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ABSTRACT

The temporary ~neffectaveness of motor vehicle emassmn
con trols at start-up causes emlssmn rates to be much hagher
for a short period after starting than dunng fully warmed,
or stabihzed, vehacle operatmn OffiaaI motor vehicle
emission inventories esttmate that excess emasslons dur-
ing cold-start operation contribute a sagmficant fraction
of a]I hydrocarbon, carbon monoxade (CO), and mtrogen
oxide (NO.) emlssmns from Calfforma vehacles In an ef-
fort to verify these estimates under real-world condatlons,
vehl cle emassions were measured m an underground park-
mg garage m Oakland, CA, dunng March 1997 Hot sta-

bflaz ed em~ssaons were measured as vehicles arrived at the
garage an the mormng, and cold-start emzssmns were
measured as vehacles exited m the afternoon, the incre-
mental, or excess, emlssaons assocmted with vehacle start-
mg were calculated by dafference Composite emlssmns
from -135 vehicles were sampled during each of six morn-
mg and s~ afternoon periods Measured stabilized exhaust
emissions were 19 + 2 g nonmethane hydrocarbons
(’NI~[HC), 223 + 17 g CO, and 8.6 + 1o3 g NO, per gal of
gasohne consumed Cold-start emlsstons of 69 ± 2 g

|MPL|CAT|CNS
Cold starts are thought to contnbute a large fraction of
total emissions from Cahforn=a’s motor veh=cle fleet This
study suggests that the importance of cold-start em=ss~ons
may be overstated, and that control strategies that focus
exctuswely on reducing cold-start emtss~ons may not
achieve protected Improvements In a~r quahty Instead,
greater emphasis should be placed on reducing warm run-
nmg emissions from in-use vehtcles Transit-oriented strat-
egies such as park-and-nde lots may also provide greater
air quahty benefits than prewous assessments have ind=-
cared, especmlly if travel by older, hzgh-em~ttmg vehicles
can be reduced

NMHC/gal, 660 ± 15 g CO/gal, and 27.8 ± 1 2 g NO/gal
were measured for vehicles spending an average of -60
sec m the garage after stamng in the afternoon Using
second-by-second emlss~ons data from Cahforma’s light-
duty vehacle surveillance program, average fuel use dur-
ing cold start was estimated to be ~0 07 gal, and the cold-
start period was estamated 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 NO, per vehicle start were calculated These emis-
sion factors are lower than those used by Cahforma’s

motor vehzcle em~ssaon inventory model (MVEI 7G) 
45% for NMHC, 65% for CO, and 12% for NO. Thas sug-
gests that the amportance of cold-start em~ssmns may be
overstated m current em~ssmn inventories Overall, the
composataon of volatile orgamc compound (VOC) emis-
snorts measured dunng cold start was samilar to that of
hot stabihzed VOC emissaons However, the welght ffac-
tmns of unburned fuel and acetylene were hzgher during
cold start than dunng hot stabahzed dnwng

1NTRODOCT/ON
Motor vehacle tadpzpe em~ssmns of carbon monoxide

(CO), mtrogen oracles (NO.), and hydrocarbons (HC) 
been reduced substantmlly since the late 1960s by tech-
nological controls that reduce pollutant formation dur-

ing combustmn and remove pollutants from exhaust
gases Strict sto~chmmetr,c control of the a~r-fuel ratm

results m lower levels of CO and HC productmn relative
to fueI-r[ch operatmn, and lower levels of NO produc-
taon relative to fuel-lean combustion Stoicfuometnc ant-
fuel m~xtures are also required for the treatment of ex-
haust gases by three-way catalytic converters, which s~-

multaneously oxidize HC and CO to carbon dm×zde (CO,)
and reduce NO to Nz New vehicles, equapped w,th these
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and otber emission controls, typically emR less than 5o/0
of the pollutants emitted by pre-control vehicles 1

On,." Inmtat~on of current vehicle emission control sys-
tems is that they are meffechve for a short period after a
vehicle ts started At start-up, tile fuel-air m~ture is mten-
~onally enriched to facilitate ignition and m-tprove cold
engine operation This ennchment leads to Increased pro-
duction of CO and HC dunng combuslaon, and lurers the

oxxdatmn of these pollutants in the catalytic converter In
addmon, automobile catalysts must reach temperatures
above 400-700 °F before significant pollutant conversion
is achieved z3 If a vehicle ~s macXnve for more than ~30-60
mm before being started, the catalyst wiU cool significantly
As a result, the catalyst may be ineffective or only partially
effective for some ad&tlonal tune after the mltlal fuel-en-
nchment period ends Since the catalyl~c converter IS heated

by engine exhaust gases, catalyst warm-up occurs more rap-
idly whela the engine operates under heavier loads and when

the catalyst is positioned closer to the engine Longer pen-
ods of vehicle mactlviW and lower ambient air tempera-
tures increase the heating reqmred for the catalyst to reach
effective operating temperatures, and thus prolong the pc-

nod of elevated exhaust emission rates When a vehicle is
fully warmed up and the engine and emission controls have
reached high temperatures, a vehicle ~s said to be m hot
stabihzed operating mode The excess emissions that result from

hmlted control system effectiveness during cold-start opera-
tlon are ieferred to as incremental start emissions

According to current motor vehicle emission raven-
tones, vehicle starts are responsible for a large fractnon of
total vehicle emissions California’s MVEI 7F model esti-
mates that incremental start emissions contributed about

one-thlrd of the HC and CO, and one-fourth of the NO~
emitted from hght-duty vehicles m the Los Angeles area
during the summer of 1991.4 In the winter, when ambt-
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 ~ 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 emissmns
by a factor of -2 for the summer of 1991. If the stabilized

CO inventory is increased by this factor, the estimated
contnbutnon of start emissions is reduced to -18% In
the newer MVEI 7G model, both stabilized exhaust and
mcremental start emissions estimates are higher than cor-
respondmg MVEI 7F values. According to MVEI 7G, m-
cren-~ental start emissions contributed -29% of CO emis-
stuns m the Los Angdes area during the summer of
1991 9 At present, both the absolute magnitude and
relative Importance of Incremental start emissions re-
mam uncertam

The ob]ecuves of tins study were (1) to measure incremental
cold-start emission factors from a large sample of ~.n-use ve-
l-hales under real-world conditions, and (2) to compare the
measured ennsslon factors with MVEI 7G model prechctlons

APPROACH
Inventories of cold-start ermsslons are calculated as the prod-
uct of start ermsslon 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 enus-
slon factors used by 7F and earlier versions of the MVEI
model are denved from the dynamometer testing of re-
cruited m-use vehicles on standardized cold start and hot

stabilized driving cycles Elmsslons are measured m gram/
mile units and multlphed by the total distance driven dur-
Ing the tests. For MVEI 7G, start emlsslon factors are de-
nved from cold-start dynamometer tests Controlled dyna-
mometer testing reduces the effects of many vanables, such

as driver behavior, which carl affect emissions However,
since dynamometer testing is expensive and tlme-consum-
rag, only limited nmmbers of vehicles may be tested Dyna-

mometer testing also reqmres the voluntary pamc~pat~on
of vehicle owners, this can result in samphng bias if own-

ers of hlgh-emlttmg vehicles are less willing to pamclpate
As an alternative to dynamometer studies, cold-start

emissions can be measured under real-world condmons
by samphng the exhaust air m enclosed or underground
parking garages 6 Parkang 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 emzsslons can be measured
as vehicles enter in the morning, and cold-start emissions
can be measured as vehicles start and exlt in the after-
noon. The incremental, or excess, emissions associated
with vehJcte starting are calculated by difference

Vehicle emissions may be normalized to miles tray.
eled by measunng the total distance driven by all vehlcle~,
inside the garage, and the airflow rates of the garage yen
tllation system 6 One problem with this approach ~s thai

gram-per-mile emissions vary- significantly wlth engnne load
If vehicles spend more time idling dunng afternoon pen
otis--when cars are started and allowed to warm up for
short time--than dunng mormng penods, differences be
tween morning and afternoon gram-per-mite emission fac
tots may not be due solely to cold-start effects

By carbon balance, vehicle emissions may also be nor
mahzed to fuel consumption, as follows

Ep =[A[CO:].,src----Sj~.z~[voc])xtl-~Pr)xM, (1

where Er is the emission factor for pollutant P, ~P], ~CO2/
a[CO], and z~[VOC] represent the background-correctec

t ~6 Journal of the A~r & Wast~ Manaoorr, ont Assoczabon Volume 49 February 1~
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pollutant concentrations measured ,nszde the garage, Mp
is the molecular mass of pollutant P, w is the weight frac-

t;on of carbon m gasohne, and pfls the fuel denslty, Since
emzssmn factors are calculated by ratio to total carbon,
mrflow and driving dzstance measurements are not re-

qmred, and uncertainties associated wzth these measure-
ments are removed from emzssmn factor calculatzons,
Emzsslon factors normahzed to fuel consumptzon are also
more conszstent as driving vanes e zo-12 As a result, small
changes m driving patterns between morning and after-

noon penods should not bins the calculation of incremen-
tal star1 emzsszon factors

EXPE]RI[M[ENTAL
Vehicle emissions were measured during March

1997 m a three-level underground parlang garage
at an office bmtdmg m Oakland, CA The first
underg:ound level of the garage accommodates
v~sztor and company vehicles, which enter and

exit throughout the day The bottom two levels
(2 and 3) are used for employee parlang Most ve-
hrcles were parked on these levels before 9.00 am.

and remained m the garage until after 4:00 p m°,
provldmg a large sample of cold-stamng vehzcles

m the afternoon penod All vehicle actwlty and
emissmns measurements described m th~s study
pertain only to levels 2 and 3 of the garage. Each
parking space on these levels ~s assNned to an m-
dwzdual employee; as a result, vehicles proceed
dzrectly to their asszgned spaces on these levels.
The posted speed hm~t in the garage is 5 mph

Morning and afternoon sample periods were
chosen to coincide with periods of maximum
vehzcle activity and the highest pollutant concen-
tratmns m the garage, generally from 7 15-8 45

during morning periods, and 16 30-18.00 dunng
evening periods. Exact samphng Umes vaned
shghtly from day to day; dates and times of all
sampling periods are provzded in Table 1 Pollut-
ant concentratmns and vehicle activity were also

momtored d~rectly preceding and following the
periods noted m Table 1

The. number of vehzcles entering and exmng
the garage was recorded during each 10-ram in-
terval for al1 sample periods All vehzcles entering
the garage were assumed to be m hot stabdzzed
mode. Departure and arnval times for each ve-
h~cle were matched to determine the length of

time vetucles were parked before exmng the ga-
rage dunng the afternoon sampling period The
model )’ear and fuel type of each vehzcle were
determined from vehicle registration records

Typical vehicle trip rimes during morning and

afternoon periods were measured using a stopwatch. T~m-
mg of an amval 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 exat

ramp between levels 1 and 2 of the garage. Vehzcle speeds
were estimated by visual observations and by measuring
the distance traveled dunng the t~med vehzcle trips

Dunng sampling penods, clean ventilation mr was
supphed to the garage through a single plenum near the
center of level 3; background pollutant concentratmns were

measured by inserting a sample hne into thzs plenum Pol-
luted garage air was collected through ducts at the east end

Table t. Average pollutant concentrations measured m the garage exhaust a~r (garage) and ventFla-
t,on retake ar (Bkg) during each sample period

Date Lacatzon Teme COz CO NO~ CH4 HNHC
(ppm) (ppm) (ppb) (ppm) 

Morning Sample Periods
11-Mar Garage 7 20-9 O0 558 8 3 268 N/A’ N/Aa
11-Mar Bkg 7 20-9 O0 411 0 8 88 N/A’ N/A~

12-Mar Garage 7 10-9 O0 558 7 4 273 2 37 3 65
12-Mar Bkg 7 00-9 O0 422 0 6 96 2 O0 0 31

13-Mar Garage 7 20-9 O0 596 8 3 374 2 33 4 15
13-Mar Bkg 7 12-9 02 450 1 8 172 2 t3 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 O0 0 33

18-Mar Garage 7 15-8 45 571 8 0 267 2 25 3 91
18-Mar Bkg 7 00-9 O0 429 1 0 119 2 12 O 39

19-Mar Garage 7 10-8 5(? 606 7 8 349 2 33 3 96
19-Mar Bkg 7 05-8 50 483 1 7 178 2 16 0 59

Afternoen Sample Permds
10oMar Garage 16 30-18 00
lO-Mar Bkg t6 30-18 O0

11-Mar Garage 16 30-18 O0
11-Mar Bkg 16 30-1800

13-Mar Garage 16 40-1810
13-Mar Bkg 16 15-18"00

17-Mar Garage ’~6 30-18 O0
17-Mar Bkg 16 00-I8 O0

18-Mar Garage 16 35-1810
18-Mar Bkg 16 15-18 O0

1g-Mar Garage 16 40-18 t0
19-Mar Bkg 16 15-17 55

560 23 3 735 N/A~ N/A~
404 1 1 99 N/A~ N/A"

578 28 2 782 2 22 5 55
388 0 7 79 1 85 0 29

621 28 8 895 2 32 6 98
384 0 6 76 2 O0 0 27

560 22 7 588 220 4 64
38t 0 6 55 1 95 0 20

574 26 5 647 2 18 5 65
384 1 O 60 1 95 0 28

592 25 5 674 2 18 5 75
40;;’ 0 5 90 2 O0 0 33

~Not available Samptes were net collected Ior thzs perzed

Volume 49 February ’;999 Journal of the A~r & Waste Management Association "I 27
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of levels 2 and 3, channeled into a central plenum, and
(fischarged outdoors Garage mr was sampled at a point -3

m above the Iunctmn of the exhaust mrstreams from levels
2, and 3 An addatmnaI clean mr supply on level 2 and the
exhaust venttlatmn system at the west end of the garage
were turned off during all sample penods

Garage exhaust and clean ventzlat~on airstreams were

momtored continuously for CO, CO2, and NO,. COz con-
centraUons were measured using Thermo Environmental
Instmment~ (TECO, Franldm, MA) model 41H gas filter

correlation spectrometers NO, concentratmns were mea-
sured using TBCO model 42 chemilummescent analyz-
ezs CO m garage exhaust was measured w~th a TECO
model 48 gas filter correlation spectrometer, background
CO was measured with a Langan Databear electrocherm-
caI CO analyzer (Langan Instruments, San Francisco, CA).
Continuous momtormg data were averaged and recorded

for each 5-rran period between 6.30-9.30 and 15.30-18.30
Total and specmted HC concentrataons were measured

by collecting integrated 90-rain mr samples m 6-L stam-
le,;s steel canisters using XonTech model 910A contmu-
ou’s flow samplers Background and garage a~r samples were
analyzed by GC-FID at the Bay Area Aar Quality Manage-

ment Dzstnct Laboratory m San Francisco (see Reference
i5 for details of the analytical techmque) Carbonyl samples
we.re coUected m parallel ~nth HC camster samples using
DNPH-unpregmated silica cartridges The cartridges were

elu ted w~th acetomtnle immediately foltowmg each sampIe
period and the hqmd samples were capped and stored m a
refngerator for -3 months prior to analys~s, the extracted
samples were at room temperature for -3 weeks during this
period Carbonyl samples were analyzed by hzgh-perfor-
mance hcluld chromatography (HPLC) to quantify concen-
tral3ons of m chv3dual aldehydes and ketones.~3 ~4

I~JESULT$
Vehicle Activity

A summary o,F vehzcle counts dunng morning and after-
noon samphng periods is prowded in Table 2. Vehzcles

entering during the 5-10 mm d~rectly preceding emls-
szons sampling are included because these vehicles con-
tnbuted to pollutant concentratmns measured in the ga-

rage in the eazly part of each sample penod Morning ve-
hicle ac~v~ty was steady from 7-00 until 7 40, increased
bev~ceen 7 40 and 8 00, gradually dechned unUl 8.30, then
was steady again until the end of the sample period Dur-
ing afternoon penods, -40% of the vehicles exated between
16 30 and 16 50, vehicle traffic then declined gradually

through the remainder of each afternoon sample period

Ltght-duty trucks, mmwans, and sport-utdtty vehtcles
constituted 25-35% of the vehicle fleet sampled Aimost
all of the vehicles sampled had gasohne engines; less than

1% of the veh~(les m the garage were dtesel-powered. Each

I28 Joumalofthe4~r&WasteM, anagementAssoc~at~on

Table 2. Vehicle counts dunng morning and afternoon sample pen#ds

A.M.. 7 10-8 50 P.N 16 20-18 O0
Bate Bay IN OUT % stab~ IN OUT % stab8

tO-MarMon 7 110 6%
11-1VTarrue I28 8 94% 9 120 7%
12-MarWed 123 10 92% 8 137 6%
13-MarThu - 8 128 6%
17-MarMort 126 7 95% 5 121 4%
18-Mar rue 121 15 89% 7 133 5%
19-Ma[ Wed 129 9 93% 11 130 8%

Mean 125 10 93% 8 126 6%

aFractzon of vehzcles operating m hot stab~hzed mode

ill17-Mar (Mort) 
ra16-Mar (’rue) 

19-Ma, r (wecl)I

6-7 5.8 4-5 3-4 2-3 1-2 0.1
Soak period (hours)

F|~ure 1. DIstnbutlon of soak t~mes for vehJcles parked ;n the garage

day, 80-90% of vehzcles sampled during the afternoon
were also present during the morning sample penod, the
remaining vehzcles entered the garage ezther before 7 i0
or after 8 50 a m As shown in Table 2, on average 93% of
morning vehicles and 6% of afternoon vehzcles were op-
eratmg m hot stabflzzed mode About one-thlrd of the
vehicles exzting the garage m the morning had soak tames

of Iess than 1 hr
Soak ume dzstnbutaons for vehicles exiting between

I6.20 and 18"00 on the afternoons of March 17-19 are
shown m F~gure 1. This figure mdzcates that 70-80% of
vehicles exiting the garage during afternoon periods were
parked for 8 hr or more, and fewer than 5% were parked
m the garage for less than 2 hr. The age dzstnbutaon of

vehicles parked m the garage during the three-day period
is presented m Fzgure 2, along with the age dzstnbutmns
used by MVEI 7G for 1997 San Francisco Bay Area em~s-
szon inventory calculations MVEI 7G uses slightly differ-

ent age dtstnbutmns to calculate fleet-average cold start
versus stabdlzed exhaust emlssmns; both profiles are
shown m F~gure 2. The age dzstnbutmn of vehicles parked
m the garage zs s~m~lar to the age dtstnbut~ons used m MVEI
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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 fracUon of 1984--i993 model year vehicles

Drrnng m the garage conmsted mamly of tow-speed
operatmn at -10-15 mph Exit ames for vehicles parked

on level 2 ranged from 15 to 125 sec, w~th 90% of the
vehicles exmng w~thm 60 sec A mean emt tmae of 41 ± 3
sec was calculated from 43 observed tnps (vehicles start-

mg from all areas of level 2). Since the layout of the two
levels r: almost ~dent~cal, ~t was assumed that vehicles
parked on level 3 followed the same emt pattern as those
parked on level 2 Vehicles parked on the lowest level drove
through Ievel 2 en route to the garage exit m 28 + 1 sec
These ~eh~cles spent an add~tlonal -10 sec on the ramp
between levels 2 and 3 Therefore, vehicles exatang from
level 3 were m the garage for ~80 sec on average following
lgnihon In the mormng, vehicles reached their asmgned
parking spaces m 29 ± 2 sec after arnvmg on their assigned
level During morning penods, vehicles parkxng on level 3

spent 25 + 1 sec driving through level 2 and an add~tlonal
-10 sec on the ramp between levels 2 and 3 Since speeds
were strmlar and no s~gmficant traffic back-ups were ob-
served during any morning or afternoon penod, these ob-
servatmns confirm that, on average, vehtcles spent an ad-
d~nonal 10-15 secm tdle dunng afternoon penods

Pollutant Concentratio~
Average pollutant concentrations measured dunng each
sample penod are presented m Table I in th:s table, meth-
ane (CH~) and nonmethane hydrocarbon (NMHC) 
centralmns are reported separately Except for methane,
all pollutant levels were much higher m garage exhaust
mr than m background mr Background pollutant con-
centra~ runs were mm~lar for most mormng and afternoon

penod’,, except on the mornings of March !3 and 19, when
background concentraaons of CO2, CO, NO, and NMHC
were elevated COz levels mmde the garage were mmflar

Volume 4q February I999

dunng morning and afternoon periods However, after

accounting for differences between morning and after-
noon background CO~ levels, ACO~ values were h~gher
during afternoon periods (190 ± 26 ppm) compared 
morning penods (144 _+ 14 ppm) Since ventilation flows
and vefucle counts were mm~lar dunng morning and af-

ternoon periods, the h~gher ~,CO= suggests that more fuet
was burned per vehicle m the afternoon Th~s may be at-
tributed to two factors reduced fuel economy during the
penod of fuel enrichment at ~gmaon, and the longer ve-
htcle trip ames dunng afternoon penods as compared to

morning penods Garage CO and NO~ levels were much
Ngher m afternoon penods as a result of increased em~s-

mons of these pollutants dunng cold start In contrast,
NlVIHC concentrataons m the garage were sumlar durmg
morning and afternoon penods While exhaust NMHC
em~ssmns were expected to be h~gher during afternoon
periods due to cold start, morning NMHC samples m-
cluded hot soak evaporative em~smons m add~aon to ex-

haust em~smons
The composmon of volatile orgamc compound (VOC)

(includes both hydrocarbons and carbonyls) em~ssmns
measured dunng mormng and afternoon periods ts pre-

sented m Table 3 The morning profile represents a mtx
of stab~hzed exhaust and hot soak evaporatwe emlsmons
The afternoon profile represents cold-start exhaust em~s-
stuns for the garage fleet. The composmon of stabilized
exhaust VOC em~ssmns measured at the nearby Caldecott
tunnel during August 1996:sts also presented m Table 3
Overall, the garage cold start and tunnel stabihzed ex-
haust profiles are sm’alar The weight fractions of most
compounds are s~m~lar m the two profiles, and the same
compounds (methane, 2-methylbutane, ethene, toluene,
xylene, and MTBE) are most abundant m both profiles
The lower methane and h~gher acetylene fractions m the
cold-start profile are conmstent w~th the reduced catalyst
act~vtty expected dunng cold start ts-m However, the acety-
lene fractmn measured m garage cold-start sampling ~s
stxll much lower than that measured from fleets of non-
catalyst vehicles ~ t~z0 H~gher abundances of 2-

methylbutane and n-butane m garage cold-start samples
hkely result from the ~ncreased presence of these com-

pounds m higher vapor pressure gasohne sold dunng win-
ter months as compared to the summemme gasohne m
use dunng the Caldecott tunnel study,z~ By contrast, the
weight fracttons of methylpentanes and n-pentane are
h~gher m the VOC profile measured at the Caldecott tun-
nel dunng summer 1995 The cold-start profile md~cates

a higher ratio of Cr+ aromatms to benzene compared to
stab~hzed emissmns The increased Cz+ aromatics to ben-
zene ratto suggests a larger fraction of unburned fuel m

the cold-start profile The combined weight fractions of
formaldehyde and acetaldehyde are much lower during
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Table 3. Measured V0C spec~atlon proNes a

Specms fvlomlng Afternoon Caldecott ’96
Hot soak + Cold Start Stabilized Profile

Stabdlzed Ex Exhaust wt% VOC~
WP/o VGC wt% VOC

methane 5 99 ± 2 86 5 37 ± 1 3t 9 09 ± 1 25
ethane 030±017 052=003 092_+028
propane 029=006 061=008 012+004
r~-butane 679=14t 316±072 112=013
n-pentane 263=010 183=016 227+0"~8
n-hexane 1 31 =006 1 33=005 1 16__.010
n-hepmne 096=010 1 02=003 079=009
n-octane 062=008 070+004 035+014
n-nonane 020=005 0t7,+002 019=008
2-methy~propane1 19 ,+ 0 34 0 42 .+. 0 21 0 28 + 0 04
2-methy[butane 1011±073 591.,-091 895.,080
2-methylpenlane 5 32 ± 0 45 4 21 ± 018 2 87., 0 37
3-methylpenlane 3 17 ± 0 23 2 50 ..,- 0 05 1 70 = 013
2-methythex~me 0 40 ± 0 04 0 42 _+ 0 04 0 98 ± 0 09
3-methylhex,lne 1 06±013 1 14,+008 1 10=008
Ce+monosub a]kanes 133+029 148,+007 092=010
2,2-dsmethy; outanec 1 77 = 017 1 19 = 0 08 0 78 .-,- 0 06
2 3-dlmethylbutane1 75=012 1 13=:006 079__.031
d,methylpentanes0 41 ± 0 03 0 37 ± 0 05 0 82 ± 0 07
d~methythex~nes023±004 027=006 076=028
d~methylheptanes024=0tl 026_+008 057_+0t0
d~methyloctanee0 27 + 0 22 0 22 ± 0 06 018 ± 0 02
2,2,4-trlmethytpentane211±013 201_+007 242_+018
2,3,4-trlmethylpentane1 00 ± 0 07 0 94 ± 0 04 0 61 ± 0 09
cyclopentanec 0 46 ± 0 03 0 30 = 0 02 0 2I ± 0 08
cyclohexane 0 ,e9 ± 0 05 0 48 -, 0 04 0 84 = 0 07
metnyl cyctopentane2 92 = 016 2 68 -+ 0 07 2 38 ± 0 14
methyl cyclollexane0 54 ± 0 04 0 56 ± 019 0 78 ± 0 32
other C5-C9 alkanes 041_+010 057:=018 017±007
C10+ al~ne,, 047,,-014 022-+006 064±015
ethene 2 03 ± 0 71 6 02 = 0 35 5 67 + 1 0,~
propene t21=019 320_.+018 333=043
1-butene/isol:)utene1 37 ± 0 32 2 75 ± 0 38 3 43 ± O 37
c/t-2-butene 070=014 064-+007 064_+014
1,3-butadmn,=,d 0 24 +- 0 05 0 73 =- 0 02 0 45 + 0 10
1-pentene 024±017 021=005 013=003
c/t-2-pentene 0 39 + 0 04 0 29 ± 0 05 0 37 ± 0 06
other C5 aIk~nes l 00-,031 084,+015 1 03±024
06+ alkenes 0 75 +_ 0 03 0 78 ,+ 0 08 1 29 ± 0 25
acetylene 1 06±011 366=028 264_+025
benzene 144±0t2 230+011 303.+027
toluene 776_+062 920=031 770±032
ethyl benzene 1 12±0 19 1 36=004 1 12=005
styrene 005_+001 019+_001 028_+004
m/p-xytene 475±043 580=022 457=025
o-xytene 1 96 ± 0 40 2 09 +_ 0 07 1 56 ± 0 07
iso- & n-propyt benzene 0 30 +_ 0 07 0 31 = 0 03 0 31 = 0 04
m/p-ethyltoluene 0 64 + 011 0 77 ,+ 0 06 "~ 86 ± 0 08
o-ethyltotuene 0 40 = 014 0 49 = 0 06 0 33 = 0 04
1,2,44rlmethylbenzene 191=034 208=021 i50:=012
1,2,3-trtmethylbenzene 031 _+015 038,+015 022=001
1,3,5-trfmethylbenzene 0 55 ± 0 20 0 53 ± 011 0 00 ± 0 00
dlethyl~enzenes 0 97 = 0 50 0 96 _+ 0 33 0 38 ± 010
other C10+aromatlcs1 07±038 1 02=026 071 =019
MTBE 810=831 566±058 496=066
lorma[dehyd~ 0 41 ± 0 06 0 75 ± 0 01 1 96 ± 0 31
acefaldehyde 013,+002 038,+004 033=003
other carbonvls 051 +009 096=019 1 53±024
unidentified 387±216 361±214 336±205

abased on ar~tys~s of camster samples collected during afternoon permds
when 93% of the vehicles were operating m cold start mode
bMean _+ t standard dewahon ol the compound wt% from fwe sample periods
:2,3-dlmethylbutane coeluted wdh cyclopentane The peak was resolved
to 79% 2,3-(hmethyibutane and 21% cvclopentane
eThe number shown here ts a lower tsm~t, 1,3-butadmne was not stable m
the stainless steel camsters

cold start than during stabdzzed driving This difference

results from reduced aldehyde production during the fuel-

rich period following ignmon, and because combustlon

products are reduced relative to unburned fuel in the cold-

start proflle Morning VOC emtss:ons include larger frac-

tions of fuel components such as n-butane, n-pentane, 2-

methylpropane, and 2-methylbutane, and smaller frac-

tions of combustlon-denved compounds such as ethene,

propene, and formaldehyde These differences are consis-

tent w~th the presence of hot soak evaporative emlsslons

during morning samphng periods

Morning NMHC emlsszons were apportioned to ex-

haust and evaporative contnbutlons using a chemical

tracer approach This is described by eq 2 below

f st
Wt,g

= (2)
Wt,st

where f,t represents the fraction of garage NMHC attribut-

able to tazlpipe exhaust, w zs the weight fraction of spe-

ctes z in garage NMHC emissions, and w.. is the weight
fraction of species t in stabilized exhaust emissions shown

m Table 3 This chemical tracer approach was used only

with the combustion-derived species ethane, ethene,

aceWlene, and propene that are present m exhaust but

absent from evaporative emissions. Results of the appor-

nonment are summarized zn Table 4, which shows that

33--40% of mormng NMHC emissions were atmbuted to

taHptpe sources, the balance was attributed to evapora-

tlve sources

Emission factors were calculated for each sample pe-

nod using eq 1 and the time-averaged pollutant concen-

trations from Table 1, these emission factors are shown In

Table 4, Apportmnment of hydrocarbon em~ssmns to exhaust and
evaporative sources

Tracer wt% Exhaust Contribution to Total NMHCb

Spemes HMHC’ 12-Mar 13-Mar 17-Mar 18-Mar 1g-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%

~We~ght fractmn of specms m hot stabmzed exhaust emessmns measured at Caldecott
lunnel m summer, 1996 (see Reference 15)
~Fractmn of totai parking garage NMHC emissions attnbJted to tmlpape exhaust, est~-
mated using a tracer species and eq 2
:The weight frachon of ethene m VOC measured on March 13 was somfxcantly lower than
for al~ other samphng da~, the exhaust contnbutmn to NMHC on th~s day was calcuta~e~
using the average results from a~tyleoe, ethane, and propene as exhaust tracers
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’Fable S. Typical Cahfornza Phase 2 reformulated gasohne
9ropertzes pf = 743 g L-~ and wo = 0 85 were determined
~rom analyses of gasohne samples purchased from all of
lzhe malor supphers zn the Bay Area dunng summer 19962s

By convention, NO emzssmn factors were calculated us-
ing a molecular mass of 46 g mol-~ HC emxsszons were
calculated using a molecular mass of 14 g mol ~ C Emzs-

~,,zons of ea,:h pollutant were consxstent from day to day,
which zs expected since many of the same vehicles were
measured each day

Emission factors from morning and afternoon sample
periods were extrapolated by hnear regression to 0 and
] 00% hot stabilized driving The resulting cold start and
]:tot stabdazed emlss~on factors, shown m Table ~, differ
only shght]y from the emission factors measured during

afternoon and mormng periods Cold-start emission estz-
r~ates were further adlusted to account for differences
between emission levels averaged over the full cold-start
period and those of the first 60 sec (~ e., the period mea-
sured m the parkang garage), as described below

lrabJe 5. Exhaust em~sstan fao[ors m morning and afternoon sample Periods

Date O0 NO HMHC $tabl|ized
(g/gal) {g/gal) (g/gal) Fractmn’

tl/]arnmg Sample Periods
1 -Mar 264 10 N/A 94%
12-Mar 257 11 25 93%
1"t-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 Permds
lO-Mar 673 32 N/A 6%
1!-Mar 683 29 65 7%
1[,-Mar 573 27 68 6%
17-Mar 598 24 60 5%
1E,-Mar 640 24 68 5%
19-Mar 643 25 70 7%

AM meanc 251+2 103+_03 23±2 (93±2)%
PM meanc 635=7 268+_05 66__.4 (6±1)%

Stabilizedd 223 ± 17 8 6 ± 1 3 19 +_ 2 100%
Coldstartd 660±15 278+_1 2 69=:2 0%

Full coldostart~49 38 6 49
period~

~Racbon of aebve vehicles m hot s~ab~l~zed operabng mode
bNot available
CMean +_ standard error of morning and afternoon emission factors
%]sults of heear legress~on analys~s (see text)
~Cold start em’sslon factors adjusted to reflect the average emissions over Ihe full cold-
start per~od,esbrnated to last for- 200 sec (see text)

DISCUSSION
To interpret and use the emxsszons measurements from
the parkmg garage, more mformatmn ~s reqmred about
vehicle operation during cold start First, zt zs important
to understand how and over what time period the high
emissions levels observed dunng cold start fall to the lower
levels characteristic of stabzhzed operatmn W~th tins
knowledge, the cold-start emission factors measured m

the garage can be related to emissions dunng the full cold-
start period Second, since one of the obiect~ves of this

study ~s to compare garage results w~th cold-start emzs-
stun factors from MVEI 7G, an estimate of the average
fuel used dunng start mode zs required (recall that emls-
saon factors measured in the garage were expressed m
gram-per-gallon umts), The ensmng discussion of cold-
start emissions, and the estimation of fueI use dunng cold
start, are based on anaiyses of avadable dynamometer
emissions data

Fuel Use During Cold Start
The average second-by-second emissions of Z0 1993-1994
mode1 year hght-duty vehicles measured dunng the cold-
start pomon of the Federal Test Procedure (FTP) are plotted
m Ftgure 3 ~ The gram/gallon emission factors presented
m F~gure 3 were calculated using eq 1 and exhaust poliut-
ant concentrations measured dunng each second of the
dynamometer test 41though these were not m-use vehicles,
thetr catalytic converters were aged to s~mulate 30,000-
100,000 miles of driving Prior to testing, vehzctes were
soaked for a mzmmum of 12 hr at an ambaent temperature
of-70 °F In F~gure 4, catalyst temperature zs pIotted against

t~me and cumulative fuel use for three of the vehicles, re-
call that the catalyst mutt reach operating temperatures of
400-700 °F before szgmficant pollutant converston occurs

The FTP cold-start emxsstons profiles shown m Fag-
ure 3 begin w, th sharp HC and CO peaks that result from
fuel enrichment at ignition NO~ emissions remain rela-
tively low during tins period (-0-20 sec) even though the
catalyst zs ineffective. CO and HC emlssmns drop quickly
through the first -80-100 sec as the catalyst warms rap-
idly Catalyst temperature, HC, and CO emzssmns then
remain approxmmtely constant through the extended ~dle
period beginning at -125 sec By 200-220 sec, the vehicles’
catalysts have reached stable high temperatures and em~s-
stuns of HC and CO drop to their stabihzed values, as
shown m F~gures 3 and 4 In contrast to the smoother CO

and HC profiles, NO~ emissions are characterized by sharp
peaks winch result from each acceleration event These
peaks are highest during the first 80-100 sec, moderate

during the acceleration to >50 mph (~165-210 see), then
roughly constant m magnitude after about 210 sec

F~gure 3 shows that whde emissions are much higher

during cold-start driving than after vehicles have warmed
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Figure 3. Average second-by-second emissions of 20 Ig93-1994
model year vehzcles tested on FTP cold-start cycle Data from testF~g
descnbed in Reference 22

cumulattve fuel use increases By the time that -0 04 gaI
of gasoline have been consumed m each test, HC and CO
em~ssmns have reached their staNhzed levels While the
em~ssmns versus fuel use relatmnsh~ps are s~mflar for the
two cycles, ~t must be noted that the early portions of the
two driving cycles are also s~mflar Each cycle begins w~th
-30 sec of ~dle, followed by an acceleratmn to -15-25 mp,n

and a deceleration event, F;gures 5b-5c show that by the
end of th~s penod, em~ssmns have reached very low lev-
els, md;catmg that much of the catalyst heating has al-
ready occurred Testang of add;taonal veh;cles on dr;vmg
cycles w~th shorter mmai ~dle periods and different speed
traces ;s needed to examine further the relationship be-
tween cataIyst heating and fuel use.

Calculation of Gram/Start Emission Factors
The preceding dtscusston shows that the cold-start period
may be defined by the amount of fuel which must be
consumed before stabihzed engine and catalyst operat-
ing temperatures are reached If thts rue1 use ~s mult~phed
by the average gram-per-gallon emissions for the same pc-
nod, an cremate of the total grams of pollutant emitted
per start may be calculated Real-world cold start and hot
stab~hzed em~ssmn factors were measured in the parking

to stabilized operation, there ~s no
single emtssmns level that persists

throughout the cold-start period It
~’s therefore ~mportant to ~dentffy
clearly the permd over wh;ch cold-
start em;ssmns are averaged

F~gure 4 shows that m the FTP

¢7cle, heating of the catalyst to ef-
tect]ve operating temperatures ~s ap-
proximately linearly related to both
elapsed t~me and cumulative fuel

use Results from a recent U.S Envt-
~onmental Protectmn Agency (EPA)

,,tudyza comparing incremental start
em~ssmns dunng the first 298 sec of

the CARB LA92 (Umfied) cycle and
the EPA ST01 cycle suggest that the
relationship between catalyst warm-
up and fuel use may be mdependent
of the test cycle The speed versus
t~me trace of the two cycles are plot-
ted m Figure 5a, F~gures 5b-5c show
the HC and CO em:ssmns versus fuel
use for a 1984 Oldsmobile driven
through the two cycles. Reductions

m HC and CO emissions indicate
increasing catalyst effecttveness as
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F~gure 4. Second-by-second F"TP data descnbed ~n Reference 22 showing that heating of the cataf,/st
to e~fect~/e temperatures (400-700 °F) ~s app~o~matety hnearty related to both fuel use and elapsed t~me
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Figure 5. Cold-start data for a 1994 Oldsrnoblle Acn=eva tested on

EPA ST01 and CARB LA92 cycles (a) speed versus trine, (b) 
ern=s,~tons versus fuel use, (c) CO em~sstons versus fuel use Data
from testing are described ~n Reference 23

garage and are presented m Table 5 Fuel use was esti-
mated by analyzing a subset of emissions data from
Calffomla’s 12th hght-duty vehicle surveillance program 2s

The ongoing surveillance program recrmts for ennssmns
testing a sample of California m-use vehEles Results of
the 1 estmg provide the basts for emission factors used in
the MVEI model In the present study, second-by-second
emlssmns data were analyzed for 82 m-use vehicles tested
on the LA92 driving cycle dunng 1992. The mean and
median model year of the vehicle sample was 1987, the
mea,a odometer reading was 86,000 mites, and -25% of
the vehicles were l~ght-duty trucks Neither catalyst tem-
pera rare nor catalyst efficiency were measured during the
program, the end of cold start was therefore referred from
the em~ssmns data

?~gure 6 shows the average HC, CO, and NO enns-
slon factors of the 82 vehicles during each of the first 850

sec of the LA92 dr~vmg cycle A cumulative plot of aver-
age second-by-second fuel use is also included m Figure
6 In contrast to the FTP cold-start test, the early portion
of the LA92 cycle includes harder accelerations and more
hlghospeed driving. As a result, em~ssmns data from the
LA92, cycle fluctuate more than for the FTP (compare F~g-
ures ] and 6). Nevertheless, F~gure 6 shows that, on aver-
age, cold-start ,effects ended after -200 sec of operatmn
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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 w~thm the first 200 sec, stabd~zed emissions were

estimated from a later portaon of the driving cycle (550-
850 sec) which has a speed versus tame trace slmdar to
the first part of the LA92 test Average emissions dunng
thxs penod were 224 g CO/gal, 17 g HC/gal, and 20 gNOJ
gal These stabilized emissions levels are lower than en~s-
s~ons during the 200-sec cold-start period by factors of 3,
~, and 2 for CO, HC, and NO~, respectavel}:

Total excess mass emissions, M, for the cold-start
portmn of the cycle were calculated using the follow-
mg formula"

300

M = ~_.~(E - E,)f, (~)

where £, and ~ 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 E was the aver-
age stabd~zed em~ssmn level (m g/gal units) measured
dunng the period 550-850 sec Using th~s approach, it
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 vehmle
fleet A similar analysis of the FTP emissions data shown

m F~gure 3 produces comparable results 0 07 gal of fuel
was used and most of the cold-start effects occurred w~thm
the first 200 sec Analys~s of the FTP data also shows that
>80% of the excess HC and CO and 70% of the excess
NO, were emitted during the first 100 see of the test; dur-
ing that period only 0.035 gal of gasohne were consumed

Emlsston factors measured m the parking garage cor-
responded to the first -40 and -80 sec of operation for
veh~cles parked on levels 2 and 3, respectively For the
surveillance program vehicles, average emissions dunng
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 NO
em~ssmns dunng the first 200 sec were h~gher 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 emlssmn factors representative of the full
200-sec cold-start period, these are shown at the bottom

of Tabte 5 Incremental start emission factors were calcu-
lated as the difference between full cold-start emlssmn
levels and the stablhzed emlssmn levels presented m
Table 5 Incremental start emzssmn factors (m g/gal
umts) were then combined w~th the emmated coId-
start fuel consumption of 0 07 gal to calculate exhaust
em~ssmn factors of 2 1 g NMHC, 16 g CO, and 2.1 g

NO per vehicle start
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Figure 6, Aw-age secor~-by-second em~ss~ns of 82 I~jht-duty ~h~cles tested ~n CARB LA92 cycle Data from t~ng are de~cnbed in Reference 24

Comparison to IffVEI 7G
Fxgure 7 compares the gram/start emtssmn factors derived

from parlang garage measurements to MVEI 7G model
esttmates for a catalyst-eqmpped fleet of 70% cars and
30% light-duty trucks. The MVEI 7G model was run for
summer 1997 condtt~ons to reflect the ambzent atr tem-
peratures of -65-75 °F at which vehicles soaked m the
garage. The d~stnbut~on of soak t~mes measured m the
garage also was specified for the model runs MVEI 7G
cold-start emission factors are higher than those derived
from parbng garage measurements by factors of 1 8 forNMHC and 2.8 for CO, whereas MVEI 7G NOx emlssmn

factors are comparable to those derived from parking ga-
rage measurements. Thls suggests that the absolute mag-
mtude of incremental cold-start NMHC and CO emis-
sions may be overstated in current emission inventories
When combined w~th prewous studies which have shown

that hot stabd~zed HC and CO em~ssmns may be s~gmfl-
cantly understated, the results of th~s study suggest that

the ~mportance of cold starts as a fraction of total on-
road vehicle em~sstons of HC and CO may be substan-

txally overstated m current emtss~on mventones.

CONCLUSIONS
This study demonstrates the use of underground parking
garages for the measurement of cold-start emissions from
large samples of m-use vehtcles Cold-start emission fac-

tors of 69 ± 2 g NMHC/gal, 660 + 15 g CO/gal, and 27 8 ±
1.2 g NOJgal were measured dunng the hrst -40-80 ~ec

of vehicle operation m a parking garage m Oakiand, CA,
dunng March 1997 Average fuel consumptmn dunng start
mode was estimated to be 0 07 gal, based on an analysxs
of second-by-second emissions data from California’s

hght-duty vehicle surveillance program Incremental start
emisston factors of 2 1 g NMHC, 16 g CO, and 2.1 g NO~
per start were denved from the fuel use esttmates and the
em~sstons measured m the garage These em~ssmn factor
estimates are lower than MVEI 7G esnmates by 45% for
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FtSlu~ 7. Companson between ~noremental start em~smon factors
calculated from garage measurements and predtcttons of the MVEI

7G model

NMHC, 65% for CO, and 12% for NO, It appears that

bol h the absolute magnitude and relative importance of

cold-start CO and HC emissions may be overstated in

current vehicle enllSSlOn mventorles
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