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ABSTRACY

The temporary ineffectiveness of motor vehicle emission
cortrols at startup causes emission rates to be much higher
for a short pentod after starting than during fully warmed,
or stabilized, vehicle operation Official motor vehicle
emission inventories estimate that excess emussions dur-
ing cold-start operation contribute a significant fraction
of all hydrocarbon, carbon mongcxide (CO), and nitrogen
oxade (NOC,) emissions from Cahfornia vehicles In an ef-
fort to verify these estimates under real-world conditions,
velucle emissions were measured 1n an underground park-
g garage in Oakland, CA, dunng March 1997 Hot sta-
bilized emussions were measured as vehicles arnived at the
garage m the morning, and cold-start emissions were
measured as vehicles exited 1n the afternoon, the incre-
mental, or excess, emissions assoctated with vehicle start-
ing were calculated by difference Composite emissions
from ~135 vehicles were sampled during each of six mormn-
ing and six afternoon periods Measured stabilized exhaust
emissions weze 19 + 2 g nonmethane hydrocarbons
(NMHC), 223 £ 17 g CO, and 8.6 + 1.3 g NO, per gal of
gasoline consumed Cold-start emissions of 69 + 2 g

)

IMPLICATIONS

Cold starts are thought to contnbute a large fraction of
total emissions from Calfornia’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 qualty instead,
greater emphasis should be placed on reducing warm run-
ning emisstons from in-use vehicles Transit-onented strat-
agies such as park-and-ride lots may also provide greater
air quality benefits than previous assessments have indi-
cated, especially f travel by older, high-emutiing vehicles
can be reduced
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NMHC/gal, 660 x 15 g CO/gal, and 27.8 + 1 2 g NO, /gal
were measured for vehicles spending an average of ~60
sec 1 the garage after starting in the afternoon Using
second-by-second emissions data from Califorma’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 emmssion factors of 2.1 g NMHC, 16 g CO, and
21 g NO, per vehicle start were calculated These emus-
sion factors are lower than those used by Califorma’s
motor vehicle emission mventory model (MVE! 7G) by
45% for NMHC, 65% for CO, and 12% for NO,. This sug-
gests that the importance of cold-start emuissions may be
overstated m current emission inventories Overall, the
composition of volatile organic compound (VOC) emis-
sions measured durning 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 duning hot stabilized driving

INFRODUCTION

Motor vehicle tailpipe emissions of carbon monoxide
(CO), nitrogen oxades (NO,), and hydrocarbons (HC) have
been reduced substantially since the late 1960s by tech-
nological controls that reduce pollutant formation dur-
mg combustion and remove pollutants from exhaust
gases Strict stoichiometric control of the air-fuel ratio
results 1n lower levels of CO and HC production relative
to fuel-rich operation, and lower levels of NO, produc-
tion relative to fuel-leani 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 (CO,)
and reduce NO to N, New vehicles, equipped with these
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and otber emussion controls, typically emit less than 5%
of the pollutants emutted by pre-control vehicles !

Cne hmitation of current vehicle emission control sys-
tems 1s that they are meffective for a short period after a
vehicle s started At startup, the fuel-air mixture is inten-
tionally enriched to facihitate igniton and mmprove cold
engine operation This ennichment leads to 1ncreased pro-
duction of CO and HC duning combustion, and himits the
oxidation of these pollutants in the catalytic converter In
addition, automobile catalysts must reach temperatures
above 400-700 °F before significant pollutant conversion
1§ achieved 23 If a vehicle 1s inactive for more than ~30-60
run before being started, the catalyst will cool significantly
As a result, the catalyst may be ineffective or only partially
effective for some additional tume after the mmtial fuel-en-
richment period ends Since the catalytic converter 1s heated
by engine exhatist gases, catalyst warm-up oCcurs more rap-
1dly when the engine operates under heavier loads and when
the catalyst 1s positioned closer to the engine Longer pen-
ods of vehicle mactivity and lower ambzent air tempezra-
tures mcrease the heating required for the catalyst to reach
effective operating temperatures, and thus prolong the pe-
niod of elevated exhaust emission rates When a vehicle 1s
fully warmed up and the engine and emusston controls have
reached high temperatures, a vehicle 1s said to be 1n hot
stabilized operating mode The excess emissions that result from
liruted control systemn effechiveness during cold-start opera-
tion are referred to as incremental start emussions

According to current motor vehicle emussion inven-

tories, vehicle starts are responsible for a large fraction of
total vehicle emussions California’s MVEL 7F model est:-
mates that incremental start emissions contrbuted about
one-thud of the HC and CO, and one-fourth of the NO,
emutted from hight-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 emussions.
However, emissions estimates of MVEI 7F and earhier
models are uncertain - Singer and Harley® 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 ermissions
by a factor of ~2 for the summer of 1991. If the stabihized
CO mnventory 15 increased by thus factor, the estimated
contnibution of start emissions 1s reduced to ~18% In
the newer MVEI 7G model, both stabihzed exhaust and
incremental start emissions estumates are higher than cor-
responding MVEI 7F values. According to MVEL 7G, n-
cremental start emissions contributed ~299% of CO emis-
sions 1n the Los Angeles area duning the summer of
19917 At present, both the absolute magnitude and
relative importance of incremental start emissions re-
MaIn uncertain
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The objectives of thus study were (1) to measure ncremental
cold-start emmssion factors from a large sample of m-use ve-
hicles under real-world conditions, and (2) to compare the
measured enussion factors with MVEI 7G model predictions

APPROACH
Inventones of cold-start emussions are calculated as the prod-
uct of start erussion 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 emus-
sion factors used by 7F and earher versions of the MVEI
model are denved from the dynamometer testing of re-
crurted 1n-use vehicles on standardized cold start and hot
stabilized dniving cycles Errussiorns are measured 1n gram/
mule units and multiphied by the total distance dnven dur-
ing the tests. For MVEI 7G, start emussion factors are de-
nved from cold-start dynamometer tests Controlled dyna-
mometer testing reduces the effects of many vanables, such
as dniver behawvior, which can affect emissions However,
since dynamometer testing 1s expensive and time-consum-
ing, only imited numbers of vehicles may be tested Dyna-
mometer testing also requires the voluntary participation
of vehucle owners, this can result 1n sampling bias if own-
ers of high-emutting vehicles are less witing to participate

As an alternative to dynamometer studies, cold-start
emissions can be measured under real-world conditions
by samphng the exhaust air in enclosed or underground
parking garages ¢ Parking garage stuches are “real-world”
because emissions are measured from vehicles as they are
dnven 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 ¢ One problem with this approach 1s tha
gram-per-mile emussions vary significantly with engine load
If vehucles spend more time 1dling during afternoon per:
ods—when cars are started and allowed to warm up for ¢
short ime—than during morrung pernods, 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 emussions may alsc be nor
malized to fuel consumption, as follows

= A[P] w, \
= _(A[COJ+A[CO}+A{VOC})X(12 P My (1

where E, 1s the emussion factor for pollutant P, A[P], 4/CO,}
A[COJ, and A[VOC] represent the background-correctes
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pollutant concentrations measured nside the garage, M,
is the molecular mass of pollutant F, w, 1s the weight frac-
tion of carbon 1n gasohine, and p, 15 the fuel density. Since
emussion factors are calculated by ratio to fotal carbon,
airflow and dniving distance mmeasurements are not re-
quired, and uncertanties associated with these measure-
ments are removed from emission factor calculations.
Ernission factors normalized to fuel consumption are also
more consistent as driving varies ¢ 1%12 As a result, small
changes 1 driving patterns between mormng and after-
noon peniods should not bias the calculation of incremen-
tal stari emission factors

EXPERIMENTAL
Vehicle emissions were measured during March
1997 1n a three-level underground parking garage

Singer et al

afternoon peniods were measured using a stopwatch. Tim-
ing of an arnval trip started as the vehicle turnied the cor-
ner from the ramp to enter a level and ended when the
vehicle was turned off Departure trips extended from the
farst crank of the engine until the vehicle reached the exat
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
Durning 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 mserting a sample ine mto this plenum Pol-
luted garage air was collected through ducts at the east end

Table 1. Average pollutant concentrations measured in the garage exhaus! air {garage) and ventila-
tion intake awr (Bkg) during each sample perod

at an office building 1n Oakland, CA The first

underground level of the garage accommodates Date
visitor and company vehicles, which enter and

lLocation Time ¢o 1] NO CH X NMHC

(smnzﬂ {ppm) (ppl;) (ppm} (ppmC}

exit throughout the day The bottom two levels
(2 and 3) are used for employee partking Mostve- .\, ar
hicles were parked on these levels before .00 am. {1y
and remamned 1n the garage until after 4:00 p m.,
providing a large sample of cold-starting vehicles  12-Mar
m the afternoon penod All vehicle activity and 12-Mar
emissions measurements described in this study 13-Mar
pertain only to levels 2 and 3 of the garage. Each 43 4.0
parkimng space on these levels 1s assigned to an in-
dividual employee; as a result, vehicles proceed  17-Mar
directly to their assigned spaces on these levels. 17-Mar
The posted speed limit in the garage 1s 5 mph i8-tar
Morning and afternoon sample periods were o .,
chosen to coincide with peniods of maximum
vehicle activity and the highest pollutant concen-  19-Mar
trations in the garage, generally from 7 15-8 45 18-Mer
during mormng pertods, and 16 30-18.00 duning
evening periods. Exact sampling times varied 10-Mar
shghtly from day to day; dates and tumes of all 4545
sampling periods are provided in Table 1 Pollut-
ant concentrations and vehicle activity were also  11-Mar
monitored directly preceding and following the  1i-Mar
periods noted 1n Table 1 13Mar
The number of vehicles entering and exiting 13 Mar
the garage was recorded during each 10-min 1n-
terval for all sample periods All vehicles entering  17-Mar
the garage were assumed to be 1n hot stabilized 17-Mar
mode. Departure and arnval times for each ve-
hicle were matched to determune the length of :g:ﬁ:;
time vehicles were parked before exiting the ga-
rage dunng the afternoon sampling period The  16-Mar
model year and fuel type of each vehicle were 19-Mar

Morning Sample Petiods

Garage 720-900 558 83 268 RAT R
Bkg 7209600 41 0e 88 NAY A

Garage 710-900 558 74 273 237 365
Bkg 700-200 422 06 9% 200 031

Garage 720-900 596 83 374 233 415
Bkg 712-902 450 18 172 213 056

Garage 720-850 566 87 239 212 407
Bkg 720-850 399 09 g6 200 033

Garage 715-845 571 80 267 225 39i
Bkg 700-900 429 10 119 212 038

Garage 710-8 50 606 78 349 233 296
Bkg 705-850 483 17 178 218 659

Afternoon Sample Periods

Garage 16 30-18 00 560 233 735 NAE A
Bkg 16 30-18 00 404 11 9 N/A? /A

Garage 16 30-18 00 578 282 782 222 585
Bkg 16 30-18 00 388 07 79 185 029

Garage 16 40-18 1¢ 621 288 895 232 698
Bkg 16 15-18:00 384 06 76 200 o027

Garage 16 30-18 60 560 217 588 220 464
Bkg 16 00-18 00 381 06 55 185 020

Garage 16 35-18 10 574 265 647 218 565
Bkg 16 15-18 08 364 10 60 195 028

Garage 16 40-16 10 582 255 674 218 575
Bkg 16 15-17 55 407 05 90 200 033

determined from vehicle registration records
Typical vehicle trip times during morning and

Volume 48 February 1998

*Not availabie Sampies were not collected for this penod
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of levels 2 and 3, channeled mnto a central plenum, and
discharged outdoors (Garage air was sampled at a pomnt ~3
1 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 duning all sample periods

Garage exhaust and clean ventilation airstreams were
momtored contmuously for CO, CO,, and NO,. CO, con-
centrations were measured using Thermo Environmental
Instruments (TECO, Franklin, MA) model 41H gas filter
correlation spectrometers NO, 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
C0O was measured with a Langan Databear electrochemu-
cal CO analyzer (Langan Instruments, San Francisco, CA).
Continuous monitorng data were averaged and recorded
for each 5-mun 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 m 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 Distnct Laboratory in San Francisco (see Reference
15 for details of the analytical techruque) Carbonyl samples
were collected 1 paraliel with HC canister samples using
DNPH-impregnated sihica cartridges The cartridges were
eluted with acetominile immediately following each sample
pertod and the hiquud samples were capped and stored m a
refrgerator for ~3 months prior to analysis, the extracted
sarnples were at room temperature for ~3 weeks during this
peniod Carbonyl samples were analyzed by high-perfor-
mance hquid chromatography (HPLC) to quantify concen-
traizons of individual aldehydes and ketones.!3 14

RESULTS
Vehicle Activity

A summary of vehicle counts during morning and after-
noon sampling periods 1s provided in Table 2. Vehicles
entenng duning the 5-10 mun 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 pennod Morning ve-
hicle activity was steady from 7-00 until 7 40, increased
between 7 40 and 8 00, gradually dechined unti} 8.30, then
was steady agamn until the end of the sample penod Dur-
g afternoon periods, ~40% of the vehicles exited between
16 30 and 16 50, vehicle traffic then dechned gradually
through the remainder of each afternoon sample pertod
Light-duty trucks, minivans, and sport-utthty 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
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Table 2. Vehicle counts duning mormng and afternoon sample periods

A.M.. 7 10-8 50 PM 1620-18 00
Pate  Day IN OUT %stab® N OUT  %stab®

10-Mar  Mon - - - 7 110 6%
11-Mar  Tue 128 8 94% g 120 7%
12-Mar Wed 123 10 92% 8 137 6%
13-Mar  Thu - - - 8 128 6%
i7-Mar Mon 126 7 95% 5 121 4%
18-Mar  Tue 121 15 8% 7 133 5%

19-Mar  Wed 128 9 93% 11 130 8%

Mean 126 10 93% 8 126 6%

“Craction of vehicles operating 1n hot stabilized mode

50%

i B 17-Mar (Mon)
40% + R 1 18-Mar (Tue)
2 ‘2 K & 19-Mar (Wad)
£ 30% |
>
k-]
§ 20% 1
Q
E
10% l

0%

10+ 9-i10 89 78 67 56 45 34 23 12 01
Soak penod (hours)

Figure 1. Distnbution of soak times for vehicles parked in the garage

day, 80~90% of vehicles sampled dunng the afternoon
were also present during the morning sample period, the
remaining vehicles entered the garage either before 7 10
or after 8 50 am As shown in Table 2, on average 93% of
mormng 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 fumes
of less than 1 hr

Soak time distribufions for vehicles exiting between
16.20 and 18-00 on the afternoons of March 17-19 are
shown in Figure 1. Thus figure mdicates that 70-80% of
vehicles exiting the garage during afternocon periods were
parked for 8 hr or more, and fewer than 5% were parked
1n the garage for less than 2 hr. The age distnbution of
vehicles parked 1n the garage during the three-day period
1s presented n Figure 2, along with the age distributions
used by MVEI 7G for 1997 San Francisco Bay Area emis-
sion inventory calculattons MVEI 7G uses shghtly 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
1n the garage 15 similar to the age distributions used in MVE]

VIml emm A Pl o ann



2%

¢ QGerage median = 1881
7G starts medisn = 1850

¢ 80 @  fevanmcn 7G VMT medien = 1882

8% 4

fraction of vehicles
2

2%

0%

model year

Figure 2. Age distributions of vehicles parked in the garage and for
the overall Bay Area fleet, as estimated in the MVE] 7G mode!

7G The garage sample mncludes 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 1n 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 exifing within 60 sec A mean exit ime 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 1. 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 1n the garage for ~80 sec on average following
ignition In the mornng, vehicles reached their assigned
parking spaces in 29 1 2 sec after arniving on their assigned
level Dunng morning periods, vehicles parking on level 3
spent 25 + 1 sec dniving through level 2 and an additional
~10 sec on the ramp between levels 2 and 3 Since speeds
were simnilar and no significant traffic back-ups were ob-
served during any mormng or afternoon period, these ob-
servations confirm that, on average, velicles spent an ad-
ditional 10-15 sec mn 1dle dunng afternoon periods

Pollutant Concentrations
Average pollutant concentrations measured during each
sample period are presented in Table 1 In this table, meth-
ane (CH,) and nonmethane hydrocarbonn (NMHC) con-
centrations are reported separately Except for methane,
all pclutant levels were much higher 1n garage exhaust
air than 1n background air Background pollutant con-
centrations were similar for most morming and afternoon
pertods, except on the mormings of March 13 and 19, when
background concentrations of CO,, CO, NO,, and NMHC
were elevated CO, levels inside the garage were sumilar
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duning mormng and afternoon periods However, after
accounting for differences between morming and after-
noon background CO, levels, ACO, values were higher
durng afternoon perniods (190 £ 26 ppm) compared to
mormng penods (144 + 14 ppm) Smce ventilation flows
and vehicle counts were similar dunng morning and af-
ternoon penods, the gher ACO, 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 igmition, and the longer ve-
hicle trip times during afternoon periods as compared to
morning pertods Garage CO and NO, levels were much
higher 1n afternoon pernods as a result of increased ernis-
sions of these pollutants during cold start In contrast,
NMHC concentrations 1n the garage were similar during
mornung 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 emzissions in addition to ex-
haust emissions

The composttion of volatile organic compound (VOC)
(includes both hydrocarbons and carbonyls) emissions
measured duning mornng and afternoon periods is pre-
sented m Table 3 The mormng profile represents a muix
of stabilized exhaust and hot soak evaporative emissions
The afternoon profile represents cold-start exhaust emis-
stons for the garage fleet. The composition of stabilized
exhaust VOC emissions measured at the nearby Caldecott
tunnel duning August 1996 1s also presented in Table 3
Overall, the garage cold start and tunnel stabilized ex-
haust profiles are stmilar The weight fractions of most
compounds are strilar 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 durning cold start '6-1® However, the acety-
lene fraction measured in garage cold-start sampling is
still much lower than that measured from fleets of non-
catalyst vehicles 17192 Higher abundances of 2-
methylbutane and n-butane 1n garage cold-start samples
likely result from the increased presence of these com-
pounds i higher vapor pressure gasoline sold during win-
ter months as compared to the summertime gasoline n
use duning the Caldecott tunnel study.? By contrast, the
weight fractions of methylpentanes and n-pentane are
higher in the VOC profile measured at the Caldecott tun-
nel dunng summer 1996 The cold-start profile indicates
a migher ratio of C,+ aromatics to benzene compared to
stabilized emissions The increased C + aromatics to ben-
zene ratio suggests a larger fraction of unburned fuel 1n
the cold-start profile The combined weight fractions of
formaldehyde and acetaldehyde are much lower during
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Yable 3. Measured VOC speciation profiles ®

Spectes Morming Afterngon Caldecott ‘96
Hot soak + Cold Start Stabilized Prefile
Stabiized Ex  Exhaust wit% Voe!
wi% VOC wi% VOC

methane 599+286 537131 508125
ethane 0362017 052:002 082028
propane 020008 061008 012004
n-butane 679141 316072 112013
n-pentane 263010 1832016 227018
n-hexange 131006 1332005 116010
n-hepiane 096010 1024003 079:009
n-octang 062008 070004 035014
n-nonane 020:005 0172002 019008
2-mgthylipropane 119034 042021 028004
2-methylbutane 1011£073 591091 8952080
2-methylpenians 532:045 4211018 287037
3-methylpeniane 317+023 250005 170013
2-methythexane 040:004 042004 098008
3-methylhexane 108013 1142008 110008
C8+ monosub alkanes 130+029 1482007 092010
2.2-timethyioutane® 1772017 1191008 078+006
2 3-dimethyloutane 175012 113008 078+031
drmethylpentanes 041003 037005 082007
dimetiylhexenes 023004 027006 0784028
dimetiylheptanes 024011 026+008 057+010
dimethyloctanes 027022 022+006 018002
2.2 4-tnmethylpentane 211013 201007 242+018
2.3 4-tnmethylpeniane 100+ 007 094:004 061009
cyclopentane® £46:003 030002 021+008
cyciohexane 0432005 048004 084£007
metny! cyclopentane 282016 288007 2384014
methyl cyclohexane 054+ 004 056018 078:032
other C5-C2 alkanes 041010 057018 317007
C10+ alkanes 047014 022:006 0642015
ethene 203071 602035 567z104
propeng 1212019 320018 333x043
1-butene/isobutene 1372032 275038 3432037
/1-2-butene 0702014 064007 064014
1,3-butadienz’ 024005 073002 0454010
1-pentene 0242017 021005 013+003
c/t-2-pentene (38004 029005 037+006
other C5 atkenes 100031 0842015 103024
6+ atkenes G75+003 078008 129025
acelyleng 106011 366:028 264025
benzene 1441012 230011 3032027
toluene 776062 920031 770032
ethyl benzene 112019 136004 112005
styrene 0058001 019001 028+004
m/p-xylene 475043 580022 4571025
o-xylene 196040 200007 156007
150- & ni-propyl benzene 6 30 « 0 07 0314003 0312004
m/p-ethyitoluene 064011 077006 186008
o-ethyitoluene 040014 042006 0332004
1,2 4-tnmethylbenzene 1912034 208021 1802012
1.2, 3-tnmethylbenzene 031015 038:015 022+001
1,3, 5-tnmethylbenzene 0552020 053011 000000
diethyibenzenes 0587:050 096033 0382010
other C10+ aromatics 107038 102026 0712019
MTBE 10831 566+058 496+ 066
formatdehyde 0412006 075001 198031
acetaldehyde 013002 038:004 0332003
other carbonvls 051009 096019 153024
unidentified 387216 361z214 336205

*Based on analysis of canister samples collected duning afternoon perods

when 93% of the vehicles were operating in coid start mode

®Mean + 1 standard deviatian of the compound wt% from five sample periods
£2.3-gimethylbutane coeluted with cyclopentane The peak was resolved

to 79% 2,3-dimethyibutane and 21% cvclopentane
%The number shown here 1s 3 lower iimit, 1,3-butadiene was nol stable i
the stainless steel canisiers
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cold start than dunng stabilized driving This difference
results from reduced aldehyde production during the fuel-
rich pernod following ignifion, and because combustion
products are reduced relative to unburned fuel 1n the cold-
start profile Morming VOC emuissions mclude larger frac-
t:ons of fuel components such as n-butane, n-pentane, 2-
methylpropane, and 2-methylbutane, and smaller frac-
tions of combustion-dernived compounds such as ethene,
propene, and formaldehyde These differences are consis-
tent with the presence of hot soak evaporative emissions
dunng mornmng sampling periods

Morning NMHC emussions were apportioned o ex-
haust and evaporative contnbutions using a chemcal
tracer approach This 1s described by eq 2 below

for=—% @)

where f, represents the fraction of garage NMHC attnibut-
able to tailpipe exhaust, w, 1s the weight fraction of spe-
cies 2 1n garage NMHC emissions, and w, , 15 the weight
fraction of species 1 in stabilized exhaust emissions shown
1n 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 emssions. Results of the appor-
tionment are summarnzed in Table 4, which shows that
33-40% of morning NMHC emussions were attributed to
tailpipe sources, the balance was attributed to evapora-
tive sources

Emuission 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 4. Apportionment of hvdrocarbon emissions to exhaust and
evaperative Sources

Tracer wi% Exhaust Contribution to Total NMHC"
Spectes NMHC® 12-Mar 13-BMar 17-Mar 18-Mar 18-Mar

Ethene 65 42%  13%° 6%  41% 36%
Acetylene 30 38% 44% 34% 38% 34%
Ethane 11 43%  39% 4%  42% 36%
Propene 38 35% 32% 29% 34% 29%
Avg 0%  38%° 3% 3% 34%

“Weight fraction of species in hot stabiized exhaust emissions measured at Caldecolt
tunnel in summer, 1996 {see Reference 15)

PFraciion of total parking garage NMHC emissions attribJted 1o taiipipe exhaust, esti-
mated using a tracer species and eq 2

“The waight fraction of ethene in VOC measured on March 13 was significantty lower than
for ali other samphing days, the exhaust contnibution to NMHG on this day was calcutated
using the average resulls from acetylene, ethane, and propene as exhaust racers
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Table 5. Typical California Phase 2 reformulated gasoline
properties p, = 743 g L-' and w,_ = 0 85 were determined
from analyses of gasoline samples purchased from all of
the major suppliers i the Bay Area during summer 1996.%
By convention, NO, emission factors were calculated us-
ing a molecular mass of 46 g mol' HC emissions were
calculated using a molecular mass of 14 g mol! C Emis-
sions of each pollutant were consistent from day to day,
which 1s expected since many of the same vehicles were
measured each day

Emussion factors from morning and afternoon sample
periods were extrapolated by linear regression to ¢ and
100% hot stabilized driving The resulting cold start and
hot stabilized emission factors, shown in Table §, differ
only shightly from the emussion factors measured during
afternoon and mormng perntods Cold-start emission esti-
mates were further adjusted to account for differences
between enussion levels averaged over the full cold-start
period and those of the first 60 sec (1 e., the peniod mea-
sured 1n the parking garage), as described below

‘Table 5. Exhaust emisston facters in morning and afternoon sample pericds

Date co NOx KMHC Stabitized
(y/oat) {g/gal) (g/gal) Fraction®
Mormng Sample Periods
1 -Mar 264 10 N/A 94%
12-Mar 257 11 25 93%
13-Mar 2R 12 24 /A
17-Mar 242 8 19 95%
16-Mar 253 9 25 89%
14-Mar 256 12 24 94%
Alternoon Sample Perisds
10-Mar 673 32 N/A 6%
11-Mar 683 28 65 7%
10-Mar 573 27 £8 8%
17-Mar 598 24 60 5%
1€-Mar 640 24 68 5%
16-Mar 643 25 70 7%
AM mean® 251%2 103+03 2312 (93 £2)%
PM mear® 65x7 26805 664 (6+1)%
Stabihized® 22317 86+13 192 100%
Coldstart® 667+ 15 278x12 692 %
Full cold-start 449 386 48
period®

*Fiaction of acive vehicles i hot stabilized operating mode

®Not avatfable

“Mezn « standard errer of morning and afiernoon emission factors

SResults of linear 1egresston analysts (see text)

*Cold start envsston factors adjusted to reflect the average emissions over the full cold-
stert period,estimated to last for ~ 200 sec (see text)
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DISCUSSION

To wmnterpret and use the emissions measurements from
the parking garage, more mnformation is required about
vehicle operation during cold start First, 1t 1s important
to understand how and over what time period the high
emussions levels observed during cold start fall to the lower
levels characteristic of stabilized operation With this
knowledge, the cold-start emuission 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 emas-
sion factors from MVEI 7G, an estimate of the average
fuel used during start mode 1s required (recall that emus-
sion factors measured in the garage were expressed in
gram-per-gallon umits). The ensuing discussion of cold-
start emissions, and the estimation of fuel use during cold
start, are based on analyses of available dynamometer
emussions data

Fuel Use During Cold Start

The average second-by-second emussions of 20 1993-1994
model year light-duty vehicles measured durning the cold-
start portion of the Federal Test Procedure (FTP) are plotted
in Figure 3 # The gram/galion emussion factors presented
in Figure 3 were calculated using eq 1 and exhaust poliut-
ant concentrations measured durning each second of the
dynamometer test Although these were not in-use vehicles,
their catalytic converters were aged to simulate 30,000~
100,000 muiles of dnving Prnior to testing, vehicles were
soaked for a minimum of 12 hr at an ambient temperature
of ~70 °F In Figure 4, catalyst temperature 1s 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 ennichment at ignition NO, emussions remain rela-
tively low during this peniod (~0-20 sec) even though the
catalyst 1s meffective. CO and HC emissions drop quickly
through the first ~80-100 sec as the catalyst warms rap-
idly Catalyst temperature, HC, and CO emussions then
remain approximately constant through the extended idle
peniod 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, NO, 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
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Figure 3. Average second-by-second emussions of 20 1893-1894
model year vehicles tested on FTP coid-start cycle Data from testing
described in Reference 22

cumulative fuel use increases By the time that ~0 04 gal
of gasoline have been consumed 1n each test, HC and CO
emissions have reached their stabilized levels While the
erussions versus fuel use relationships are similar for the
two cycles, it must be noted that the early portions of the
two drving cycles are also simuilar Each cycle begins with
~30 sec of idle, followed by an acceleration to ~15-25 mph
and a deceleration event, Figures 5b-5¢ show that by the
end of this period, emissions have reached very low lev-
els, mndicating that much of the catalyst heating has al-
ready occurred Testing of additional vehicles on dniving
cycles with shorter imitial idle periods and different speed
traces is needed fo 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 1s multiphed
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 enussion factors were measured 1 the parking

to stabilized operation, there 15 no
Fo:d Raager
single emissions level that persists 100 e 1% :
throughout the cold-start period It o - it
& 1000 _ | Ewx
15 therefore umportant to dentify ? “% | tw
clearly the period over which coid- % @0 z 3 |z :
start emissions are averaged g R B
Figure 4 shows that m the FTP ™ oo m:
L
cycle, heating of the catalyst to ef- T w @ mm 0000 00X0 0060 QM0 G100 QIS
time (seconds) cunvdaive fusl use (gal)
fective operating temperatures 1s ap- P Goo o
1200 3¢ 1200
proximately hinearly related to both » .
009
elapsed time and cumulative fuel ,; o g,
€ =
use Results from a recent U.S Envi- £ Z gl f.
yonmental Protection Agency (EPA) L P ’g L3
study? comparing incremental start g " 12 1
emissions dunng the first 298 sec of N o
° ° 00000 0300 00800 0900
the CARB LA92 (Unified) cycle and ¢ R seconen) = cumnutative fue! wee (gal)
the EPA STC1 cycle suggest that the 10 Toyoss Camey © 1200 Foyxa Camey
relabhonship between catalyst warm- 1020 hi¢ 1008
o
up and fue] use may be mdependent %m of gg“ /—/_,-/\,__/
of the test cycle The speed versus ) tag| fe
tume trace of the two cycles are plot- g qn 8 g
ted in Figure 5a, Figures 5b-5¢ show w0 : 1w | =
the HC and CO emussions versus fuel O e 0 By s oo o e
use for a 1984 Oldsmobile driven e e oo

through the two cycles. Reductions

in HC and CO emussions indicate
increasing catalyst effectiveness as
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Figure 4. Second-by-second FTP data descnbed in Reference 22 showing that heating of the catafvst
to effectve termperatures (400-700 °F} 1s approxmately inearty related to both fuel use and elapsed tme
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garage and are presented n Table 5 Fuel use was esti-
mated by analyzing a subset of emissions data from
California’s 12th hght-duty vehicle surveillance program
The ongoing surveillance program recruts for emissions
testing a sample of Califorma m-use vehucles Results of
the testing provide the basis for emission factors used n
the MVEl model In the present study, second-by-second
ernissions data were analyzed for 82 in-use vehicles tested
on the LA92 dniving cycle dunng 1992. The mean and
median model year of the vehicle sample was 1987, the
mean odomerer reading was 86,000 miles, and ~25% of
the vehicles were hight-duty trucks Neither catalyst tem-
perature nor catalyst efficiency were measured dunng the
program, the end of cold start was therefore inferred from
the emissions data

Figure 6 shows the average HC, CO, and NO, enus-
ston factors of the 82 vehicles duning each of the first 850
sec of the LA9Z driving cycle A cumulative plot of aver-
age second-by-second fuel use 15 also mncluded in Figure
6 In contrast to the FTP cold-start test, the early portion
of the LA9Z cycle includes harder accelerations and more
high-speed driving. As a result, emussions data from the
LA92 cycie fluctuate mote 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
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for the surveillance program vehicles, during thus period
average fuel use was 0 07 gal

To venfy 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 tume 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 NO,/
gal These stabilized emissions levels are lower than emus-
sions during the 200-sec cold-start period by factors of 3,
4, and 2 for CO, HC, and NO,, respectively.

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

300
M=Y (E-E)f, 3)
=]

where E and f represent the average mnstantaneous gram-
per-gallon emissions and fuel use of all 82 vehicles mea-
sured durning each of the first 300 sec, and E was the aver-
age stabilized emission level (in g/gal units) measured
duning the peniod 550-850 sec Using this approach, 1t
was verified that 94% of excess HC, 100% of excess CO,
and 96% of excess NO, emissions occurred dunng the first
200 sec of operation for the surveillance program vehicle
fleet A similar analysis of the FTP emussions data shown
n 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
NO, were emutted during the first 100 sec of the test; dur-
ing that period only 0.035 gal of gasoline were consumed

Emussion factors measured 1n 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 peniod were lower than emis-
sions averaged over the first 60 sec (corresponding to the
penod over which vehicles were measured 1n the garage)
by factors of 0 71 for HC and 0 68 for CO, average NO,
emussions dunng the first 200 sec were hugher than during
the first 60 sec by a factor of 1 39 Cold-start emission
factors measured m the garage were scaled by these fac-
tors to calculate emusston 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 1n
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
emuission factors of 21 g NMHC, 16 g CO, and 2.1 g
NO, per vehicle start
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Figure 8. Average second-by-second emussions of 82 ight-duty vehicles tested on CARB LA92 cycle Data from testing are described in Reference 24

Comparison to MVEL 7G

Figure 7 compares the gram/start emussion factors denived
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 scaked in the
garage. The distribution of soak times measured in the
garage also was specified for the model runs MVEI 7G
cold-start emussion 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 NO, emission
factors are comparable to those derived from parking ga-
rage measurements. This suggests that the absolute mag-
mtude of incremental cold-start NMHC and CO emus-
sions may be overstated in current emussion mnverntories

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

CONCLUSIONS

Thus study demonstrates the use of underground parking
garages for the measurement of cold-start emissions from
large samples of 1n-use vehicles Cold-start emussion fac-
tors of 69 + 2 g NMHC/gal, 660 + 15 g CO/gal, and 27 8 £
1.2 g NO,/gal were measured during the first ~40-80 sec
of vehicle operation i a parking garage 1 Oakland, CA,
dunng March 1997 Average fuel conisumpton during stait
mode was estimated to be 0 07 gal, based on an analysis
of second-by-second enussions 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 NO,
per start were denived from the fuel use estimates and the
emusstons measured in the garage These emission factor
estimates are lower than MVEI 7G estimates by 45% for
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Figure 7. Companison between ncremental start emission factors
calculated from garage measurements and predictions of the MVE!
7G model

NMHC, 65% for CO, and 12% for NO, It appears that
both the absolute magrnitude and relative importance of
cold-start CO and HC emussions may be overstated in
current vehicle emission inventories

ACKNOWLI DGMENTS

The authors thank Mike Traverse and Grahams Scovell of
the Bay Area AQMD for therr assistance n prepanng the
arr monitoring 1nstruments, Chris Gee and Waymond
Chan, retired from the BAAQMD, for their input regard-
ing flow calibration methods, Tom Wenzel of Lawrence
Berkeley National Laboratory for providing the surveil-
lance program data, Dawvid Brzezinsk of the EPA for pro-
viding the EPA cold-start testing data, Feng An of UC—
Riwverside for helpful comments and insights about cold-
start emmussions, Kochy Fung and Kent Hoekman for pro-
widing the carbonyi analyses, and Bill Kerr and hus staff at
the parking garage This research was supported prime-
rily by the Uruversity of Califormia Transportation Cen-
ter Additional support was provided by Chevron

REFERENCES

1 Calvert, | G, Heywood, ] B, Sawyer, R.F, Seinfeld, J H “Achieving
acceptable an quaitty Some reflections on controtiing vehicle emms-
sions,” Scienice 1993, 261, 37-45

2 Heywood, J B Internal Combustion Engiie Fundamentals, McGraw-Hill
New York, 1988

3. An,F, Barth, M, Scora, G, Younglove, T “Catalyst cold-start charac-
erization and modeling “ Presented at the Swxth CRC On-Road Ve-
nicle Emissions Workshop, San Diego, CA, 1996

4 ‘Predicted California On-Road Motor Vehicle Emissions
{BURDEN7F)', Mobule Source Emussion Inventory Branch Califormua
Arr Resources Board Sacramento, CA, 1953

$  Tupta LM, Croes, B E, Bennett, CL, Lawson, D R, Lurmann, FW,
Main, HH “Comparson of emission inventory and ambient con-
centration ratios of CO, NMOG, and NO, 1n California’s South Coast
Aur Basin,” | A & Waste Manage Assoc 1992, 42, 264-276

6 Ingalls, MN,Smith, LR, Kirksey, R.E Measurement of On-Road Vehicle
1 mussion Factors in the Califorrua South Coast A Basin Regulated Erms-
siomns, Southwest Research Institute San Antonio, TX, 1989, Vol 1

7  Iherson, WR, Gertler, A W, Bradow, R L “Comparnison of the SCAQS
tunnel study with other on-road vehicle emission data,” J Air & Waste
Manage Assoc 1990, 40, 1495-1504

8  Singer, B C, Harley, RA “A fuel-based motor vehicle emussion wn-
ventory,” | Air & Waste Manage Assoc 1996, 46, 581-593

9 “MVEI7G”, Version 10, Technical Support Division Mobile Source
Emussion inventory Branch California A1~ Resources Board Sacra-
mento, CA, 1996

Volume 4S February 1999

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Singer et al

Ashbaugh, LL, et al “On-road-remote sensing of carbon monoxide
and hydrocarbon emissions dunng several vehicle operating condi-
tions ” Presented at the A & Waste Management Association/EPA
Conference on PM10 Standards and Nontraditiona! Particle Source
Controls, Phoenix, AZ, 1992

Stedman, D H, Bishop, G A, Beaton, S P, Peterson, J E, Guenther,
PL, McVey, | F, Zhang, Y “On-Road Remote Sensing of CO and HC
Emussions in Califormia”, final report to the Califorma Air Resources
Board, Contract No A032-093, University of Denver Denver, CO, 1994
Prerson, W R, Gertler, A W, Robinson, N F, Sagetiel, ] C, Ziehinska,
B, Bishop, G A, Stedman, D H, Zweidinger, R B, Ray, WD “Real-
world automotive emissions ~ Summary of recent tunnel studies in
the Fort McHenry and Tuscarora Mountatn tunnels,’ Atmos Environ
1996, 30, 2233-2256

Fung, K, Grosjean, D “Determination of nanogram amounts of car-
bonyls as 2,4-dimitrophenylhydrazones by high-performance hiquid
chromatography,” Anal Chem 1981, 53, 168-171

Fung, K, Atmosphenc Assessment AssoCiates, Inc, Calabasas, CA
Personal communication, 1997

Kirchstetter, TW, Singer, B C, Harley, R A, Kendall, G R, Hessen,
IM “Impact of California reformulated gasoline on motor vehicle
emussions 2 Volatile organic compound speaiation and reactivity,”
Environ Sa Technol 1999, 33, 329-336

Lonneman, W A, Seua, R L., Meeks, S A “Non-methane organic compo-
sthon in the Lincoln tunnel,” Environ Sa Technol 1986, 20, 790-796
Jackson, M W “Effect of catalytic emission control on exhaust hy-
drocarbon composition and reactivity,” SAE Technical paper no
780624, Society of Automotive Engineers, Warrendale, PA, 1978
Black, FM , High, LE, Lang,J M “Composition of automabile evapo-
rative and tailpipe hydrocarbon emsssions,” J Awr Pollut Control Assoc
1980, 30, 1216-1221

Lonneman, W A, Kopczynsky, S L, Darley, PE, Sutterfield, FD “Hy-
drocarbon composition of urban air poliution,” Environ Sc: Technol
1974, 8, 229-236

Harley, R A, Hannigan, M P, Cass, GR “Respeciation of organic gas
ermmussions and the detection of excess unburned gasohine 1n the at-
mosphere,” Environ Sci Technol 1992, 26, 2395-2408

Cleary, K, Brisby, S , Jennings, T “Proposed Amendments to the Cali-
fornia Phase 2 Reformulated Gasoline Regulations, Including Amend-
ments Providing for the Use of a Predictive Model”, staff report, Cali-
fornia Air Resources Board Sacramento, CA, 1994

Data on Supplemental FIP Emissions Database CD-ROM, available
from Office of Mobule Sources, U § Environmental Protection Agency
Testing aescnibed in Haskew, H M , Cullen, K., Liberty, TF, Langhorst,
WK “The execution of a cooperative industry/government exhaust
emission test program ” Presented at the 1994 Convergence Interns-
tional Congress on Transportation Electronics, Dearborn MI, 1994,
SAE paper no 94C016

Enns, P, Brzezinski, D Companson of Start Emissions in the LA92 and
STO1 Test Cycles, U S Environmental Protection Agency Assessment
and Modeling Division Office of Mobile Sources Ann Arbor, MI,
1997, M6 STE 001

Devesh, § “Test Report of the Light-Duty Vehicle Surveillance Pro-
gram”, Series 12 (LDVSP 12), Mobile Source Dwvision Califormia Air
Resources Board El Monte, CA, 1994 MS-94-04

About the Authors

Brett Singer recently completed tus Ph D i the Depariment
of Cwil and Environmental Engineering at the University of
California at Berkeley He s currently a postdoctoral researcher
at Lawrence Berkeley National Laboratory Brett has an M.S
degree In environmental engineering from UC Berkeley and
a B S degree in mecnanical engineenng from Temple Uri-
versity Rob Harley is an Associate Professor in the Depart-
ment of Civil and Environmental Engineering at UC Berkeley
He holds ME and PhD degrees in environmental engi-
neerning sciencs from Caltech, anda B S degree in engineer-
ing science from the University of Toronto Please direct cor-
respondence to Rob Harley, Department of Civif and Envi-
ronmental Engineering, 631 Dawvis Hall #1710, University of
California, Berkeley, CA 84720-171C

Journal of the Air & Waste Management Association 188





