in the cold-
start profile. Morning VOC emissions include larger frac-
tions of fuel components such as n-butane, n-pentane, 2-
methylpropane, and 2-methylbutane, and smaller frac-
tions of combustion-derived compounds such as ethene,
propene, and formaldehyde. These differences are consis-
tent with the presence of hot soak evaporative emissions
during morning sampling periods.

Morning NMHC emissions were apportioned to ex-
haust and evaporative contributions using a chemical
tracer approach. This is described by eq 2 below:

f st =
wi,g

wi,st
 (2)

where fst represents the fraction of garage NMHC attribut-
able to tailpipe exhaust, wi,g is the weight fraction of spe-
cies i in garage NMHC emissions, and wi,st is the weight
fraction of species i in stabilized exhaust emissions shown
in Table 3. This chemical tracer approach was used only
with the combustion-derived species ethane, ethene,
acetylene, and propene that are present in exhaust but
absent from evaporative emissions. Results of the appor-
tionment are summarized in Table 4, which shows that
33–40% of morning NMHC emissions were attributed to
tailpipe sources; the balance was attributed to evapora-
tive sources.

Emission factors were calculated for each sample pe-
riod using eq 1 and the time-averaged pollutant concen-
trations from Table 1; these emission factors are shown in

Table 3. Measured VOC speciation profiles.a

Species Morning Afternoon Caldecott ‘96
Hot soak + Cold Start  Stabilized Profile

Stabilized Ex. Exhaust wt% VOCb

wt% VOC wt% VOC

methane 5.99 ± 2.86 5.37 ± 1.31 9.09 ± 1.25
ethane 0.30 ± 0.17 0.52 ± 0.03 0.92 ± 0.28
propane 0.29 ± 0.06 0.61 ± 0.08 0.12 ± 0.04
n-butane 6.79 ± 1.41 3.18 ± 0.72 1.12 ± 0.13
n-pentane 2.63 ± 0.10 1.83 ± 0.16 2.27 ± 0.18
n-hexane 1.31 ± 0.06 1.33 ± 0.05 1.16 ± 0.10
n-heptane 0.96 ± 0.10 1.02 ± 0.03 0.79 ± 0.09
n-octane 0.62 ± 0.08 0.70 ± 0.04 0.35 ± 0.14
n-nonane 0.20 ± 0.05 0.17 ± 0.02 0.19 ± 0.08
2-methylpropane 1.19 ± 0.34 0.42 ± 0.21 0.28 ± 0.04
2-methylbutane 10.11 ± 0.73 5.91 ± 0.91 8.95 ± 0.80
2-methylpentane 5.32 ± 0.45 4.21 ± 0.18 2.87 ± 0.37
3-methylpentane 3.17 ± 0.23 2.50 ± 0.05 1.70 ± 0.13
2-methylhexane 0.40 ± 0.04 0.42 ± 0.04 0.98 ± 0.09
3-methylhexane 1.08 ± 0.13 1.14 ± 0.08 1.10 ± 0.08
C8+ monosub. alkanes 1.30 ± 0.29 1.48 ± 0.07 0.92 ± 0.10
2,2-dimethylbutanec 1.77 ± 0.17 1.19 ± 0.08 0.78 ± 0.06
2,3-dimethylbutane 1.75 ± 0.12 1.13 ± 0.06 0.79 ± 0.31
dimethylpentanes 0.41 ± 0.03 0.37 ± 0.05 0.82 ± 0.07
dimethylhexanes 0.23 ± 0.04 0.27 ± 0.06 0.78 ± 0.28
dimethylheptanes 0.24 ± 0.11 0.26 ± 0.08 0.57 ± 0.10
dimethyloctanes 0.27 ± 0.22 0.22 ± 0.06 0.18 ± 0.02
2,2,4-trimethylpentane 2.11 ± 0.13 2.01 ± 0.07 2.42 ± 0.18
2,3,4-trimethylpentane 1.00 ± 0.07 0.94 ± 0.04 0.81 ± 0.09
cyclopentanec 0.46 ± 0.03 0.30 ± 0.02 0.21 ± 0.08
cyclohexane 0.49 ± 0.05 0.48 ± 0.04 0.84 ± 0.07
methyl cyclopentane 2.92 ± 0.16 2.68 ± 0.07 2.38 ± 0.14
methyl cyclohexane 0.54 ± 0.04 0.56 ± 0.19 0.78 ± 0.32
other C5-C9 alkanes 0.41 ± 0.10 0.57 ± 0.18 0.17 ± 0.07
C10+ alkanes 0.47 ± 0.14 0.22 ± 0.06 0.64 ± 0.15
ethene 2.03 ± 0.71 6.02 ± 0.35 5.67 ± 1.04
propene 1.21 ± 0.19 3.20 ± 0.18 3.33 ± 0.43
1-butene/isobutene 1.37 ± 0.32 2.75 ± 0.38 3.43 ± 0.37
c/t-2-butene 0.70 ± 0.14 0.64 ± 0.07 0.64 ± 0.14
1,3-butadiened 0.24 ± 0.05 0.73 ± 0.02 0.45 ± 0.10
1-pentene 0.24 ± 0.17 0.21 ± 0.05 0.13 ± 0.03
c/t-2-pentene 0.39 ± 0.04 0.29 ± 0.05 0.37 ± 0.06
other C5 alkenes 1.00 ± 0.31 0.84 ± 0.15 1.03 ± 0.24
C6+ alkenes 0.75 ± 0.03 0.78 ± 0.08 1.29 ± 0.25
acetylene 1.06 ± 0.11 3.66 ± 0.28 2.64 ± 0.25
benzene 1.44 ± 0.12 2.30 ± 0.11 3.03 ± 0.27
toluene 7.76 ± 0.62 9.20 ± 0.31 7.70 ± 0.32
ethyl benzene 1.12 ± 0.19 1.36 ± 0.04 1.12 ± 0.05
styrene 0.06 ± 0.01 0.19 ± 0.01 0.28 ± 0.04
m/p-xylene 4.75 ± 0.43 5.80 ± 0.22 4.57 ± 0.25
o-xylene 1.96 ± 0.40 2.09 ± 0.07 1.56 ± 0.07
iso- & n-propyl benzene 0.30 ± 0.07 0.31 ± 0.03 0.31 ± 0.04
m/p-ethyltoluene 0.64 ± 0.11 0.77 ± 0.06 1.86 ± 0.08
o-ethyltoluene 0.40 ± 0.14 0.49 ± 0.06 0.33 ± 0.04
1,2,4-trimethylbenzene 1.91 ± 0.34 2.08 ± 0.21 1.50 ± 0.12
1,2,3-trimethylbenzene 0.31 ± 0.15 0.38 ± 0.15 0.22 ± 0.01
1,3,5-trimethylbenzene 0.55 ± 0.20 0.53 ± 0.11 0.00 ± 0.00
diethylbenzenes 0.97 ± 0.50 0.96 ± 0.33 0.38 ± 0.10
other C10+ aromatics 1.07 ± 0.38 1.02 ± 0.26 0.71 ± 0.19
MTBE 8.10 ± 8.31 5.66 ± 0.58 4.96 ± 0.66
formaldehyde 0.41 ± 0.06 0.75 ± 0.01 1.98 ± 0.31
acetaldehyde 0.13 ± 0.02 0.38 ± 0.04 0.33 ± 0.03
other carbonyls 0.51 ± 0.09 0.96 ± 0.19 1.53 ± 0.24
unidentified 3.87 ± 2.16 3.61 ± 2.14 3.36 ± 2.05

aBased on analysis of canister samples collected during afternoon periods
 when 93% of the vehicles were operating in cold start mode.
bMean ± 1 standard deviation of the compound wt% from five sample periods.
c2,3-dimethylbutane coeluted with cyclopentane. The peak was resolved
 to 79% 2,3-dimethylbutane and 21% cyclopentane.
dThe number shown here is a lower limit; 1,3-butadiene was not stable in
 the stainless steel canisters.

Table 4. Apportionment of hydrocarbon emissions to exhaust and

evaporative sources.

Tracer wt% Exhaust Contribution to Total NMHCb

Species NMHCa 12-Mar 13-Mar 17-Mar 18-Mar 19-Mar

Ethene 6.5 42% 13%c 36% 41% 36%

Acetylene 3.0 38% 44% 34% 38% 34%

Ethane 1.1 43% 39% 34% 42% 36%

Propene 3.8 35% 32% 29% 34% 29%

Avg. 40% 38%c 33% 39% 34%

aWeight fraction of species in hot stabilized exhaust emissions measured at Caldecott

tunnel in summer, 1996 (see Reference 15).
bFraction of total parking garage NMHC emissions attributed to tailpipe exhaust, esti-

mated using a tracer species and eq 2.
cThe weight fraction of ethene in VOC measured on March 13 was significantly lower than

for all other sampling days; the exhaust contribution to NMHC on this day was calculated

using the average results from acetylene, ethane, and propene as exhaust tracers.
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Table 5. Typical California Phase 2 reformulated gasoline
properties ρf = 743 g L-1 and wc = 0.85 were determined
from analyses of gasoline samples purchased from all of
the major suppliers in the Bay Area during summer 1996.15

By convention, NOx emission factors were calculated us-
ing a molecular mass of 46 g mol-1. HC emissions were
calculated using a molecular mass of 14 g mol-1 C. Emis-
sions of each pollutant were consistent from day to day,
which is expected since many of the same vehicles were
measured each day.

Emission factors from morning and afternoon sample
periods were extrapolated by linear regression to 0 and
100% hot stabilized driving. The resulting cold start and
hot stabilized emission factors, shown in Table 5, differ
only slightly from the emission factors measured during
afternoon and morning periods. Cold-start emission esti-
mates were further adjusted to account for differences
between emission levels averaged over the full cold-start
period and those of the first 60 sec (i.e., the period mea-
sured in the parking garage), as described below.

DISCUSSION
To interpret and use the emissions measurements from
the parking garage, more information is required about
vehicle operation during cold start. First, it is important
to understand how and over what time period the high
emissions levels observed during cold start fall to the lower
levels characteristic of stabilized operation. With this
knowledge, the cold-start emission factors measured in
the garage can be related to emissions during the full cold-
start period. Second, since one of the objectives of this
study is to compare garage results with cold-start emis-
sion factors from MVEI 7G, an estimate of the average
fuel used during start mode is required (recall that emis-
sion factors measured in the garage were expressed in
gram-per-gallon units). The ensuing discussion of cold-
start emissions, and the estimation of fuel use during cold
start, are based on analyses of available dynamometer
emissions data.

Fuel Use During Cold Start
The average second-by-second emissions of 20 1993–1994
model year light-duty vehicles measured during the cold-
start portion of the Federal Test Procedure (FTP) are plotted
in Figure 3.22 The gram/gallon emission factors presented
in Figure 3 were calculated using eq 1 and exhaust pollut-
ant concentrations measured during each second of the
dynamometer test. Although these were not in-use vehicles,
their catalytic converters were aged to simulate 30,000–
100,000 miles of driving. Prior to testing, vehicles were
soaked for a minimum of 12 hr at an ambient temperature
of ~70 °F. In Figure 4, catalyst temperature is plotted against
time and cumulative fuel use for three of the vehicles; re-
call that the catalyst must reach operating temperatures of
400–700 °F before significant pollutant conversion occurs.

The FTP cold-start emissions profiles shown in Fig-
ure 3 begin with sharp HC and CO peaks that result from
fuel enrichment at ignition. NOx emissions remain rela-
tively low during this period (~0–20 sec) even though the
catalyst is ineffective. CO and HC emissions drop quickly
through the first ~80–100 sec as the catalyst warms rap-
idly. Catalyst temperature, HC, and CO emissions then
remain approximately constant through the extended idle
period beginning at ~125 sec. By 200–220 sec, the vehicles’
catalysts have reached stable high temperatures and emis-
sions of HC and CO drop to their stabilized values, as
shown in Figures 3 and 4. In contrast to the smoother CO
and HC profiles, NOx emissions are characterized by sharp
peaks which result from each acceleration event. These
peaks are highest during the first 80–100 sec, moderate
during the acceleration to >50 mph (~165–210 sec), then
roughly constant in magnitude after about 210 sec.

Figure 3 shows that while emissions are much higher
during cold-start driving than after vehicles have warmed

Table 5. Exhaust emission factors in morning and afternoon sample periods.

Date CO NO
x

NMHC Stabilized
(g/gal) (g/gal) (g/gal) Fractiona

Morning Sample Periods
11-Mar 264 10 N/A 94%

12-Mar 257 11 25 93%

13-Mar 232 12 24 N/Ab

17-Mar 242 8 19 95%

18-Mar 253 9 25 89%

19-Mar 256 12 24 94%

Afternoon Sample Periods
10-Mar 673 32 N/A 6%

11-Mar 683 29 65 7%

13-Mar 573 27 68 6%

17-Mar 598 24 60 5%

18-Mar 640 24 68 5%

19-Mar 643 25 70 7%

A.M. meanc 251 ± 2 10.3 ± 0.3 23 ± 2 (93 ± 2)%

P.M. meanc 635 ± 7 26.8 ± 0.5 66 ± 4 (6 ± 1)%

Stabilizedd 223 ± 17 8.6 ± 1.3 19 ± 2 100%

Cold startd 660 ± 15 27.8 ± 1.2 69 ± 2 0%

Full cold-start 449 38.6 49

periode

aFraction of active vehicles in hot stabilized operating mode.
bNot available.
cMean ± standard error of morning and afternoon emission factors.
dResults of linear regression analysis (see text).
eCold start emission factors adjusted to reflect the average emissions over the full cold-

start period,estimated to last for ~ 200 sec (see text).
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to stabilized operation, there is no
single emissions level that persists
throughout the cold-start period. It
is therefore important to identify
clearly the period over which cold-
start emissions are averaged.

Figure 4 shows that in the FTP
cycle, heating of the catalyst to ef-
fective operating temperatures is ap-
proximately linearly related to both
elapsed time and cumulative fuel
use. Results from a recent U.S. Envi-
ronmental Protection Agency (EPA)
study23 comparing incremental start
emissions during the first 298 sec of
the CARB LA92 (Unified) cycle and
the EPA ST01 cycle suggest that the
relationship between catalyst warm-
up and fuel use may be independent
of the test cycle. The speed versus
time trace of the two cycles are plot-
ted in Figure 5a; Figures 5b–5c show
the HC and CO emissions versus fuel
use for a 1984 Oldsmobile driven
through the two cycles. Reductions
in HC and CO emissions indicate
increasing catalyst effectiveness as

cumulative fuel use increases. By the time that ~0.04 gal
of gasoline have been consumed in each test, HC and CO
emissions have reached their stabilized levels. While the
emissions versus fuel use relationships are similar for the
two cycles, it must be noted that the early portions of the
two driving cycles are also similar. Each cycle begins with
~30 sec of idle, followed by an acceleration to ~15–25 mph
and a deceleration event; Figures 5b-5c show that by the
end of this period, emissions have reached very low lev-
els, indicating that much of the catalyst heating has al-
ready occurred. Testing of additional vehicles on driving
cycles with shorter initial idle periods and different speed
traces is needed to examine further the relationship be-
tween catalyst heating and fuel use.

Calculation of Gram/Start Emission Factors
The preceding discussion shows that the cold-start period
may be defined by the amount of fuel which must be
consumed before stabilized engine and catalyst operat-
ing temperatures are reached. If this fuel use is multiplied
by the average gram-per-gallon emissions for the same pe-
riod, an estimate of the total grams of pollutant emitted
per start may be calculated. Real-world cold start and hot
stabilized emission factors were measured in the parking

Figure 3. Average second-by-second emissions of 20 1993–1994
model year vehicles tested on FTP cold-start cycle. Data from testing
described in Reference 22.

Figure 4. Second-by-second FTP data described in Reference 22 showing that heating of the catalyst
to effective temperatures (400–700 °F) is approximately linearly related to both fuel use and elapsed time.
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garage and are presented in Table 5. Fuel use was esti-
mated by analyzing a subset of emissions data from
California’s 12th light-duty vehicle surveillance program.24

The ongoing surveillance program recruits for emissions
testing a sample of California in-use vehicles. Results of
the testing provide the basis for emission factors used in
the MVEI model. In the present study, second-by-second
emissions data were analyzed for 82 in-use vehicles tested
on the LA92 driving cycle during 1992. The mean and
median model year of the vehicle sample was 1987, the
mean odometer reading was 86,000 miles, and ~25% of
the vehicles were light-duty trucks. Neither catalyst tem-
perature nor catalyst efficiency were measured during the
program; the end of cold start was therefore inferred from
the emissions data.

Figure 6 shows the average HC, CO, and NOx emis-
sion factors of the 82 vehicles during each of the first 850
sec of the LA92 driving cycle. A cumulative plot of aver-
age second-by-second fuel use is also included in Figure
6. In contrast to the FTP cold-start test, the early portion
of the LA92 cycle includes harder accelerations and more
high-speed driving. As a result, emissions data from the
LA92 cycle fluctuate more than for the FTP (compare Fig-
ures 3 and 6). Nevertheless, Figure 6 shows that, on aver-
age, cold-start effects ended after ~200 sec of operation

for the surveillance program vehicles; during this period
average fuel use was 0.07 gal.

To verify that most of the cold-start effects had oc-
curred within the first 200 sec, stabilized emissions were
estimated from a later portion of the driving cycle (550–
850 sec) which has a speed versus time trace similar to
the first part of the LA92 test. Average emissions during
this period were 224 g CO/gal, 17 g HC/gal, and 20 g NOx/
gal. These stabilized emissions levels are lower than emis-
sions during the 200-sec cold-start period by factors of 3,
4, and 2 for CO, HC, and NOx, respectively.

Total excess mass emissions, M, for the cold-start
portion of the cycle were calculated using the follow-
ing formula:

M = (Ei − Es ) f i
i=1

300

∑  (3)

where Ei and fi represent the average instantaneous gram-
per-gallon emissions and fuel use of all 82 vehicles mea-
sured during each of the first 300 sec, and Es was the aver-
age stabilized emission level (in g/gal units) measured
during the period 550–850 sec. Using this approach, it
was verified that 94% of excess HC, 100% of excess CO,
and 96% of excess NOx emissions occurred during the first
200 sec of operation for the surveillance program vehicle
fleet. A similar analysis of the FTP emissions data shown
in Figure 3 produces comparable results: 0.07 gal of fuel
was used and most of the cold-start effects occurred within
the first 200 sec. Analysis of the FTP data also shows that
>80% of the excess HC and CO and 70% of the excess
NOx were emitted during the first 100 sec of the test; dur-
ing that period only 0.035 gal of gasoline were consumed.

Emission factors measured in the parking garage cor-
responded to the first ~40 and ~80 sec of operation for
vehicles parked on levels 2 and 3, respectively. For the
surveillance program vehicles, average emissions during
the full 200-sec cold-start period were lower than emis-
sions averaged over the first 60 sec (corresponding to the
period over which vehicles were measured in the garage)
by factors of 0.71 for HC and 0.68 for CO; average NOx

emissions during the first 200 sec were higher than during
the first 60 sec by a factor of 1.39. Cold-start emission
factors measured in the garage were scaled by these fac-
tors to calculate emission factors representative of the full
200-sec cold-start period; these are shown at the bottom
of Table 5. Incremental start emission factors were calcu-
lated as the difference between full cold-start emission
levels and the stabilized emission levels presented in
Table 5. Incremental start emission factors (in g/gal
units) were then combined with the estimated cold-
start fuel consumption of 0.07 gal to calculate exhaust
emission factors of 2.1 g NMHC, 16 g CO, and 2.1 g
NOx per vehicle start.

Figure 5. Cold-start data for a 1994 Oldsmobile Achieva tested on
EPA ST01 and CARB LA92 cycles: (a) speed versus time; (b) HC
emissions versus fuel use; (c) CO emissions versus fuel use.  Data
from testing are described in Reference 23.
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Comparison to MVEI 7G
Figure 7 compares the gram/start emission factors derived
from parking garage measurements to MVEI 7G model
estimates for a catalyst-equipped fleet of 70% cars and
30% light-duty trucks. The MVEI 7G model was run for
summer 1997 conditions to reflect the ambient air tem-
peratures of ~65–75 °F at which vehicles soaked in the
garage. The distribution of soak times measured in the
garage also was specified for the model runs. MVEI 7G
cold-start emission factors are higher than those derived
from parking garage measurements by factors of 1.8 for
NMHC and 2.8 for CO, whereas MVEI 7G NOx emission
factors are comparable to those derived from parking ga-
rage measurements. This suggests that the absolute mag-
nitude of incremental cold-start NMHC and CO emis-
sions may be overstated in current emission inventories.
When combined with previous studies which have shown
that hot stabilized HC and CO emissions may be signifi-
cantly understated, the results of this study suggest that

the importance of cold starts as a fraction of total on-
road vehicle emissions of HC and CO may be substan-
tially overstated in current emission inventories.

CONCLUSIONS
This study demonstrates the use of underground parking
garages for the measurement of cold-start emissions from
large samples of in-use vehicles. Cold-start emission fac-
tors of 69 ± 2 g NMHC/gal, 660 ± 15 g CO/gal, and 27.8 ±
1.2 g NOx/gal were measured during the first ~40–80 sec
of vehicle operation in a parking garage in Oakland, CA,
during March 1997. Average fuel consumption during start
mode was estimated to be 0.07 gal, based on an analysis
of second-by-second emissions data from California’s
light-duty vehicle surveillance program. Incremental start
emission factors of 2.1 g NMHC, 16 g CO, and 2.1 g NOx

per start were derived from the fuel use estimates and the
emissions measured in the garage. These emission factor
estimates are lower than MVEI 7G estimates by 45% for

Figure 6. Average second-by-second emissions of 82 light-duty vehicles tested on CARB LA92 cycle. Data from testing are described in Reference 24.
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NMHC, 65% for CO, and 12% for NOx. It appears that
both the absolute magnitude and relative importance of
cold-start CO and HC emissions may be overstated in
current vehicle emission inventories.
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