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Automotive emissions of carbon monoxide (CO), hydrocarbons (He), and nitrogen oxides (NOx)
are factors metropolitan US~ Important progress has made the past
quarter century to reduce these emissions, but in some regions much more progress is neededo
Moreover, increased driving will destroy even the progress that has been made unless the emissions in
grams per mile of driving are reduced furthero

There are three major sources of exhaust emissions: test, off-cycle, and malfunction,
emissions measured in the regulatory or tests, excess at higher power
than the tests, and the excess caused by malfunction of on-board emissions control systems (ECS),
respectively 0 Fuel-related sources other exhaust are evaporation upstream fuel processing~

These four sources are roughly comparable in importanceo deals these, but focuses
on the two loopholes in the exhaust emissions control program: off-cycle and emissions~

potential

e determine average lifetime grams-per-mile (g/mile) emissions a model-year (MY)
car through u.~,.""",JI.'V~ emissions are a ut

test els, a'AA~ .L 'I '"'

00 and MY201
re~~UI,ltoxv changes and
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1m Introduction and Summary

1z1a History

Air pollution by cars and light trucks is a major problem in metropolitan areas in the United
States and around the worlde Much of the discussion of this issue is based the emissions per vehicle
mile as determined under somewhat artificial testing conditionse The pollutants actually emitt vary
considerably with the particular vehicle and the way it is driven, but the average emissions per mile are
much higher than the test values" This report concerns the sources and levels of excess emissions, and
the potential for reducing them"

The history automotive emissions regulation reveals remarkable success reducing
ellliSSlons carbon monoxide (CO), hydrocarbons (He) and oxides of nitrogen (NOx) from new
automobiles - as measured in certification tests" The grams-per-mile (g/mile) standards for these tests
are stringent, with 96% reductions mandated comparison to the estimated pre-control (mi 1960s)
levels for and and 75% reductions mandated NOx6 Powerful new technologies have en
developed incorporated into every new vehicle order to accomplish these reductionsq Most
noteworthy are the catalytic converter closed-loop engine controls; the latter includes sensors before
and the engine proper, and computer analysis of the information leading to real-time control of fuel

the objective maintaining just right chemical balance of fuel and

During same period emission standards were reduced by 96% compared to
unregulated emissions, the "real-world" g/mile emissions of CO and were reduced by roughly 75%0

increased about a factor of 2 during that period, total automotive
50% average) 6 real-world exhaust emissions had matched

.B!,'ll.-'U-y,"",,,.aVAA of total automobile exhaust emissions of roughly 90% would have been
,"",J..~Jl•.a'llWA'''''lJIlJIlg the 50% reduction total automobile exhaust

noticeable some metropolitan areas where pollution is

our nation's air has improved" For the ten-year
AA""..aV.8I.AIIl.4..8I. average the "second highest non-overlapping 8-hour average

ambient air quality regarding CO) dropped by 34%0 Since
cars and trucks, one must agree with the at least the

indicates the Federal Motor Vehicle Control Program has been
__...... ,.,.&_4...... more offsetting growth during this period (USEPA

of auto emissions regulations on ambient NOx and ozone concentrations is less
to the more complex atmospheric chemistry of these species and because the motor vehicle

"""'·VAJ!.It,..&..8I.IV~"AV.8I.A to overall He and NOx emissions is proportionally less than it is for COo However, the
reported a 21% decrease the national average "second highest °ly maximum one-hour

ozone concentration" from 1983 to 1992 (USEPA 1993)e addition, over the same period, the
population exposure to unhealthy levels of ozone Angeles was cut half and Kelly 1993).
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spite this important progress, air quality is far from satisfactory in many major metropolitan
areas.. Moreover, vehicle travel continues to grow, so that, unless the g/mile emissions are further
reduced, the progress will be eaten away - about as rapidly as it was achieved.. The large discrepancy
between the regulatory tests, called the Federal Test Procedure (FfP), and real-world emissions is well
known (Calvert et aL ).. It is a major focus of planning to continue the reductions in automobile
pollution (Clean ir Act endments 1990 - CAAA90); but while manufacturers have been able to
meet the strict certification-test standards in the FfP, two major loopholes the approach based on
those tests are causing the much higher emissions real world driving.. The loopholes are "off-cycle"
driving, essentially driving at higher power than is represented in the FfP, and malfunction of emissions
control systems (ECS)$ Primarily due to these loopholes, average emissions of CO and He by cars on
the road are about five times greater than the new-car tailpipe standards, and NOx emissions are
estimated to be about twice as high (USEPA 1994b)~

Special regulatory initiatives aimed at closing the malfunction loophole have long been on the
books: "in-use" testing with recalls, and inspection and maintenance (I&M) programs. Broadly
speaking, these efforts have not been successful; the emissions reductions they achieve are a small
fraction of the emissions addressed.. More particularly, in-use testing is unsuccessful because the law
states that manufacturers are only responsible for the emissions performance of vehicles which have
been "properly maintained and used"; and response to this wording, the vehicle recruitment and
screening procedures of the in-use tests make the observation malfunctioning ECS unlikely$ This is
one the key issues report The I&M programs are also severely flawed. Efficient
identification of malfunctioning vehic s through smog inspections has proven difficult$ Making lasting
and effective is even more difficult: diagnosis can be complicated, it appears to be much

to make a to identify and the malfunction..

policies are needed and are the works, largely as a CAAA900 We refer to
ur_~''''Jl.''''''AJl.iA~'''''A.II.Ib-I~ certification tests we project would close much of the off-cycle

new information technologies to identify ECS
implemented intelligently and with vigor, lead to closure of mu,?h of the

sources will not eliminated$

1 Analytical Results

emissions (exhaust, evaporative and fuel
,*,VAAll.AV.ti.Jll.M.A !h'..Q,4to.JiVA.Aldl."""-AY\',1J1,."""U cars years (MYs) 1993,

_&./I. ....' ....£A_ pollutants: and NOx.. Average
lifetime mileage.. Light trucks are notinto

R..ln1rot"nt:.ll.IJIC''f" states is assumed..

V_A~""I.)7_Ul$ 1) to current sources emissions and potential reductions
"'-A_IL'L,Il"L...... over policies to reduce emissions from conventional vehicles, 2) to

alternative-technology vehicles.. Conventional vehicles are taken
VIiJ'....JI,..Ji.'-',"'" by internal-combustion engines of the present configuration$

'( """.l~.A\,.IA'""t;;j fall two classes terms of this report: Those which are intrinsically clean at the
battery-electric or hydrogen fueled fuel cell vehicles) and those w h are combustion-based

low emissions certification on powerful ECSo For analysis of the latter, this report has a
same loopholes of off-cycle driving and malfunctioning ECS will probably contribute

emissions of these alternative vehicles, insights can obtained by studying these
iO>r1n'fC"C""Innco sources conventional vehicles0
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The approach in this report is to categorize emissions by their physical source, estimate them for
model year 1993 and then to consider the improvements likely to be made in the various sources and the
corresponding emissions reductionso The well-established sources are:

(where1) properly-functioning warmed-up (hot-stabilized) cars moderate on-cycle
on-cycle means driving that is represented in the FfP),

2) cold start for cars with properly-functioning emissions controls,

3) evaporation from the vehicle, including malfunctioning evaporation control,

4) off-cycle operations with properly-functioning emissions controls (with the focus on driving
that involves higher power than occurs or is emphasized in the

5) malfunctioning emissions control systems (ECS) affecting tailpipe emissions, and

6) upstream emissions (from fuel extraction, transportation, refining and distribution).

are exhaust emissions except (3) and (6).

We examine in some detail two of largest emissions sources not measured the certification
tests: the sources (4) and (5) just listed. We make use some relatively new data: a) sets
dynamometer data involving both moderate and aggressive driving, with detailed emissions and vehicle
operation measurements, b) measurements on instrumented cars recording how cars are driven
ordinary use (Leo "in-use" vehicles), c) a large set 1991 remote-sensing measurements, recording
emissions concentrations from identified in-use vehicles, and d) emissions collected from in-use vehic

on a dynamometer "as received," rather than being screened and conditioned before testing.
measurement sets are briefly described section For both sources (4) and (5) accurate analysis

is difficult because incidence problem is while emissions per affected
vehicle/driving pattern are large~

Evaporationd

NOx
0.090 0.201
0.071

1.658 178 0.091
3.304 0.339 0.362
0 005 0
7.9 0.12 0.3
6 006 O.Se
0.063 00098 0.315

17 1.7 108
304 0$41 1.0

6) stream
Total
1993 tail i e standard

a) The sources are weighted so that the average per-car emissions are shown. See the discussion of
distance-weighted incremental emissions at the beginning of Appendix A.
AU are exhaust emissions except (3) and (6).

c) Properly-functioning cars.
MOBILE 5a estimate.

e) The NOx malfunction estimate is simply the difference between the total exhaust NOx emissions
estimated by MOBILESa and our estimate of sources (1)+(2a)+(2b)+(4).
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Table 1.1 shows for MY93 that total emissions of CO and- He are about five times the tailpipe
standards and NOx is about twice the standard. It also shows that in moderate driving with properly
functioning ECS, exhaust emissions satisfy the standards. (Legally, row (1) plus two times row (2a)
should be compared with the standard0 ) Manufacturers design vehicles to test at rougWy half the
standard0 (The test values for NOx are even lower than this relative to the standard, because the
California standard is lower.) We predict that vehicles will continue to be able to meet increasingly
strict standards in certification tests, as is shown below in table 1.20

High-power driving leads to high CO emissions because at high power -- generally meaning
power levels that exceed the maximum power levels in the FrP - vehicles are designed to command a
rich fuel-air mixture, which requires that the ECS be overridden~ One consequence is that when one
attempts to drive low-power vehicles as if they were high-power cars, their ECS may be overridden for
long stretches of driving, making low-power vehicles some of the worst polluters on the road. Off-cycle
emissions of NOx are also high because of the sensitivity of NOx formation to temperature inside the
engine cylinders, and therefore powero Assuming the proposed new testing rules are adopted an
effective form, we predict reductions off-cycle emissions in table 1 and figures 1~1, 102 and 103
belowo (See section 504 and Appendix section Bo43)

Vehicles with malfunctioning are the source almost half each the pollutants (table
10 The measurement of CO associated with malfunction is far superior to that of the other pollutants.

we find malfunction emissions to be strongly vehicle-model dependent Interpretation of this
result be higWy controversial because the emissions community embraced the concept (primarily

study 1970s and early '80s-model year cars) that failures are due to abuse by individual
owners et 1995)0 data on more-modern models not support this

different viewpoint 2- to 5-year popular cars of Asian
the remote-sensing survey California, malfunctions are rare

frequent many less-expensive models of each of the manufacturers 0

V.n..I£,.UJi.UAAJi..l.il.J;;.. these data support our view responsibility is fundamentally the
owner or (See and Appendix section

survey, roughly one-fourth of the vehicle
Among the models in worst

average over vehicle life

1.1 008
O.25d 0.125c

0026 O.
o 0
0.1 1
0.6
0.31 0.25
1.3 008
004 0.2c

NOx
MY2000 MY2010

2010

0.22 0011
0&37 O~37

00036 0.036
004 0.2
00097 0.085

He
MY2000 MY2010

MYs2000

5
0.063

a) Properly functioning cars~

b) MOBILE5a prediction.
c) Tier 2 standardso
d) Non-methane hydrocarbons.

10
i e standards 3.4

6



Table Seasonal emissions (g1mile) for MY93

Seasona!1YH",-r,cU'nA1,,\T

Adi·ustedl total

Winter
CO
1
18

Summer
He

2.0

Hot summer
He

Hot summer
NOx

quartile, some 10% to 30% of the cars are malfunctioning. these models, average car (averaged
over malfunctioning and properly-functioning cars) pollutes about 10 times as much as a properly-
functioning car. Some other models, including models, are to have low
malfunction rates. That is the basis for our prediction manufacturers could meet a tough
standard for robustness of ECS. Our prediction that they will meet such a standard is based on the
environment that will be created if the new technologies to identify malfunctions, remote sensing
on-board diagnostics (OBD), continue to be vigorously pursued; and recalls based on them enacted.
two kinds of instrumentation are rapidly improving in their capabilities, and a few years should
flooding us with good information. The predictions for reduced malfunction are shown
table 1

and summer,
AVU>UV"-'y. compared to

is shown

totals 101 are averages over summer
emissions are 1 g/mile higher than

(2b) and (2a)o emissions are
evaporative emissions, row is the average 001

account start summer Q"ll"'Ii"'llllC'C"'lI"~"C'

emissions is
summer

~_iJ'_"""'U A_a""&A_'£'!l we stress that both analysis of emissions and
substantial uncertainties 0 MY93, biggest

on: a) the extent and nature emissions we have
emissions cold start from vehicles with m functioning S, d

properly-functioning cars on-cycle driving 0 (a), we simply show
'lMl"\n~"'lI"l1'_r'lO'll"ll__ emissions as the difference between the emissions we are able to estimate and the total

emission factor model MOBILE5a (USEPA 1994b); is, however, no evidence
large malfunction emissions "as-received" (section (c) our data is

cars; the "as-received" suggests vehicles as much (due

7



Figure 1~1@ Sources of CO emissions for model
years 1993, 2000 and 2010 cars, average over

vehicle life

Figure 1~20 Sources ofHe emissions for model
years 1993, 2000 and 2010 cars, average over

vehicle life

O.S

1.0

1..5

0.0
MY2010

Evaporation
_ Upstream

e Malfunction
~ Off-cycle

Hot., on-cycle + cold s
~Tailpipe standard

:MY2000:MY1993

2.0...,..-..---------------- 2.0

1.5

0.0

16

10

6

2

12

4

o
MY2010

_ Upstream

Malfunetion
~ Off-cycle
EI Hot, on-cycle + cold start 14
-~Tailpipe standard

MY2000

~-------------------,1818

16

14

12
4)

110
4)

i 8

0 6t,)

4

2

0
MY1993

to deterioration as distinguished from malfunctio'n)~ addition, due to of accurate data, the
IVA.""U.A"""""U. reductions all pollutants associated ECS (tailpipe) are based on
analysis of aloneQ Moreover, the latter is based on remote sensing data for MY87-89 vehicles, taken

1.. one to examine cars over a longer age span; the analysis
we decided, limits us to MY87 and Another

is simply taken from nominal
The ones we have out here

2.0....,----------------__ 2.0

0.5

1.0

0.0
MY2010

serious data

IllllIlD Upstream
e Malfunction
~ Off..cycle
• Hot, on..cycle + cold start
~Tailpipe standard 1.S

MY2000

spite

MY1993

1~3$ NOx emissions for model
1993, 2000 and 10 average over

vehicle

1.5

on our predictions?

tables 1.. 1 and 1 are
U~.\I.A.\I..\I.AJII.~hIlA£J""''-Jl. graphically figures 1~ 1, 1 and 1o3~

predicted MY2000 emissions are 60%, 65%
72% real-world MY93 emissions
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He and NOx, respectively* The reductions in malfunction emissions are small because there is not a lot
of time changes in the approach to malfunction emissions to affect lifetime emissions for MY2000G The
reductions could well be much smaller than we predict for MY2000.. F MY2010 we project that
lifetime average emissions of CO will be uced to 1/3 of MY93 levels, and those for He and NOx to
about 1/2 and 2/5, respectively,

1@3~ Policy Implications

the light of our analyses, we draw a number of conclusions about policy:

1) connection with the core the regulatory program, compliance testing new vehicles,
we stress the importance of developing instrumentation and information to support this effort.
The failure to make an adequate effort to improve instrumentation and information
1980s badly served the manufacturers, regulators and public 9 Better information leads not
only to more-effective regulation, but, if well-handled, can also lead to simpler regulationso

2) We find forecasts by the regulatory emission factor models are
not based on detailed analysis relevant to the regulatory scenarios which are named, and so
can be misleadinge For example, a program
has no malfunctioning vehicles.

3) potential for effective
two doubt 1 assumptions:
responsibility, that

rams is dubious our because they are based on
E S are fundamentally the

emissions reductione

4) remote technologies now development, and "as-received"
in-use vehicles, are all highly nrr\t'nllC'U110" as tools could be

1·t'11~n""'f"-ann emissionse

new technologies
reduce malfunction

A.ll.JIl."'·A~!l.Il,toJI.AA~I~ variety regulatory initiatives, we suggest that the
could commit to reduction real-world emissions,

instrumentation now becoming available9 (ood
criticaL) real-world emissions could be adequately measured at

the basis for simpler regulations9

rec,ornunf~naat1()ns are explained and discussed section

are two policy approaches to reduction of vehicular emissions
are highly controversial: The emphasis of the official national approach embodied the 90

is to require new verne to perform better, with lower g/mile, the 1 oratory-like tests to which
now are subject for emissions certification. There are various stan as Tiers 1 and 2

nationally, and and Ultra-Low Emission Vehicles California~ These new vehicle standards are

9



complemented by I&M programs and in-use testing, aimed, principle, at keeping ECS functional, or
repairing them if necessary.. The justification for this approach is that the regulatory structure of the past
two decades has led to substantial emissions reductions, and the various players are used to it; so it
should be continued in a strengthened version.. If this program is regarded as defining g/mile emissions
goals, the means for carrying them out have been inadequate.. On the other hand" one can regard
this program based on the certification tests as a means to reduce real world emissions. this view,
real-world emissions will continue to be substantially higher than the test limits, but that is acceptable as
long as progress is made.

New regulatory initiatives (required or study items the CAAA90), which have not yet received
widespread attention among non-specialists, are the basis of the second approache They emphasize
closing the loopholes in the old approach rather than creating yet cleaner vehicles the original
certification test. These new initiatives are: a) EPA's proposed supplement to the new-vehicle
certification test aimed at sharply reducing off-cycle emissions, and b) radically-improved information
technologies to identify ECS malfunctions (remote sensing, OBD, and "as-received" in-use tests),
regulatory mechanisms to reduce them accordingly -- primarily through improvements new vehicles,
rather than through repair of existing vehicles~ The argument for this change emphasis is that the
emissions associated with the loopholes are larger than those measured the certification test (table l@!,
figures 1~ .3)~ Moreover, sources of the loophole emissions are different, so the absence
effective targeted measures, little further emissions reduction will be achieved by stricter standards on
t'"'1""\'it"ll1lTc"n'tlllAn,f'}1 vehicles under old certification tests~

two approaches are not necessarily conflict so why not pursue them
are that high costs to an unfocused campaign

policies. e regulations may poorly carried out because
AJl.AAJLJI.~~''-lIl- budgets agencies. addition, very strict certification test standards

encourage technic development (section 6.6)~ Perhaps most important, there
trying to do so many different things, especially ineffective things.

analysis this suggests emphasizing the second approacho Our analysis
policies will reduce emissions associated the two loopholes about two...

recommend these policies be vigorously pursued, including strong support for
lnSlrUme'nIGlllO'fl to create publicly-available information on real-world

.il.""~'-'Jl.V".III.VA.'J"IJ~ we suggest the manufacturers and regulators propose
6~7)~

MI!JJi..,.'AVIMP.VAAIlll lln~rA'.lC'1nl"rB'u strict standards for new conventional
not address the loopholes or have been found only

they are costly. terms of conventional-vehicle emissions, we
is our opinion; the analyses this report not

is successful, the second approach will not fully close the loopholeso
success eno 2010? While we are impressed the progress

'1 'l;..IA'~"A"'AAIj,.Ij,.£. cars, we do not draw a conclusion on thiso third approach aimed at
V""'AJU""Il.~J.u.A. emissions the longer term comes in here0 This policy focus is creating and

vehicles which are intrinsic y clean at vehicle (eegD electric or hydrogen fuel-cell
or vehicles that t be much cleaner· through use of new propulsion technology (hybrid

with energy efficiency, and/or alternative energy such as natural gas or
Some of these may prove successful as vehicles as well as having lower test emissions

10



and suffering much less, or not at all, from ECS malfunction4 In this approach, radically lower test
standards are viewed as goals for real-world alternative vehicles. These standards would force industry
to bring new propulsion technology to the market (The emissions from such alternative technology
vehicles are beyond the scope of the report.)

Areas which suffer from especially severe urban-air quality problems, such as Southern
California, will continue to experiment with intrinsically clean vehicle technologies. We are enthusiastic
about the opportunities, but in this report we do not analyze these technologies nor address policies to
encourage them.. We hope, however, that our prediction of real-world emissions from conventional
vehicles manufactured at that time will help people evaluate potential new propulsion technologies and
policies to encourage them..
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2~1aa An Informal History of Tailpipe lIiloso!eal§II~~'II'l1il#III~I'!!llii!I' Regulation up to 1990

The tailpipe mass emission rates (grams of pollutant emitted per mile driven, or g/mile) of three
pollutants are currently regulated as part of the effort to achieve healthful air quality across the US:
hydrocarbons (He), oxides of nitrogen (NOx), and carbon monoxide (CO)a The history of automobile
exhaust regulations begins essentially the early 1950s, when Professor A~ J~ Haagen-Smit of the
California Institute of Technology first suggested that He and NOx, two by-products of fossil fuel
combustion, react in the atmosphere presence sunlight to form photochemical smog. Smog was
becoming an increasing health concern in southern California, and political pressure was mounting to do
something about it (Krier 1977)0

After more than a decade of debate over the contribution of automobiles to the air pollution
problem, the first tailpipe exhaust standards in the country were applied to the 1966 model year (MY)
vehicles sold California~ Following the lead of California, The Motor Vehicle llution Control
Act 1965 89-272) authorized the federal government to set motor vehicle emission
standards nationwide9 e first federal standards and exhaust concentrations from

cars sold The Quality Act of 1967 98-148) mandat uniform auto emission
standards throughout the country with the exception of California, which was allowed to continue setting

own, stricter standards. Subsequent federal standards have more or less followed
standards tables 1

91-604) marked a major change federal
current policies.. "The automotive targets

the existing technological capabilities
designed to 'technology forcing~'

..._-....44__ a experience 1950s and early 1960s: that they could
automobile companies or on forces alone for the development of

saw the standards as the way to

range of mobile as
standards were sin

to the ,""n'll''''1ii"o~nf'1'(''illC' "il""ol,r}1'"'llr~nC'lh'll~

.... __.loo'A-.&. government during the formative years
American autolnobile manufacturers entered into a

to share technological developments the area of
agreement was to expedite the introduction

Justice Department found evidence that the
manufacturers and was delaying the introduction

a consent decree allowed the automobile industry to
cross-licensing agreement without admitting any wrongdoing

July, 1972, that some MY73 cars were being equipped
y'V'A.JP,._"'.III.'-'AA re"'M1l'"~"'~ measures when cars were driven under

(described section
is performed



higWy controlled, laboratory conditions. "Specifically, it was reported that emission control systems
would shut off when the engine was idling, when the outside air temperature was .below the minimum
test level of 68 degrees, or when major accessories such as air conditioning units were operated (Senate
Committee Print 1973)." Here, the auto industry obeyed the letter of the law, but not the spirit Federal
regulations were changed to prohibit the use of "ouan auxiliary emission control device [ABCD] that
red.uces the effectiveness of the emission control system under conditions which may reasonably be
expected to be encountered in normal vehicle use, unless... [t]he need for the ABeD· is justified in terms
of protecting the vehicle against damageu." (40 CFR 86.094-2)" (This exception allows for the use of
command enrichment of the fuel-air mixture introduced into the engine, which severely reduces the
effectiveness of the catalyst, but which may be necessary to protect engine and catalyst from
overheating during high-power episodes.)

Due to claims by the auto industry the early '70s that they could not meet the planned 1975
emissions standards time, the 1975 standards were waived by and were eventually put
until MY80 and MY81 the CAAA77 (PL 95-95)0 In addition, the NOx standard was relaxed *

However, EPA Administrator William D$ Ruckelshaus allowed California to maintain its more strict
1975 standards, all but requiring the auto industry to use catalysts on MY75 vehicles sold in California0
Ruckelshaus intended that California· would be a proving ground for catalyst technology
Hearings 1973).

federal tailpipe standards for for MY8 called g/mile emissions only 4%
pre-control levels0 However, actual in-use emissions are very roughly one-fourth of pre-control
Meanwhile, have roughly doubled since 1970, so that total motor vehicle emissions

reduced or less$ story NOx is ..:;II..Ii..!JLAJlI.AA~

revised standards the C 101-549) were a response to
VVJl""'AAACI in the the perception reductions automobile emissions

axman 1991)0

1968 through 1993 force many
some cases, improved fuel economy

Among these innovations are:
________ .-. 1>V....,.I8..II..ll-Jt.....,.&.U .. exhaust gas recirculation (EGR); catalytic

computer-based sensors

evaporative and "-M..!i.A&-/..Ii.II-<' .......

that have reduced emissions and,

Regulations for 990s

of emission standards {table 2$1)0 1 standards are to be
to 1996, and call for a 35% reduction in tailpipe (chiefly

a 60% NOx compared to MY93 standards0
the 1993 leveI~ (The 1993 standards are sometimes

2 standards are scheduled to take effect MY2003 vehicles
1 standards three pollutants half& The 2 standards can be waived by

are found to be not technologically feasible, not cost effective, or

Low Emission Vehicle Initiative0 The California Resources has established a
~.!JLAA..B..l..::'l..::'~lVAA vehicles/clean fuel program to reduce mobile source emissions California during

and late-1990so defines four vehicle types addition to conventional vehicles (CVs):
-""J.A.lU.~~.tV.U. vehicles vehicles (LEVs), ultra-low-emission vehicles



(g1mile)2~10 Federal passenger car tailpipe emission standards at 50,000

Model Year Total He Non-Methane He co NOx
1981...93 0.41 3&4 1.0
1994a 1 304 0.76
1995a 0.27 3.4 0.52
1996-2000 0.25 3.4 0.4
2003 nb 0.125 1.7 0.2

a) The Tier 1 standards established in the CAAA90 are: 0.25 glmile for non-methane He, 3.4 glmile for
CO, and 0.4 g/rnile for NOx. The amendments require 40% of an automaker's produced passenger cars
must meet these standards for 1994 model year, 80% for 1995 model year, and 100% thereafter. Fleet
average standards for non-methane He and NOx were calculated with the phasing-in schedule. To
calculate the average of non-methane He from THe and non-methane a conversion factor of 0.85
from THe to non-methane He is assumed.

b) The Tier 2 standards established in the CAAA90 for 2003 model-year vehicles may be implemented if
EPA concludes the need for further mobile source emission reductions. If adopted, appropriate
standards win be enfofced for vehicles up to 10 years Of 100,000 in contrast to the enforcement
of standards for vehicles up to 5 years or 50,000 miles before 2003.

vehicle types is

new
introducing these four

1Il""\.~r~n'1l""1li1nl"'ll is

are focus much of this
_.01..0<. to strengthen the various efforts aimed at

discussed as sections..

Testing Procedures

new cars highly
P are published

.il.Ji.c.4.IUU.V.iAJi.1llo.'\.VA. using a prescribed speed-time
MIoJIIoJI'VV.Jl'UIf,.'I",''!tJo V..lr""AAM"U~1l... is captured sequentially three separate bags

50,000

0.075 00040 0.0
3.4 0.0

NOx 004 0.2 0,,0
a) stringent) standards were established at 100,000 miles.

NMOG (non-methane organic gases) are non-methane He + ketones + aldehydes + alcohols.
c) Emission standard of non-methane HC.



analysis~ A dynamometer is a ki~d of treadmill for cars consisting in the newest models of a large (48
inches diameter) steel roller, or in older models of smaller (8.65 inches in diameter) twin rollers on or
between which the vehicle drive wheels rest The dynamometer is capable of providing variable
resistance to the drive wheels, depending upon speed, thus simulating the loads that the vehicle would
experience when driven on a road~

The FrP driving cycle was developed the late '60s to be representative of a commute to work
in city of Los Angeles~ However, dynamometers of the '60s were not ·le to handle accelerations
greater than about ±3.3 mph/sec, so that the maximum acceleration in the was limited to this value
(Kruse and Huls 1973). As a result, FrP driving has been artificially restricted, requiring only moderate
power output from cars, with essentially no command enrichment See section below0

As mentioned, three bags of exhaust are collected during 1) cold start, 2) hot
stabilized driving, and 3) the hot start The cold start bag is intended to measure the elevated tailpipe
emissions that occur during the first several minutes of driving after start-up following an overnight rest,
or "soak," when the vehicle engine and catalytic converter have cooled to ambient temperatures
around 700 P (section 4.2)0 Bag 2 represents warmed-up, or hot stabilized, driving during which the
emissions control system is fully functional, bag 3 determines emissions during several
.l'...A..lA..lJ"".~"''''''t.Jl following start-up after the vehicle has soaked only (section

The manufacturers measure and report to
multiplied by distance-weight factors (table

standards (40 86~ ~ 4Io.ll..4I..J8" .... -,,"'-I!.

the g/mile emissions for CO, He, and NOx
added together to compare to

to revise the as
cars are actually being

__'VL.JV ..... _ Vl'l1fi.o1"'\"\f'::tllTll"Mlrrt to revise

are intended to measure tailpipe
original aggressive driving

following start-up, driving with the
1995b).. The proposes to

6JPUAiI.MlU'.2.V weighting factors) the original

use a auditing"
and determine which engine families to audit

select vehicles from the end of the assembly line and
40% of these vehicles fail the standards, an engine

or can the production of engine family and order
'l'VAAlA,1IlJ"IJl'l",,\JI already produced. About 10 years ago there were some engine

Recently there have been virtually no engine

.LO ............. ....., a manufacturer starts production a given engine
must an emission certification application to or application form,
J!,.JlA~.J!..Il\4.Il..""'Ilo-U.A'V.ll. presents results emissions testing: rates at about 4000 miles and emission deterioration

or whether meets lOO,OOO-mile



To generate emlSSlOn deterioration rates, manufacturers have to run sample vehicles on
dynamometers to accumulate mileage~ Recently, EPA and CARB have begun to allow manufacturers to
run engines rather than vehicles to age emission control components, then installing the component on a
vehicle to test emissions at high mileage & If a manufacturer determines that there are no significant
changes engine and vehicle designs between the current model year and the previous model year for
the same engine family, the manufacturer can carry over the deterioration rates generated for the
previous model yearo

In-use tests~ EPA and CARB also use "in-use" tests and associated recalls to try to make sure
that in-use vehicles meet standards during their first 50,000 or 100,000 miles 0 Each year, EPA and
CARB select some engine families to conduct in-use tests~ Through state databases, they select some
owners of vehicles of the selected engine families. The selected vehicles usually have 30,000 to 50,000
miles accumulated. The selected owners are asked to bring their vehicles to laboratories@ It is a
voluntary program~ A visual inspection of recruited vehicles is conducted to make sure that no
"tampering" or abuse have occurred and that vehicles have been "properly maintained" (e.g. from
records of regular oil changes). After this screening, the "properly maintained and used" vehicles are
conditioned and then tested for compliance with emissions standards. Perhaps 20 to 25 vehicles in a
given family are tested California. If a number of vehicles within an engine family fail the in-use
tests, a recall can be instituted& As a result of negotiations between or and manufacturers,
recall rates are lower than engine family failure rates&

the key issues for this report is that the in-use testing procedures do not identify vehicle
models with high probability malfunctioning emissions alfunctioning vehicles tend to be
U'-"AV""".Il.A'-"\,,.&. out procedures or are not identified because of recruitment process and the small
number of vehicles tested0 vehicles with malfunctioning emissions controls are responsible for

total emissions.. review causes of, or responsibility for, malfunctions is
needed. Thoughtful ana ses practical measures to sharply reduce malfunction emissions are needed0

UA..:lIVUt.JIIJA"-J'A.A of these issues is presented report



3~ h rincipal ts f NelM RJ10as ments U in thi tu y

This study relies on many previously-published analyses, which in turn are based on many
measurements $ However, several new results are presented here that are based on recent public-domain
measurements~ We describe these data sets briefly$ (In these data and in figures and tables in this report,
particular vehicles are sometimes named$ They are simply representative vehicles for which good
measurements are available 0 )

31m1~ HighmAcceleration by California ir Resources Board

CARB tested 10 vehicles on a dynamometer a high-acceleration cycle designed to examine the
effects of fuel enrichment at high power$ The cycle involves ten high-power episodes with useful
differences in intensity and duration, simulating a variety driving conditions 0 Emissions and
dynamometer data are collected second by second$ These are rear-wheel drive vehicles, MYs 1988-90
(Cicero and Long 1993)e

~aa.~"~'lilIl'IlII"""_- ... _.... « ....._".M Data Collected by ..._.... "' .... ".Rl<L... of Mobile Sources,

These data involve dynamometer tests of 29 hot stabilized cars and light trucks, model years
1990-92D Each vehicle is measured at about 60 operating (fixed engine speed and power output) points,
averaging over about 1 minute each point$ each point much is available, such as vehicle

engine speed~ dynamometer torque, opening, vacuum, engine-out and tailpipe
emissions and pollutants, data some problems,

are study emissions (Koupal 1995)$

Manufacturer's for the FTP Revision Project (FTPmsRP)

dynamometer tests 27 vehicles, years 199 11 of which are
mea~urements are second...by-second, use a modem electrodynamic large...

cycles are used, involving high-power
each second, much data is available, including

ratio, engine-out and tailpipe
some vehicles data are available for two

managing air...
__.... ,~&&Jll.A~I>4Jl..lIl._ enrichment (section 4$4), although some

are rather good terms timing, with only small differences
emissions analyzer, and the mechanical measurements at the

l'"A.A~i.4.UJ..\..I (Haskew et 1994)~

made available a joint EPNindustry study
conditioning load on tailpipe emissions3
Rochester over current

(USEPA 1995)$

HelmC~le~l~enSllna Data 0 pilation

the effects
1

remote-sensing setso
__....,....A..., ................_ on 29 days

data we use were 1i",fVAAV,,",t."""

are available



California's Air Resources Board$ The remote sensing technique involves measurement of absorption of
infrared light across a single lane of traffic, behind each vehicle just after it passes.. The vehicle is
identified by videotaping its license plate.. The sites are primarily expressway ramps and an urban
boulevard closed down to one lane by the police.. Rough descriptions of the type of driving at each site
are provided.. There are approximately 90,000 vehicles in the sample.. Some 60,000 vehicles are
different, and there are about 30,000 repeats~ The data involves measurement of CO and total
hydrocarbons concentrations and of the YIN of each vehicle; one can determine most of the vehicle
model information from the latter.. This large sample permits one to look for statistical correlations
involving high-emission concentrations, with vehicle age, technology, and model (CARB 1994).

3~5i9 Joint EPAllndustry Driving Behavior Survey

In February and March of 1992, the EPA in conjunction with the automobile industry recruited
and instrumented over 300 vehicles in Atlanta, Spokane and Baltimore, recording real-world driving
behavior over a span of several days$ A majority of the vehicles were outfitted with "three-parameter"
instruments that recorded second-by-second observations of vehicle speed, engine speed, and manifold
absolute pressure along with the time and date of the observations 0 Approximately 60 vehicles were
outfitted ith "six-parameter" instruments that also measured equivalence ratio (t observed el-air
ratio divided by the stoichiometric fuel-air ratio), throttle position and coolant temperature~ It should
noted that the six-parameter instrumentation required vehicles with certain modern technologies, so that
t recruited for the six-parameter study does not necessarily accurately represent the overall fleet.
These surveys include mostly u an driving with average speeds between 20 and 30 mph. (USEPA
1994a; et et and 1992)

A~·...H~~C~~IVI;~a·"· Dynamometer Measurements

and 1994, tested "in-use" vehicles as they were received, without any the
scneenlng: or modification characterizes most in-use (Gammariello & Long 1993)$ These are

data including 78 MY87 and later cars. Tests were made using both and Unified .Cycle (a
VPJ..Ii.L3V\.M"""~ rougWy corresponding to actual driving Los Angeles) ..

our perspective is that there are 8 to 10 high emitting MY87 and later
enables examination of some features

on measurement technology quite different from remote sensing..



4m Emissions f M del~Y r 1993 C

The emissions analysis is organized according to the six physical categories listed section 1.2~

The following summarizes our results" Details are presented Appendix A"

4891 ~ n...Cycle Emissions of Hot Properly-Functioning Cars

Cars are certified for emissions performance using a driving pattern specified in the Federal Test
Procedure (FTP)" Present-day vehicles incorporate an emissions control system order to meet the
stringent emissions standards associated with the The heart of the system is a three-way catalytic
converter. To be effective the catalyst must be hot and the fuel-air mixture must be stoichiometric,
have the chemical balance that would permit complete combustion, order the catalyst to be able to
transform the residues in the exhaust into inert molecules. To help achieve the stoichiometric ratio, there
is an oxygen sensor in the exhaust line whose signal is used to adjust the amount of fuel injected into the
engine..

The driving the FTP, or "on-cycle" driving, is moderate. The highest acceleration rate is 3..3
mph/sec, about half of what is occasionally encountered in driving, and the highest speed
is ·57 mph~ It involves both a cold start cycle subsection) vehicle/catalyst cycles
(the subject of the present subsection).

emission factors row (1) of table 1,,1, correspond warmed-up engine and
for properly-functioning MY93 cars~ are calculated stabilized

start 3) the cars in P database.. (Identical
~1..U.J~lU"..&.U~ \Il,Jl,1lJJl..JAA""''\.Jf> ,I..J these three years,,) dissect these emission-rates into physically-based

develop an for change..

are product factors:

(1)

V.il.Ae:;;;'.&..il.A~~· '-".4~ VJI..A..IUI...:JI.:JIAVA.AI.JI index is dimensionless ratio gls
is the fraction of pollutant which passes

dimensionless, pollutant out (gls) to pollutant (gls) ..

'llF"o-a a_.;I'@"'... .= emissions are shown 1 for
an average 1-1993 passenger car, nominally about

Procedure Revision Project (FTP-RP), on which
excellent condition with catalysts aged under laboratory

equa.tion (1) for warmed up, FTP (bag 2) style

(1) (2) (3) (4) (5) (6)
EI CPF xCPF mile

O~O95 09074 0,,00703 O~OO423 OG948
0.025 O~O32 0.00080 0,,00048 OslO8

NOxa O~O13 0.179 OGOO233 0.00159 0.356
NOx

b 0.493 0..033 0.052 0.00172 0.00085 190
a) Cars in the f11l-RP equipped with EGR.
b) Cars in the f11l-RP without EGR.



conditions$

The tailpipe emissions column (4) are converted into g/mile from gls by multiplying by 224
seconds-per-mile (i$e. an average speed of 16 mph in the bag 2). Column (5) table 4.1 shows
typical tailpipe emission rates in g/mile for warmed-up, on-cycle driving of a MY93 car. comparing
the results in table 1, column (5), and table 1.1, row (1), it should be noted that the emissions rates
table 4.1 do not include the contributions from hot starts and the distance-weights that go into the results
of table 1.1, row (I). (See Appendix and table A.3.) This accounts for the differences the two
tables.

Properly-functioning, in-use cars pollute more than the relatively vehicles used the
perhaps twice as much when measured over the same cycle. (See Appendix, section A.l.) mid-

life, typical engines have deposits ,on the cylinder walls; their valves are not like new; and the catalytic,
converters have probably deteriorated more than the laboratory-aged catalysts installed in the
cars 0 We do not, however, make a correction for this deterioration (An, & Ross 1995).

4~2o Cold Start t:.mIBSS~mOl1lSof ProperlymwFunctioning Cars

start emissions averaged over summer and conditions are shown line (2) of table
1~ 10 Emissions are relatively high when a vehicle is started the engine at ambient temperature
because are two stages without the benefit of substantial emissions control: First, purposes of

is commanded to for perhaps a minute, depending on
use a choke vehicless) Second, it takes two minutes or
exhaust stream to warm to point it is converting

the temperature is high, and longer when the ambient
MY94, was no regulatory motivation to cold start

Starting with cars must meet modified

a cold leads to extremely
pass fraction both increase

Appendix A (section A.2), we
are associated this stage. The period of

&A.A A.. _'ll-_ warming of the intake manifold and the engine
a emissions are very high in cold start

metropolitan areas.

to for oxygenated fuels winter. This is an
'\..IVA.J..JlU:UJ.\.,.I'u. to improvement of on-board emissions controls. Currently,

2% to 3$5% volume are required wintertime
fiMoll.4t..,;''-'Aa.&.A",,'II combustion tends to become lean, and thus CO

newer cars oxygen sensors combined with closed-loop
far less CO than do older cars. Consequently, as the

a mandated oxygenated fuels program on emissions
Ji-tJ.Jl.JI..At.:)t.:)AVAJl~ impacts of oxygenated fuels were analyzed for 20 1989 MY cars in the

Improvement Research Program, showing that oxygenated fuels reduced CO
less than 15% (1991)~ A remote sensing study by Bishop and Stedman [1990] the

area showed a 16% reduction CO older models as a result of oxygenated fuel use.
we report improved on-board controls and associated steps design

AAAM,ll.AU..A"""'\..UA~ to reduce high-power malfunctioning emissions control



are likely to achieve, in time, much larger reductions overall CO emissions, on the order of 70%
compared to MY93 carso

4~3e Evaporation

There are several sources of evaporative emissions from the vehicle.. Some are associated with
heating of the fuel and fuel vapor: by ambient heating and by the heat generated by vehicle operation~

There are also refueling emissions, vapors that escape from the vehicle's fuel tank due to displacement
by gasoline during refueling~

Technology for reducing evaporative emissions includes: redesigned fuel tanks to account for
fuel expansion; overfill protection in the fuel tank filler neck; pressure/vacuum relief valve in the fuel
tank sealer cap; and an activated charcoal canister to store fuel vapors which may.be periodically purged
and burned the engine (Black 1991)0 addition, gas station fuel pumps ozone non-attainment
areas have been fitted with vapor recovery systems.. If these systems malfunction, evaporative emissions
are high (section 5~3) ..

Gasoline with higher Reid vapor pressure (RVP) evaporates faster than does gasoline with lower
under the same atmospheric conditions.. control evaporative emissions, of gasoline sold

the summertime has been regulated.. particular, started to regulate gasoline
There, gasoline RVP was, and will be regulated below 9 psi from 1971 to 1991, below 7~8 psi
between 1 and below 7 after 1996 ationwide, began to regulate
gasoline 1989.. Depending on the area and the month, gasoline was required below

psi, or 9 tween 1989 1991 1989)9 After 1991, has been limited
or 1990)G Studies have shown that gasoline regulations been very

1995) ..

4gs4~ ffmCycle perations of Properly@Functioning ars, High and oderate Power
Driving

'llnl"ll'13""01l"na.~"'Tna eml1SS,10I1S associated with distribution
being much higher practice than

("high and 2) a shift
("moderate power").. The emissions

vv.&.JI.\,.l\..A".Av.&.!!.....:s~ _'V&Jli..a.JI.AJIl.~Io.ll.n.~ _AAJi.A_Jl.AAAJI.'VAJl.Ifj, occurs: emissions control system is
just discussed, when the engine is cold, the

AAJa.qj,o.lll. __,___ excess fuel order to improve combustion
injectors are also instructed to introduce

~VJ~.&A.!l..A.&u.A.I!lU. _~~Al.AA~""Al..IUl..Il..JL1I&o'A.&" usually occurs and degree of

_"-'A.Jt,.JIUa..&AIlo.&<.lI.JI..'ll".Sl. enrichment at high power is protection the catalyst
..llla.olf ....Al..&&_Jll.AA'Il.A'_AA~ also: increases the maximum power available from the engine by about 3 to
increase engine-out NOx emissions high-power episodes, helps provide a ...:sAJl.Jl.VV~...&A

."' ..... § ...~ .... ~ ....."..,..'" response when the throttle is opened wide, and helps cool the engine..

Ii-4n,l"'lIr>oil''''\'il'''''lI'''Il,OInf' is ~R""~I~IBI" tf""<Jt,",1"'Y'\1r'nQ1nric~riI

TlI'I~lnr'llr\."1Inrllr vehicles:



1) at high absolute power in hard-acceleration episodes of roughly 5 to seconds, such as
entering an expressway at low speed and quickly coming up to speed, accelerating in a high
speed lane change, and climbing short hills at high speed,

2) when relatively high power is momentarily called for at low engine speeds, such as
coming out of a curve, or accelerating rapidly, urban driving, and

3) in sustained relatively high-power driving non-acceleration situations such as: a) low
power-to-weight vehicles at high speed, b) long hill climbing at high speed, and c) trailer
pulling.

During command enrichment very high CO and emissions occur, much higher than those
moderate driving~ The effect is strongest for CO, and is illustrated in figure 1, where 500 seconds of
moderate driving is followed by 7 high-power episodes with command enrichment, each lasting about
seconds.. Each episode alone produces ffillCh more CO emissions than the 500 seconds of moderate
driving.. During these enrichment episodes the mass of CO emitted is almost as large as the mass of fuel
consumed.. The figure shows two curves: One curve represents CO tailpipe emissions the engine-
control microprocessor chip the normal production vehicle, and the other curve shows the CO
emissions the same driven over the same driving cycle with a

command enrichment on total tailpipe
the P)

em:ISSllons (sample MY94 car

Production
enrichment

co:rnmand

Special engine no
eommand enrichment

TheHL01
505 seconds0 accelera:tions
are included betmreen the 520 and 7:l0-second

time markers"

in the fast 505 seconds is the sante
in the FIP 1 and 30

150

100

o 100 200 400 700 900



Table 4~2@ Estimates of the three factors in. equation (1) in illustrative highmopower with
comm enr&l ment

(1) (2) (3) (4)
TP,//s

(5)
Ratio high-power-to-FfP ~"-"J.JI.IJA.I--''V

emission rates

during command enrichment,

CO 4.7 0.60 0.97 2.7 -500
He 4.7 0.019 0.54 0.047 -100
NOxt 4.7 0.015 0.34 0.023 -20

t) Near wide open throttle EGR no longer functions (unless the vehicle is equipped with an EGR pump),
so that both cars with and cars without EGR have similar engine-out NOx emissions index at high fuel
rates.

does not command the air-fuel ratio to go rich under any conditions.

The behavior of tailpipe emissions is similar to that
although the relative increase over stoichiometric operation is smaller.

estimate the emissions associated with command it is necessary to model
emissions, given command enrichment, b) the enrichment strategy of typical vehicles (e.g. the strength

enrichment as a function of engine power and speed), and c) the frequency of high-power driving or
driving leads to comma enrichmente There are a wide variety of enrichment strategies built

into vehicles, ranging strong enrichment everywhere outside conditions tested
to at the most extreme engine speed and power; it is possible to about

a strategy for the to be (An and 1995, 1995)$

extra emissions occur in the relatively rare instances of command
cars are uncertain two major reasons: 1) The enrichment

_ ............ _.lll.'_&&~ '\.oIA&J:~.U&\.... a.::lI and vehicle models vary strongly. 2) The patterns involved
so are difficult to determine accuratelyo

.4'luJlf1lo__a..,U emissions arise in off-cycle situations from other causes than command enrichment,
interest is excess NOx moderate-power driving0 NOx formation increases rapidly with

increased temperature the cylinders0 a result, engine-out NOx emissions are very low below a
Ia.AAA'.... UlA.aVJl.\,Jl. fuel rate increase rapidly above That NOx emissions are sensitive to vehicle
operation which extra power, the extra is not so high as to command

23



enrichment. (The increase NOx with fuel rate is inhibited by enrichment, i@eo by its cooling effects@)
These moderate-power situations arise off-cycle driving associated with: air conditioner use, grades at
moderate speed, heavy loads (like passengers and luggage beyond the 300 Ibs), high speeds (but
without high acceleration), etc.

combined incremental effect of the various sources of off-cycle NOx is estimated to be:

0.35 g/mile summer, and

0.25 g/mile in other seasons,

or an average 0.3 g/mile (Appendix, section

Malfunctioning Exhaust .... 1Ir'r'lI11ll~~'III;f""\IIFI!l~ Controls

This category comprises excess emissions from vehicles whose errusslons controls are not
properly functioning (as distinguished from normal degradation). It is both the largest and the least well-
understood source of emissions" We make an indep t contribution in this area on the basis
analysis of remote sensing datao Two important examples of malfunctioning emissions controls are
substantial damage to the catalyst, and failure the oxygen sensor which provides feedback control

the fuel-air ratio 0 The catalyst can be damaged, for example, by exposure to prolonged high
temperatures (and reducing atmosphere) These conditions are associated prolonged high-power

mountain driving or trailer pulling. They can also be secondary result of inadequate
performance of fuel-air ratio controls or of engine misfire$ The oxygen sensor example become
UALJ'&w'V.a.A.lA'\,.'"""II.""'Y or

the ... V.ilL ....",JII.."V.Jl.."III"JJII..,t/...,

V'll"oIA.ll.A'VA,,,",,t..>''Il even though it-
terms of representative they are, with respect

1994b)$ Although malfunctioning vehicles are
"'''.Il.''_..I!I-JS'~d!II..J_'lI since we independently project the exhaust emissions from

can the emissions by simple
in table 161, only for For the other two pollutants we

measurement two methods roughly agree.,)

Inc:rernerltal AA.II._•.!I.A'lIo4,Il.&·'!l,,"'",,&.....,AA emissions uses remote sensing data
T

beyond the tailpipe of an on-road
'til' ....... .IlJlJl1t.JJl ....... model involvedo A sample data set is shown for

3000 observations MY87 fuel injected carse The distribution
at the concentration question or at higher

~At..>'llrJ8,.JI\,e:.Jy>a,.Jl1U'.!UI. is it two parts$ first is a central peak, with about
concentration agrees essentially with the dynamometer data for

A~.8!...Il.~9,.A,""'AA,"'AAfMl cars discussed section 1, abovee The second part is the tail at high
the cars, whose average CO concentration is about 50 times that for

..II.ltoo'l>.Il..I!.'!lod'll-A'-"".8!..&'"IlA.II.JiW,. carse are the cars taken to have malfunctioning emissions control systems0

are uncertainties about the remote sensing data, but checks, such as restricting the analysis to cars
at two - or at least three -- times, and comparison with the "as-received" dynamometer

me,aSllre]neJt1ts~ show our essential results are (See section further discussion and
for detailso)



The criterion we adopt for malfunction with respect to CO is 1% or greater concentration,
essentially CO concentration greater than about 20 times that measured for properly functioning cars
(section 4.1 and Appendix, table Ao13)& The He data and their analysis is much more uncertain than that
for CO. For He we rely primarily on the fact that the high CO emitters in the remote-sensing and the as
received dynamometer data are largely same cars as the high emitters each set of data.
(Details are given in Appendix section A&5.) Representative results for CO emissions by cars with
malfunctioning emissions controls are shown in table 4.3&

One result is that for CO, for cars halfway through average lifetime mileage (at age about 4
years), two-thirds of the CO emissions come from vehicles with malfunctioning emissions controls even
though only about one-tenth of the cars are malfunctioning. is for warmed-up moderate driving&
We estimate that the fraction of emissions from malfunctioning cars in cold start is about one-fifth as
great as for properly-functioning cars, although we have very limited information. We find the weighted
incremental malfunction emissions to be 1 times emissions for moderately-driven properly
functioning cars 0 (That is, these are the incremental emissions of the average car due to the large
emissions of a small number of malfunctioning cars&) This factor multiplies warmed-up rate (0.98
g/mile from table 1&1) plus one-fifth the cold-start rate (0.2 x 2.32 g/mile). That is basis the entry
of 6 g/mile: [4~ 1 x (0.98 + x 2.32)] for CO malfunction table 1.1 &
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Table 403~ Occurrence of CO malfunctions ............ MYs 87 and 90, fuel~injected cars, measured in
May-July 1991

Vehicle rou
MY87 CO malfunctions
MY90 CO malfunctions

Percent of observed emissions
64
57

For He, the incidence of malfunctions is taken to be the same as that for CO, as indicated above
(Appendix A, section 5)~ Thus, the incremental malfunction emissions in moderate driving are taken to
involve the same factors times the emissions from properly-functioning cars~ That is the basis for the
entry of 0.6 g/mile: [4.1 x (0.09 + 002 x 0.25)] for He malfunction in table 1~10

466@ Upstream Emissions

When comparing emissions among gasoline vehicles and electric vehicles, emissions of up
stream energy production facilities for gasoline vehicles are often ignored, even though up-stream

.power-plant emissions for electric vehicles are considereds In this report, we estimate up-stream
emissions as well as vehicular emissions in order to put gasoline vehicles into a complete fuel cycle
perspective (DeLucchi et als 1994).

Fuels are for crude recovery, crude transportation, crude refining, and gasoline
transportation, storage, and distribution. Fuel combustion during these processes produce emissions0
addition, gasoline evaporates during transportation, storage, and distribution 0 One us has recently
developed a fuel-cycle model to calculate fuel-cycle emissions of gasoline vehicles as well as alternative

vehicles (Wang 1995b)0 The documentation is not yet final&

model, energy consumption is first calculated for a fuel production stages Then, with the
calculated energy consumption and emission factors in grams per million of energy consumed,
emissions in grams per gallon of gasoline produced are calculated for the fuel production stage"
&,JJII,A.I!.AUYJII, ....... JIl.A factors combustion various combustion processes used in the fuel-cycle model are

various sources, including AP-42 documents $ Finally, using the fuel economy of
grams per gallon are converted into grams per mile driven. The

passenger cars are table below and row (6) of table loIs
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5~ Prediction of Emissions for ModelmYear 2000 and 2010 Vehicles

The prediction of lifetime emissions is organized according to the same six sources of the
preceding section. Details are presented in the Appendix, section Bo

5~ 1'9 On-Cycle Emissions of Hot ProperlyeFunctioning Cars

Manufacturers meet the current test standards with room to spare - called "headroom" - as a
result of continuing improvements in engine and emissions controls and their desire to avoid costly
recalls based on excessive test emissions, so that vehicle-to-vehicle variations and the differences
between national and California standards are not troublesome. one considers the FTP with the
original 70°F cold-start test, then the average emissions as tested are shown in Table 1. One sees
the cars test at about 60% of the national standard except that the NOx test value is low enough to meet
the California standard. The trend of decreasing g/mile tailpipe emissions during the '80s and early '90s
even while the national standards remained fixed - that is, steadily increasing headroom - is evident
in the studies of thousands of in-use cars recruited and tested by GM the late '80s (Haskew and
Gumbleton 1988; Haskew, Garrett and Gumbleton 1989; Haskew and Liberty 1991), and it is consistent
with results of thousands of new cars tested and documented
(Murrell, unpublished analysis)s

Moreover, car designers/manufacturers have the capability to meet various new C'",U..IIlU•.B.U.AUi:ll

emissions - from properly-functioning vehicles in moderate driving - a timely fashion 0 They can
substantially reduce emissions through further improvements control systems keep

closer to stoichiometric; this results in substantially smaller catalyst pass fractions than averages
Some of this can be accomplished relatively easily and at reasonable cost, as demonstrated

better-performing engines of todayo Meeting ultra-low emissions standards (from properly
JLU.l.Bl.V"'.lI.VJi..l.l.ll..li.J;;. vehicles in moderate driving) is :more difficult, but can be achieved by accurately controlling
the variations (especially fuel-air ratio) among the cylinders and from cycle to cycleG is a more
sophisticated step terms equipment design, software and quality of manufacture; but it has been
accomplished by in their recently announced production vehicle (American .lll.JII.'-'JIl..lI'.__

Company 1995).

other words, and emISSions can achieved new production vehicles when
laboratory conditions that simulate moderate driving (including vehicles with "aged"

a can will albeit with some cost~

prediction concerns both how many LEV vehicles are produced and how
manufacturers decide to between certification test emissions and the regulatory
"3l""ll4!"'c'~rlIll''lo~llrl.'ll'''l! we assume the emissions measured certification tests be at 60%

standa:rds@ FTP emissions with 70°F cold start of the
l"QrldOlll'"l'Ollil Tier Zero cars (MY91@93) in the FTP~RP (glmile)

CO He NOx
Tier Zero cars as tested
National standards
California 92 standards
California 93 standards

2s31 0$23 0.34
3s4 0.41 IsO
700 0.39
304 Os35
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the 50,OOO-mile regulatory limits, Tier 1 for MY2000 and Tier 2 for MY2010~ Including the 20°F cold
start to represent winter experience, we obtain the top row of emissions in table 102&

Cold t:mIISS;IOriIS of ProperlymoFunctioning Cars

Cold-start emissions from properly-functioning vehicles is another area where new standards can
and will be met The automotive engineering community has been doing a lot of succe·ssful work on
cold-start emissions; and manufacturers are meeting the new standard for cold-start emissions at 20°F0
The approach to reduction of emissions the first, or enrichment, stage of cold start is more
sophisticated sensors and control of the fuel-air mixture which enables good response even when the
engine is coldo example, a 1993 Mercedes the requires no enrichment cold start at
70°F0

Reducing the second stage errusslons will usually involve the addition of a close-coupled
catalytic converter (one placed close to the exhaust manifold, so that it heats up rapidly)$ The catalyst
can be formulated so that it resists damage from the increased temperatures which would normally occur
in this positiono This general kind of technology is already use in some vehicles~ If the stiffer Tier 2
standards are adopted for cold start, more drastic measures such as pre-heated catalysts might

Evaporation

gasoline and installed on-
emissions gasoline service stations

controlled the so-call Stage-II technology which returns vapors from
...........""",,_.... ;.."".... _..........._ storage tanks during refueling, or by on-board canisters which a

Stage-II technology is required many ozone non-attainment areaso
carllsters will be required controlling refueling emissions& The canisters

canisters that are controlling diurnal and hot
__JlI......£."""A running loss emissions, has established a running loss

1995 cars 0 likely to follow CARB's

Vehicular evaporative emissions can
absorb O"ii,I)'il""\I"'!I,1"'Ili"j'iTO O·1n"'\jC'C"'IInnco

vehicles were recruited from an I&M
gasoline unchanged and

1I. ................,_41fb.S et ala 1995)~ Using
the 46 vehicles, or 15%, exceeded the

the criterion for malfunctioning exhaust ECS
vehicles accounted for over 70% of the total

_Jl.AJl..I'l.II-IQ.,.."",.l\.U were possible~ For MY87 and newer vehicles,
these, 17 were diagnosed of which 7 were gas cap problems~

.... '&'lIoJ&..&_n.._."-Jl''1! 2 missing caps and 2 loose capSe The other 10 were miscellaneous
2 very high emitters; all but one involved tank vapors~

involves placing a warmed-up vehicle a
an hour (called a hot soak)$ less costly, less
VJl.AA.lI."-IlA~vVU I&M programs, of these



Predictione As this kind of information is collected, especially from vehicles recruited randomly
and tested as received, one can expect certain kinds of evaporative malfunctions· to be identified and
avoided in future models - through design improvementse Because of the small number of vehicles on
which this kind of testing has been carried out, there is no evidence, of the kind we have for
malfunctions-associated exhaust emissions, that some vehicle models are highly successful at avoiding
evaporative emissions from malfunctioning fuel systems. On the basis of the variety of malfunctions
identified in the Auto/Oil study just discussed, and considering the difficulty of acquiring extensive data
on randomly selected in-use vehicles, we find the MOBILE5 prediction of only 25% reduction
evaporative emissions by MY2010 to be reasonable& This is the prediction shown table 1

5@483 ff*Cycle perations of Properly~FunctioningCars, High and Moderate Power
riving

Proposed new rules, involving test-cycles higher-power driving, are likely to
incorporated into a supplemental FrP as briefly discussed in section 2.3 (60 FR 7404)0 This should lead
to controls that delay enrichment and to reduced levels of enrichment~ is, it is practical for the
manufacturers to avoid enrichment in most brief high-power episodes; they can adopt timers to delay
command enrichment for a few seconds; and they can minimize the of enrichment needed to
protect catalyst from overheatingo These are all measures which adopted some vehicles,
especially European vehicleso

JIl~1LALJIlllo..J'II..I command-enrichment emissions major high-power
~1I"i1'l!'_"iI_n?'o. command-enrichment emissions in brief accelerations

not substantially command-enrichment emissions from lengthy high-
cars have already eliminated most (1) and all (2), as the Mercedes

enrichment altogether high-power episodes; the high temperatures
emissions, and in long episodes damage the catalyst

measures
episodes lasting rougWy

a second or

Or!l'"\'IC'C''1~nC' from this source are to be reduced from 709
to O~04 glmile~ (See Appendix section for

response to the supplemental
emissions using exhaust gas recirculation

of NOx. e have not to analyze
is substantially cars

stoichiometric operations is much lower for some
BlJ_v..a._.II.&& is not related to price but to general design choices; it tends to be that

very catalyst pass fraction, and vice versa~ The best half of the
pass fraction under 4%, about one-third of the average for

the NOx emissions from moderate-power stoichiometric
as a result of the proposed rulemaking.

the anti-regulatory views the new Congress Washington, that these
will be postponed, greatly weakened or dropped. We consider this a less-likely

worthy of consideration. this case, there would probably be some reductions in
as suggested by the enrichment strategies some newer engines, the

"""o.rill1l1ll4'"'i1t"'ll"'ll>'''Il'''' would be much



Malfunctioning Exhaust Emissions Controls

The nature of malfunctions. The issue here is not simply the high average emissions observed by
the remote-sensing detectors, but the association of high emissions with particular vehicles. Our
analysis is based on the assumption, which is supported by the data, that most cars are characterized by
properly-functioning ECS, albeit with some deterioration, and the rest by severely malfunctioning ECS.

Almost half of the CO, He and NOx emissions are due to malfunctioning emissions controls.
the past, the responsible EPA offices have stated that many of these failures are due to "tampering", i.e.
(presumably) deliberate disabling of emissions controls or related parts (USEPA 1991). This is
important, as much of the testing analysis and policymaking presumes tampering. Without making a
judgment on the validity of the tampering claim for earlier models, we conclude that the claim is, in any
case, out of date. We have not seen any evidence that computer-controlled vehicles of the post
carburetor, post-leaded-gasoline era suffer from a substantial amount of deliberate disabling of emissions
controls. (There is one troubling technology however: electronic engine control chips for sale as
substitutes the production chips, which deliberately restrict emissions controls.)

Malfunctioning emissions controls lead to very high emissions. For example, catalyst failure
increases the catalyst pass fraction from a few percent to near 100%. (Compare columns (3) in tables 1
and Failure fuel-air controls increases emissions even more & (Compare columns (2)
tables 1 and The emissions of vehicles with malfunctioning emissions controls are roughly
comparable to those of the pre-regulation era (before '60s). levels are estimated to be

glmile) 84, 11, for C, and NOx, re ectively 1994). Using this rule of thumb,
8.4% cars are malfunctioning respect to (table 4.3), then emissions due to

.JI!.A..A",AJI.~,&A""''''.A'\JJIl,JIl, are estimated to 7 grams per is roughly correct (table 101)&

remote sensing data
r

probability of malfunction is strongly
malfunction is shown in figure 5.1,

(Malfunction is defined here as CO
MY87-89 more than 50
cars are 2 to 5 years old. The

MY-models in the sample having none or only
five more than 25% high emitters (upper right of

at about 0.07% concentration, is roughly consistent
0.054%. (See Appendix table 130)

less-expensive models (14 MY-models) of Asian
average malfunction rate this group is 22%G

1% concentration$) Meanwhile, corresponding popular
these manufacturers to have low malfunction rates; for some models very low

have decided not to publish a list of the vehicle models and their malfunction
of models is limited by statistics and for that reason might be misinterpreted, and

is a new remote sensing and publication lists should wait for _"JlAllll"lII_n~

v..AAVJlLVr..:JI~ we name two models to make the result quite clear: Nissan
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current models

MYs 1987-890 Corresponding Nissan
no reason to believe that current

manufacturers0) There are three major

1) to to model-dependent driving behavior, or to
some associated remote-sensing methodology0 We have looked at these
possibilities and find the evidence to be strongly against them; some further comments on
A""""~JlJt'I.JI;.'l>..J sensing are needed..

to date have been criticized as too uncertain for identifying cars with
ECS the purpose of requiring those vehicles to be inspected more

and repaired$ That dispute is not of concern here: OUf use of the remote sensing
is completely different, and is less demanding0 For our research purposes we need to

determine reliable statistical ratios, not assure the accuracy of individual identifications of
vehicles as high-emitters .. For example, one of our critical results is that the data shows 22%

cars from five 1987...89 models to have CO concentrations excess of 1% -... single
passes by remote sensor.. Many of these may be misidentifications as high emitters, and
many of 78% observed to have concentrations below 1% single passes may be
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misidentifications as low emitters~ When we tighten the criterion to consider only vehicles
(of these models) for which three or more remote sensing measurements were obtained, the
fraction of vehicles with average CO concentrations in excess of 1% is essentially unchanged
at 21 % (Appendix section B.5, table B.3). This means that the original 22% malfunction
rate is robust, even though individual vehicle measurements may be rather inaccurate.
addition, the CARB survey of in-use vehicles, with dynamometer tests of the vehicles as they
were received, supports the remote-sensing results detail, although the "as-received"
survey has poor statistics ..

2) Owners of the less-expensive cars abuse while owners of the popular mid-price cars
take good care of their cars, such that over 20% of former have malfunctioning ECS 2
to 5 years, while almost none of the do. the past there has been some evidence to
support this kind of concept: surveys of older-models than those under discussion showed
extensive "tampering" or lack of maintenance; and one believe that is more likely in
low-price vehicles, especially after the first owner"

Unfortunately for this argument, vehicles and their ECS have become much more
sophisticated since most of the published tampering surveys, making deliberate tampering
unlikely * Neglective abuse remains a possibility. Relevant to we that, among the
five inexpensive Asian models, MY89 cars (only 2 to 3 years old) nevertheless have a high
malfunction rate of 20%0 There is, addition, no evidence for large consistent differences
AAAM,A.Il.M,II.A,-"v.-AV.ll.Al. rates corresponding and popular mid-price domestic modelso It is
our conclusion does not explain striking differences observed between the less-

_AA.£~tJ£A"'" some other models6 implication,
cars these model years" the other
abuse might an important factor in

are much more n1r"r~h~n~o

or technology-dependent,
others"

well

approaches are being to reduce
malfunctions, 2) repair of

malfunctions vehicles,
JlI.VlIJ·JII..'-''lio''lo_A.& (3) could include recalls to try to fix in-use

identification0 Attempts to strengthen vehicle
MJ.AAlBJ.&.v2dr.,,- l!J"~tJAJl..ll.~~..lI."-"A.IIl. exceeds standards have been the news a great

_A~.,...&.ll.'VU~.I!I.""" equipment is another major program
MU.\",§,.AVi-A'VAAt!> remote senlSlDlg of malfunctioning vehicles is being introduced for

V&'A.~v"If..;~AA~ on proposed expansion of inspection (smog check) programs,
is made with the other two identification technologies: The new

diagnostic instrumentation be effective identifying malfunctions, and will
implemented California cars by MY96, although it may take to work out the 'bugs.

AAJl.A.'VAAJI,AlO4\.Jli.'lI,JAAl. provided remote sensing is also being improved0 late '90s, identification
iJ.AA".il.LUJl.lV"JI.VJ.A..l.t.il.~ vehicles with these two technologies will be a powerful will identification of

'V"II.JJl.'-"AAAt.J1 lead to progress in or of controls?



At present, there is no reason for optimism about repair of malfunctioning emission controls.
The record is poor. This is not surprising, because many of the repairs are neither easy nor cheap0

Often it is easier to make a superficial repair, which yields satisfactory test results at the time but does
not work for long. For example, tuning the engine for the purpose can yield good results in a simple
emissions test, without solving the problem; or replacing a failed catalyst often yields good temporary
results, but if the failure was caused by another faulty component, the catalyst will fail again later.
Unlike performance repairs, the driver doesn't know whether emissions-control work has been
successful, because cars usually perform adequately even when emission controls don't This not only
leads to faulty repairs, but sometimes to fraud.. Moreover, large-scale success on repairs is made
unlikely by the complexity of the institution0 There are about 60,000 general automotive repair shops,
including 26,000 auto and truck dealerss

We are much more optimistic about the eventual role of more robust emissions control systems
reducing malfunction emissionso Up to the present, a barrier to reducing malfunctioning emissions

controls has been the weakness, the regulations, of manufacturer responsibility with respect to
maIfunctiono Manufacturer responsibility this general area is to avoid excessive deterioration
components "properly-maintained and used" vehicles. We believe that in response to this wording,
regulatory tests in this area of concern, 50,000 mile certification tests tests, were a
way makes identifying malfunction-prone models unlikely~

Robustness of emissions controls is likely to see substantial improvement future, because
new instrumentation technologies, remote sensing on-board diagnostics, should provide a great
of information about malfunctions to parties.. addition, different management of in-use testing

higWy on vehicle models a propensity malfunctioning
the recent C measurements" by vehicle

likely change manufacturer addition, modifications
regulations to help this change occur.. this move to increase manufacturer priority one area, we
recommend regulatory consideration of reduced priorities other emissions-related
regulations.. our judgment, MY2000 is too soon major progress on increasing

~"".II.ll\1.A""AU' to made; progress should be made by MY2010..

all three pollutants are the
malfunction are not affected by
the quality of design and manufacture,

malfunctions
We have that many vehicle

malfunction that the best models
our prediction" Manufacturers can, and in our opinion will,

rO{)'USlne~~s standard already met by many of their models..

as robust as those MY87-89 which had
re ces average frequency of malfunction found 54 fuel...

7,,4% to 5..7%, a reduction of incremental malfunction emissions from
23%.. we are working from actual data on the incidence of ECS

progress we predict is simply a judgment" We also assume that average emissions
be same as for MY87-89, roughly emissions rates for pre-

average frequency malfunction
had frequency
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reduces the average frequency of malfunction found for the 54 MY-models studied from 7.4% to 2.6%, a
reduction of malfunction emissions from that assumed for MY93 of 65%.

An increased incidence of successful repairs is not taken into account in these predictions~

Although we believe that OBD will be helpful in this respect, in the overall picture we believe repair will
be much less important than making ECS more robust.

As with the predicted reductions in off-cycle emissions, we believe the greatest uncertainty in the
MY2010 prediction to concern the policies influencing improvements and applications of the remote
sensing and OBD technologies, and use of as-received testing of in-use vehicles~ Negative policies
could slow the development and applications; the results might be kept secret; this would probably
greatly reduce the predicted progress.



8m Implications

661 as The Federal Test Procedure

Adequate information is necessary to achieve regulatory goals like substantially reduced
emissions from light-duty vehicles. Adequacy of information regarding real-world emissions
performance is a key issue for this study3

The importance of information is illustrated by comparing vehicular fuel use and emissions. Fuel
use is much more predictable than emissions, so the information system created in the '70s for fuel use
standards, especially the measurement of vehicle fuel economies, has proved accurate enough to enable
meaningful discussion and policy making: You don't have to be a specialist to understand quantitative
information on fuel use - in the sense that various measures (like mean, median and mode)
approximately agree. Unfortunately, the distribution of emissions from different vehicles of the same
model is higWy variable and much less predictable. In particular, a small fraction of vehicles of any
model typically contribute most of the emissions, because their ECS fails and/or because of the way the
vehicle is driven.. In a sense, the average vehicle doesn't have average emissions, so there is a great deal
of confusion and room for misrepresentation~ You have to be a specialist to understand quantitative
information on emissions -- because the distribution of emissions from vehicles of any particular model

:r a typical car JI&.IlI.JIIl.__ 1lWAlil.

orm-use fuel
~_ mteJ'l$ltvfor a ~'lI'\iOi&ar.£8I,"'UU,IW'"

year I model is on the order
of+I-100/0

EPA measured
new vehicle fuel

Mean average lifetime fuel
mtE~nsiJty for a given model

model lies near the
of the distribution

Lifetime average fuel Intensity (ganons/mile)

35



is so highly skewed~

This qualitative difference betvveen fuel use and emissions is illustrated by figures 6~ 1 and 602~

In .the figures, vehicles manufactured to be the same (Le. of the same· model) are compared. The
frequency of vehicles (y-axis) is shown as it depends on their lifetime average fuel use (figure 6.1) and
emissions (figure 6.2).

It's a cliche about society's problems that "the problem isn't lack of technology, it's
institutional" (or behavioral). Not so this case~ The critical lack has been accurate emissions
measurement instrumentation. Although a start was made in the '70s to create adequate information
technology, instrumentation R&D was largely neglected the '80s (an exception being Prof. Donald
Stedman's development of remote sensing). A decade was lost Now in the mid '90s, primarily as a
result of Clean Air Act Amendments of 1990 and initiatives in California, the needed information and
technology is beginning to be availables We should have really adequate information technology by the
end of the decade.

Emissions ratings vehicles as determined in the have been a major source of mischief, or
confusion, for the two reasons that are the focus of this report: 1) the importance of emissions from off
cycle driving, and 2) importance of vehicles with malfunctioning emission-control-systems (ECS).

shown this report, driving at relatively high power is important emissions and is not
represented the cycles~ As a result of requirements Clean Amendments of 1990, a

Distribution

The mean lifetime average
emissions oCtile nr01ilarlV

illlu:ticnu.ng cars lies near the

of the distri1.nltion

Due to the very long tail of the
emissions distribution, 'Which
represents cars lVith
malfunctioning ECS, the mean
lifetUne average enrlssions for

an cars combined lies out here"



substantial supplement to the FTP has just been proposed by EPA to remedy this defect. The emissions
certification process also includes a durability test for ECS degradation and follow-up tests of cars in
use; but the way these tests are designed and administered they have failed to find that some vehicle
models are malfunction prone - with major emissions consequences..

It is not surprising that emissions tests designed the '70s, prior to extensive experience with
modern ECS, fail to accurately sample enough of the emission-related experience of vehicles in the real
world" What is not satisfactory was delay the development of instrumentation and research on
emissions. Congress, the regulators, the industry and environmental groups should have recognized
this instrumentation and information need.

It should be known that any major regulatory initiative need improvement Certainly
pattern is established here with Clean Air Act Amendments 1970, 1977 and 19900 lesson is that
regulatory initiatives must be backed by R&D on information technology by programs
measurement and analysis. Moreover, the citizen groups which help to pass such legislation should not
regard its passage as the to declare victory and turn away to other projects~ They need to
participate, for the long haul~ continuing technical institutional issues that underlie
potential success of a regulatory initiative0

These comments do not mean regulations must more response to
increased information we call Alternative forms of achieving regulatory goals, that are based on
world-performance and are simpler, are only feasible with instrumentation of reasonable cost..
real-world emissions could adequately sampled with remote sensors or with on-

emissions compliance manufacturers
new vehicle tests.. might enable simpler
~.IJ.""'II.JVU. to consider application~

6~2~ BILE and EMFAC

these emission-factor models designed
versions, E C represent

average driving" example,
and emissions is roughly

are not able to verify NOx prediction,

Jl.A.IJ. ....'~V.£l.~ can misleading about They are not
sources of emissions. Instead, future scenarios are

..A.VA"-J.A.P.&...&...JJlJ-J.JM offers users unconvincing stories for
three MOBILE5a forecasts are shown: with and

_'lI"'r~_1I"n'l!"'lY"ll described as associate California
We believe two I&M-program forecasts,

It is to as we here, that when production vehicles are introduced that are
Oe~af!!leQ to meet certification test standards, such as or even ULEV, standards, they

certification tests. the manufacturers' experts are given a high priority to design and
vehicles that pass proposed tests, technology manufacturing are

at cost most cases, to
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On the other hand, it is not reasonable to argue that vehicles simply become robust against
ECS failures, and even more unbelievable, that it can become norm that vehicles with such failures
are effectively repaired (as discussed further 6~3 below)o (Although we disagree with the optimism
about reducing malfunction emissions for the near term, for the longer term we project that remote
sensing and OBD should lead - through a process information forces technical and
institutional improvement -- to major reductions in malfunction emissionso) The lesson is that users of
these emission-factor models must be aware that the modeling of the future is formal, not realistic~

6ii3~ Inspection and Maintenance Programs (I&M)M

The manufacturers' legal responsibility for the robustness emissions applies only to
vehicles that have been "properly maintained and used," and in a narrow sense" (The laboratory-like
50 O-mile durability tests may help to reduce some of the failures discussion; but there is no
evidence on the point) Instead of policies aimed at the design and manufacture vehicles with more...
robust ECS, major efforts to identify individual vehicles with emissions problems have been and are
being made~ This focus on individual vehicles is based on two assumptions: Most ECS failures are
fundamentally caused by the individual user or the individual mechanic0 2) ECS repair is a _........ ""........_
component of the effort to reduce emissionso strongly ~~~lo>'UIS.Jl._AA

results show that frequency of failure is strongly dependent on vehicle model 0

1, above, shows that the average fuel-injected model studied, at average vehicle age about
has a frequency of 7~4%; that the an average failure

frequency only 2,,6%, a failure frequency only 4%,. This shows that,
~.o.""MI"?"h1i1''''C'i are not most

are responsible, possibly,
"tTa>t1l11"11a> models characterized unsatisfactory arrangements.. We must set aside the notion that
"tampering" or other abuse by owners/drivers/mechanics is the root cause of ECS failures in current-
technology vehicles, even it day systems, cheap

W"\Q1r"~10~11Il~1Q use exhaust

A"'Illo>'.a'tWl.A.ll~ because are complicated and because to
interesting analog is found the buildings sector, e0g., quality

..U ..A~ILU.U.J.UJ;;. floor installing insulation often doesn't
the customer; a poor job is often done,.

at least on and therefore a good job is usually done~

instrumentation (remote sensing, possibly
emissions), it be possible to improve on of feedback;

the inspection part of I&M, including separating from
JlI.~""""JlI.A..l!.IS.JI!.""'U~ does not hold much promise for widespread effective repairs~ Moreover,

""AAllI.ll.A&JII.U'li either existing or enhanced, not vehicles,
the new identification V',jcl""'llln1l"'ll.1"'\~"kt"!l'~t:;~C"
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6~46 Remote Sensing and BD Technologies; As-Received Dynamometer Surveys

One of the most important changes in the arena of automotive elnissions is the development of
new technology for identifying malfunctions in emissions controls~ Not only do these new technologies
promise to leave inspection (smog-check) programs behind, the information beginning to be gathered is
changing our fundamental perception of the problem and of the means to reduce

As just discussed, remote-sensing data shows that most ECS failures strongly correlate with
vehicle model, and are thus fundamentally the responsibility of the manufacturer (at least for vehicles 2
to 5 years old)8 Apparently, better design and manufacture yield vehicles with much less frequent ECS
malfunctions9 Much larger surveys than that analyzed here, using improved remote sensing
instrumentation, are already being undertaken a These should be able to unambiguously identify most
vehicle models with excessive frequencies of high emitters 0 ( e have discussed elsewhere the
distinction between remote-sensing data accurate enough for the ta here evaluating vehicle models
from the more-demanding task of identifying individual vehicles in need of repair - section 595 and
Appendix B section 59) For something effective to be done, regulatory agencies would have to
overcome their reluctance to identify models with high frequency ECS malfunction0 This may require
changing wording that only holds manufacturers responsible for vehicles "properly maintained and

n Another option is to verify identification of malfunction-prone models by testing .in-use
vehicles on dynamometers, using procedures designed to identify models high probability of
malfunctioning ECS, like CARE's "as-received" survey0 Because small number vehicles

dynamometer surveys, to be well-designed surveys needed0

made perhaps three or more years after a model
or warranty mechanisms, or simply as a result of the
be motivated and be able, especially with the
flaws avoidable future models, as

existing through well-designed recalls9 The data show that
"lllY"J,:;lII"lIril"'j[~ meet excellent standards robustness some of their

Unfortunately these identifications
Nevertheless, through

"llr1lo~t"'III·t-'1l""t"t-lII""'''~ 1!"AC.'ll,i"'l>h1l''\"''",,.nr1Al:.'lliC' has been directed at schemes

needs repair, combined with
are skeptical about the effectiveness

vell1Clie A'lIl.IIio_Ja.&I~&.&.A'O>"'\I4.II,.A'lloJAA'll as compared identifying problems
and is

programs based on identification
limited jurisdictionss

recall/warranty programs to address

Recall Program for t:.x~ces~sr\JreECS alfunctions

enormous variety concerns successfully designing,
.1lio'&'looJaA__ SM.. AJI. they prefer to make cleaner vehicles, and have ongoing

environmental priorities are, to a large extent, set by regulatorss In our
priorities have not well-chosen in some important aspects automotive

I&M and at should lower priority0

should receive priority - where it now has essentially noneo Along this it
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is essential that more research be carried out to enhance the accuracy of real-world measurement of the
incidence of ECS malfunctions.

As far as ECS robustness is concerned, the regulatory change we propose is that, after a suitable
period to develop the needed instrumentation and information, a vehicle recall program be established
based on excessive frequency of ECS failure as demonstrated by real-world emissions. In particular,
large-scale surveys using remote sensing with up-graded technology could be used, perhaps on the scale
the recent survey by the California Bureau of Automotive Repair in the Sacramento area. In terms of our
analysis of a 1991 remote-sensing survey, we conclude that the approximately 90,000 observations was
adequate for analysis of about 35 car models, or 75 MY/models in s 87-89. With one or two million
observations, all popular models/engine families would be adequately tested. One would want better
remote sensing technology than used in 1991; and the technology is being substantially improved.

For purposes of illustration, consider a regulatory standard terms of the 1991 remote-sensing
results. One might start with a standard based on the best one-half of the MY87...89 fuel-injected
models, i~e. that models experiencing more than 7% ECS malfunction frequency be subject to recall.
(For CO, a 1.0% concentration remote sensing cutpoint, or a 10 g/mile FrP-bag 2 cutpoint could be
used.) Later one might establish a stricter standard roughly corresponding to the quartile of MY87...
89 vehicles, and define models with excessive malfunctions as those having more than, say, 3%
malfunctioning vehicles.

We suggest that such a recall program be introduced first
programs be the. interest regulatory balance.

suggest that the

6~6~ Emissions and Fuel Economy

.&.JAA.LllflJi...:JA'\,.n.A...:J rates (g/mile) are commonly to economY0 After all,
allowed emissions rates not depend on fuel economy. Europe, they have depended on engine

size, with larger engines higher emissions~ This encourages manufacturers to use better
emissions controls on high fuel economy vehicles, often a cost effective option for society~) However,

'\..'.iLAJl..A.LJLJ.iLVA,Il..:» _",.,A&g.J:l,._AUf are off or tailpipe emissions tend to follow fuel use, since the
\..'A..lUl.ALJLJAVA,iI.';' are proportional to fuel use. (See sections 1 and

1lA>1iJL.:''a-JIl.'Vll.4AJIl.A _AA.8l..lI.UU'..!i.''V'Jl.AU' are also essentially proportional to fuel use (DeLucchi et aL
properly-functioning vehicles moderate driving tend to be

'\..'JIl.A.&...iIl.LJiJA·VAAflJi are roughly to fuel use~

may tend to increase or decrease the off-cycle
report Nevertheless, policies that encourage large

such as Partnership for a New Generation of Vehicles (PNGV), are
reduced real-world pollutiono

three increase in fuel economy ~ Success in developing
a a factor three increase fuel economy might well also

three corresponding real-world emissions, compared to MY93
cars~ is preliminary; but it is that the vehicle would be designed to meet a tough

standard tailpipe emissions & Whatever this would be, vehicle's off-cycle,
JIl.AA~.AJIl.Y.Jl.AL"""jI.A'\JJl.Ji.'lI evaporative and upstream emissions would probably be lower rough proportion to its

consumption" such a vehicle were based on another, "cleaner" form energy, real-world
probably be ~AAA~IJ,.aA\..'.il.
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There is another important connection between ellliSSlons and fuel economy. Stringent
regulation of NOx emissions in the certification tests (as with Tier 2 and LEV standards) may not only
be a relatively ineffective policy - in terms of the regulatory loopholes discussed in this report - but
might also prevent development work on a variety of lean-bum engines which have promise for high
fuel economy and, perhaps, good real-world emissions, even though their test emissions of NOx are not
very low with current technology9 Modern direct-injection diesels, new direct injection stratified charge
(DISC) spark-ignition engines (Yamaguchi 1995) and fuel-injected two-stroke engines are all of
considerable interest, although the performance capabilities of mature versions remain to be seene These
standards and the way they are implemented should be carefully thought out; it would be a mistake to
stifle this engine-development work in the US for minor regulatory objectiveS9

An Emissions~Reduction Strategy for the Manufacturers

What kind of alternative to the burgeoning variety of federal and state regulatory initiatives might
the manufacturers offer? The results of this study suggest that the manufacturers should make a
commitment to sharply reduce real-world emissions, ieeo emissions from malfunctions and off-cycle
driving, in addition to meeting reasonable standards in conventional certification testse

This commitment should address the actual emissions performance of the fleet, as determined by
a statistically sound procedure for surveying emissions from vehicles in the real world9 While it is not
obvious what procedure should·be used, with the advent of highly-sophisticated remote sensing, OBD
instrumentation, inexpensive direct on-board measurement of emissions, and new evaporation
instrumentation, the research community should be able to suggest a sound cost-effective methodology9

manufacturers to: 1) certification-test emissions they feel are appropriate, 2)
off-cycle emissions at roughly the level indicated by the Proposed Rule Making (60 FR

3) participation large surveys to identify rates of ECS malfunction, 4) more than 50%
reductions in the incidence of ECS-failures observed present vehicles, and 5) enhanced capability for
effective repairso results of this report suggest that these commitments would be achievable with
reasonable effort..

the report, these achievements would reduce real-world
emissions by more than one-half from their present level.. our opinion, an offer to make

further very serious consideration..
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T hni al App ndi

f r
missi n ,a uantitativ ss ssment

Measurements showing that real-world motor vehicle emissions far exceed regulatory levels are
many and variedo There are dynamometer tests of "in-use" vehicles recruited from the smog check line
in Hammond, Indiana, sampling of air along and above highways (Hlavinka, et al. 1988; Zweidinger, et
aL 1988), measurements of pollutant concentrations tunnels in Los Angeles and on the Pennsylvania
Turnpike (Pierson et ale 1990; Gertler 1994), remote sensing of the composition of air behind vehicles
(Bishop et alo 1990; Naghavi et alo 1993), and computer modeling of observed ambient air quality
(Harleyet 1993)0 There are problems of interpretation with all of this information; however, careful
evaluation over the years has led to regulatory models of emissions "inventories", MOBILE5a and
EMFAC7F, which appear to describe total average emissions per mile by light-duty vehicles with
accuracYe

These emissions rates 93 cars, according to A1fJll.''''~..lLJII",JJlI-/''''~Q

are shown in table Aol (USEPA 1994b)e These are lifetime (winter and summer) averages, for CO, and
for NOx.. The temperatures chosen are appropriate to the Northeastern stateso Note that the

emissions rates are about times the tailpipe regulatory maxima of and grams...
per...mile (g/mile), while the NOx are somewhat than the regulation

over lifetime 0

moderate on-cycle (on-cycle

"if VAllAvA'''''''' .. .Jl,.IUl\".'A.~IUA.A'Il.j;;.. A.ii..lI.M.ii..&."AA~""""A'U'AAJl.Ja..aj;;.evaporation _"-"'Ji,&IIl.A'lI.,",ALJ ...

controls is
are not represented in the -- we focus on off-cycle

represented FTP),

cars

tailpipe 1
evaporation

NOx 1..5 1.0
MOBILE5a assumptions: RVP ::: 9.0; winter temperatures: daily high :::
temperatures: daily ::: 86°P, low::: 68°P.

low::: summer



5) malfunctioning emissions control systems (ECS) affecting tailpipe emissions, and

6) upstream emissions (from fuel extraction, transportation, refining and distribution)~

are exhaust emissions except (3) and (6)0

The estimates of emissions from these sources, made below, serve two purposes: to establish a
base line for projections to future vehicles, and to establish a source structure order help evaluate
the effects of new tests/regulations and new technology ~

Part of the total average exhaust emissions is due to on-cycle driving and part due to off-cycle;
some is from properly-functioning cars and some from malfunctioning carS0 are the emissions rates
for these different modes to be combined? Consider mode i, for which the average tailpipe emissions
rate in gls is TPg/s

i
, and time and length of trip are ti seconds and Xi miles, respectivelyo The total average

per-mile emissions summing over modes, TPglmile g/mile, is:

/X)o

vi/3600 is Xi/(ti x 3600) -- speed mph, and x is
mode, TPglmile

i
, are combined

UJ.~II.U..lA~""V "" '''"'.lIlo- ..'M .... is the fraction by
emissions

1

ibution of mode i to
avera e emissions

x

0.08 x

the sources to average exhaust
D.r'll"1I"llC'C"'1I"''ll''",C' rate and to calculate the additional incremental emissions

method, all driving modes have a base emission rate equivalent to
properly-functioning cars, so that mode has a distance-weight 1

'So4~".e..A"A~""AAi.-Il'Jl'll JlA.~~JIl.""".8l.JIl.Jl1fl""AA"~~ emissions to mode i is distance weight mode i times the
tailpipe emissions rate mode i the tailpipe emissions rate for on-cycle

..IIl.~A.lI."""A.,",.!I.A.llAA.Fl cars~ average exhaust emissions rate is same



Mode, i Distance weight,
Xi/x

Incremental tailpipe
emissions in mode i,

TPi

Incremental contribution of
mode i to average emissions

(1) Properly-functioning
cars, on-cycle

(2) Properly-functioning
cars, off-cycle

(3) Malfunctioning cars,
on-c cle

0.08

Total

methods, as is illustrated in the following table. We choose the incremental emissions approach for
presenting our results this report

The estimated contributions of the six sources to the overall average g/mile emissions during an
average MY93 car's life are summarized table the sources are seen to important, at least

some emissions$ The malfunction emissions are generally the largest; unfortunately malfunction
contributions are also rather uncertain"

of Hot ProperlymFunctioning ars

d~"~~~~~~for and

multiply these values distance-weight factors (table
standards, these 0.._ ..... ,_.......... are checked by (40 86.144-94). For example,

cold starts assumed analysis the is equivalent to assigning 20.7%

over Ii a

3&304 0$362
o 0
739 0.3
6 038e

stream 0&063 0$3
Total 17 1&8
1993 tail i e standard 3.4 0$41 100

a) The sources are weighted so that the average per-car emissions are shown. See the discussion of
distance-weighted incremental emissions above.
AU are exhaust emissions except (3) and (6).

c) Properly-functioning cars.
d) MOBILE Sa estimate.
e) The NOx malfunction estimate is simply the difference between the total exhaust NOx emissions

estimated by MOBILE5a, 1.5 g/miIe, and our estimate of sources (1)+(2a)+(2b)+(4).
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Table A~3@ Regula.tory (FTP) distanceuweights for hot and cold driving

Ba 1 Cold Start Ba 2 Stabilized Ba 3 Hot Start
Time (sec)
Distance (miles)
Distance-wei ht

505 866 505
3.59 3.86 3.59

0.207 0.518 0.275

miles driven to the cold start bag.

The emission rates shown the first two rows of table are obtained bag data
16 1991-1993 MY (Tier Zero) cars aged to roughly halfway through their useful lives under laboratory
conditions the FTP-RP. The average g/mile rates for CO, He and NOx each bag (table A.4) are
multiplied by the appropriate distance-weights (table A.5). The weighted average bags 2 and 3 are
combined and entered in the first row of table A.2 - hot, moderate driving.

Emissions as the product of three factors. We now dissect the exhaust emission rates into
physically-based factors, to help develop an understanding of potentials for change. tailpipe
emissions in grams per second are the product of

=

(g1mile)

Bag 3
DevG

0.826
0.083
0.241

is the dimensionless ratio of gls of engine-
is dimensionless, pollutant out (g/s)

bag 2 type driving~ These are for an
data on which the table is based involves vehicles

on engine-dynamometers to 50,000 milesG)

(g1mile)

NOx

Table
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(4)
=(2)+(3)

0.983
0.090
OG201

(5)
Total

0.34

(6)
1993 Standard



Table A&6@ Estimates of the three factors in equation (AI) for warmed up, FTP (bag 2) style
driving

(1) (2) (3)
FR EI CPF

(4)
ElxCPF

(5)
TP s

(6)

TP mile

CO 0.602 0.095 0.074
He 0.602 0.025 0.032
NOxa 0.684 0.013 0.179
NOx

b 0.493 0.033 0.052

0.00703
0.00080
0.00233
0.00172

0.00423
0.00048
0.00159
0.00085

0.948
0.108
0.356
0.190

a) Cars in the FTP-RP equipped with EGR.
b) Cars in the FTP-RP without EGR.

The tailpipe emissions in table A.6, column (5), are converted into g/mile (column(6)) from gls
by multiplying by 224 seconds-per-mile (i.e. 866 seconds/3.86 miles the bag 2 - see table A.3).

The factors table A.6 are obtained as follows:

1) The fuel rate is the average over the cars the bag 2 of the

2) engine-out emissions index (EI) is taken from the data (table A.7). Shown are
the ratios of total engine-out emissions to total fuel use over bag 2 of the will be
discussed section 4 immediately below, the average emissions index is not higWy sensitive
to driving, or use, moderate driving, except, perhaps, for NOx~

.K .-... V" .1..... stoichiometric operations, the air...fuel
varies second to second; hn"i'i'10"iTl::&'r

results"

varies slightly and the errussl0ns
emissions index yields adequate

the steady-state emissions tends to be somewhat smaller than these averages
on emissions over cycle, because driving transients cause puffs of He with

some cars. These puffs considerably increase engine...out emissions variable...
speed with these cars, particularly with transmissions"

the data, depending particularly on the use of
reason, the average engine-out NOx emissions index is

rJo:..VJ~\".I.U..jLV.a..AJl'VU ..l\".l catalyst pass are estimates based on data; they are
to vehicle (for example, see figure A"l). The average NOx catalyst

\"IuJ..\.... u.u;·u..\.;u separately cars and without the data and

are two general reasons being uneasy about the &_UI!>4Ji.IlI.U

NOx
withoutEGR

cars the

NOx
withEGR

emlSSllon factors forHot, sta.bj]ized

EI EI CPF
0.033 00052
0.005 0,,029
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obtained here for on-cycle driving of properly functioning cars: 1) The bag weights shown in table Ao3
and used in table Ao5 correspond to the frequency of cold and hot starts per mile of drivingo New data,
including the driving behavior survey based on instrumented vehicles which is analyzed in this report,
suggests that average trips are shorter, so starts are more frequent. We have, however, not studied the
question of how much engine and catalyst cooling occurs with various parking times at various ambient
temperatures, and so feel not prepared to evaluate such corrections 0 We do not believe this issue is
important to our overall resultso

The second issue may be more seriouso A variety of arguments and measurements suggest that
typical properly-functioning cars pollute more (as measured in the same dynamometer tests) than
observed in the FTP-RP data with its relatively clean vehicleso mid-life, typical engines have deposits
on the cylinder walls; their valves are not like new; and the catalytic converters have probably
deteriorated more than the laboratory-aged catalysts installed the FTP-RP cars3 Unfortunately, any
quantitative assessment of the emissions associated with this additional deterioration depends· on the
distinction made between malfunctioning and properly-functioning cars, and this distinction is somewhat
arbitrary at present

We examine two data sets which bear on this issue: remote sensing data on model year 87...89
cars as observed 1991, and bag d for a similar group cars tested "as-received" (see
section They suggest that the emissions of properly-functioning cars hot-stabilized driving are

~T£ni'~Oilf1lrQ NOx catalyst

I I
l+wlEGR I ..

owloEGR ..
Each the average

,jIj;

engine-out NOx and average NOx
~

.. catalyst pass fraction under..
stoichiometric operation over
several driving cycles for an
individual car in the FTP-RP.. --

•
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.. .. D
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r=e
~

~ Oe2
~
~
~

00
~

0,,15

M
0
Z

(tl

(LOS

o
o 0..01 0,,06 et07



over 2 times greater than those measured in the FrP-RP for CO, only slightly greater for He and about
two times greater for NOxo (The effect of deterioration on cold start emissions is much less, because
most cold-start emissions occur during the initial period when the engine is running rich and the catalyst
is not converting pollutantso) This factor of two may overstate the effect howevero It is uncertain
because it depends on the selection of a boundary between deteriorated and malfunctioning emissions
control systems, and because the cars studied are several years older than those in the FrP-RP
measurements ..

While a factor of two would be a substantial correction to the hot on-cycle emissions of table 1,
an extra 1 g/mile CO would not be large compared to the totalso We do not include this correction in our
final results"

AD2~ Cold Start Emissions of ProperlywFunctioning

Emissions are relatively high when a cold vehicle is started because there are two stages without
the benefit of substantial emissions control: First, for purposes of drivabili ,the fuel-air mixture is
commanded to be rich, for, perhaps, half a minute, depending on ambient temperature$ Second, it takes
two or three minutes for the catalytic converter the exhaust stream to warm up to the point that it is
converting pollutantso These times are shorter when the ambient temperature is high, and longer when

ambient temperature is lowo For model years before MY94, there was no regulatory motivation to
limit cold start emissions at ambient temperatures well below 700 P0 Starting with MY94 cars must meet
modified standards a 20°F cold start test

"'-"...."AJl.JUl..III.Jl.Ii.4JUl~ 1lo.ofJlAA..iI....""aA.A.aAvAU.. of the mixture stage a leads to extremely
engine-out emissions index and catalyst pass fraction increase

this first stage is sensitive to the ambient temperature~ As a result,
start at ambient temperatures, creating serious winter

metropolitan areas ..

can estimate the components the cold start bag
The average the first stage, enrichment, of the 700 P

is 33 seconds the average air/fuel ratio during this time is 13.0~

figure (O ..48 grams gram of fuel), taking the
rate to 0 ..9 gis, we obtain:

test
is

average before catalyst light-off from the start
average catalyst pass fraction during this time is 009, and the COlfuel

r.l"!AT.c~1"'4lJlI'~~ stoichiometric fuel rate is 008 gls.. obtain the emissions:

"008 =6 grams

the three stages is 22 go Dividing 22 g by
column 1

distance bag 1, we
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This same three-stage cold start analysis may also be applied to He emissions$ The engine-out
emissions index of HC is approximated as 0.025 (table A.7) regardless of air-fuel ratio, so that the first
33 seconds of enrichment with a catalyst pass fraction of 1 yields:

First stage: 33· 0.025 ·1· 0.9 =0.74 grams He.

For the second stage, catalyst light-off, the average time before catalyst light-off from the start of
the test cycle is 115 seconds, the average catalyst pass fraction during this time is taken to be 0.9, while
the average stoichiometric fuel rate is 0.8 gls. We obtain the emissions:

Second stage: (115 - 33)· 0.025· 0.9· 0.8 =1.5 grams

For the third stage, the remainder of the 505 seconds of the cold start test (bag 1 of the
when the air-fuel ratio is stoichiometric and the catalyst has reached light-off temperatures, we obtain:

Third stage: (505 -115)· 0.025· 0.032· 0.8 =0.25 grams He.

The total of the three stages is 2.5 g HC~ Dividing 2.5 g by 3.6 miles, the distance driven bag
1, we obtain 0.69 g/mile, consistent with column 1 of table

Here, the key fact is that for the or enrichment stage dominates,
even at 70oP, which explains the sensitivity of cold start CO emissions to ambient temperature cars up
to this The cause of increased He during cold starts is predominantly the time during which the
catalyst is too cold to effective~ Unfortunately, we cannot provide estimates of the 20°F emissions

because we not have data on time and degree of enrichment current vehicles at low
MA.&.J!.IIIJA""J~A'" temperatures. study was performed, however, for two modern European cars by Laurikko

indicating the catalyst took three times longer to light-off for tests performed at
..;) ...uuu~;,u.u 70°F ....-....- effect alone (without considering longer or more severe cold start

uV,,",UJ.&.V the cold start and triple cold start emissions at -6°F

we
therefore assunae

start O'M"'\'SC'C'''Il,A'li''\C'

start bag 1 data
70°F, representative of a summertime cold

conditions the Northeast states~ We
half in summer, and we estimate

U __J~Ja.A£""'" Ja. __ tl.o_AU to the summer average cold start emissions.

start F= cold start @ 70°

start F= start @ 70°

emissions wintertime cold
catalyst light-off (this factor is

LJlJLIII.AJU.J!.~ formula is used NOx, except that
times untillight-off$

wintertime factor MOBILE5a is 1$3, due

start @ start @ 70° F).



An important issue not addressed in this analysis is the probability that in the real world there are
more-frequent cold starts per mile of driving than in the FTP (Le~ a greater distance weight for bag 1 in
table A$3)~

There are several sources of evaporative emissions: 1) diurnal emissions, the vapors that escape
from a vehicle fuel tank due to expansion and contraction of fuel and vapors, caused by temperature
changes over the course of a dayG 2) Hot soak emissions, the evaporation from a vehicle fuel tank and
system at the end of a trip due to the build-up of heat in the tank during vehicle operation~ 3) Running
losses, the evaporative emissions from a vehicle fuel system during vehicle operation~ During operation,
fuel evaporates because of heat transfer from engine compartments and exhaust system to the fuel
system" 4) Resting losses, the emissions from vehicle fu systems occur via vapor permeation into non
metallic components and vapor migration allowed by the evaporative control system (eog" via open
bottom canisters)e In addition, there are refueling emissions, vapors that escape from the vehicle fuel
tank due to displacement of vapor in tank by gasoline during refuelinge

The estimate of evaporative emissions shown is from .J,.v..a.'""AJ.lL.IIi.....J..I&....lvM... It includes
malfunctions evaporative emissions control such as leaks or holes the fuel systeme (An
investigation of these malfunctions is briefly reviewed in section 5.. 3,,) temperatures and
assumed are for the Northeast states and are shown in the note to table 1"

A!840 OffmCycle Operations of Properly~FunctioningCars, High and Moderate Power
Driving

"I\,;AA.a.""A,\.... .:J -'lULIIl._"-' .......... ""-... lll. ........~"'-" an emissions control system to meet the stringent
of system is a three-way catalytic converter the

the mixture must be stoichiometricG
"".n..AllA..U4.l.ll.U enrichment occurs: emissions control system is overridden and

is increased& As discussed just above, when engine is cold, fuel injectors are
I!J_AJlL....,~~ to excess to improve combustion sta lity & When

injectors are also instructed to introduce excess fuel" The
overheatingG (See 1, below~) Enrichment also

a few percent When high torque is called
_Jll.AloJll.__....A.&.&.fiio. is not a problem, there is sometimes

strategy" Emissions associated with command

lP,:lJd'l'1f'nll~~ in ......_~ ... _'lI1" .. __ (At) in illustrative hlOrh"lOvllovupr &'1l1lr'!'1I~rlli1MlIR with

cOlnmlan.d enrichment

(5)
Ratio of hi h- ower-to-FTP tail e emission rates

-500
-100
-20

t) Near wide open throttle EGR no longer functions (unless the vehicle is equipped with an EGR pump),
so that both cars with and cars without EGR have similar engine-out NOx emissions index at high fuel
rates.



enrichment (other than in cold start) in properly-functioning cars, is the main subject of this section$
NOx from moderate-power stoichiometric operations is also discussed$

During command enrichment, very high CO and He emissions occur, at a much higher rate than
those estimated above for moderate driving & To estimate the emissions associated with command
enrichment, it is necessary to model a) the emissions rate, given command enrichment, b) the enrichment
strategy of typical vehicles (e.g$ the strength of enrichment as a function of engine speed and power), and
c) the frequency of high-power driving or other driving that leads to command enrichment (Barth and
Norbeck 1994). Data from the CARB high-acceleration test, EPA Steady State study, Revision
Project and the EPA six-parameter driving survey, described briefly in section 3, yield rough quantitative
descriptions of (a), (b) and (c)&

In table A.8 the three factors discussed above for on-cycle driving (table A~6), are presented an
illustration of high power driving (rougWy as at the peaks in the CARB high-acceleration test)& The rate
of CO emissions (gls) increases by roughly three orders of magnitude, and that of He by two orders, as
can be seen in column (5) of table A.8. NOx increases by an order of magnitude~

The following discussion includes cites to sources of the factors in table

Emissions, given command enrichment The engine-out emissions index 0 is taken from
Typical behavior is shown figure for a sample MY93 car in the T y-axis is

emissions index - the engine-out CO to fuel mass ratio& The x-axis is the fraction of fuel excess
stoichiometric, 1 ... <1>-1, where <t> is equivalence actu ratio divided by the

at stoichiometry). The emissions index is the excess fraction, as seen~ The
intercept to If VAJL&""'~'''''''..

= ±

is analysis to

10

vs
car

2.
0.00 -rr---r............-t-=.............,I"""'""""~-'T""""""' .............-""'l!""""-+"""""""'''''''i1'''''''..............;

0.2.5 00.20

vs
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CO EI =: 4 · (1- <I> -1 ) •

.&.A_'ll"""'.J8.'V"A£~ excessThat is, the CO engine-out emissions index is rougWy proportional to
coefficient independent of the vehicle (An and Ross 1995)$

The engine-out emissions index of hydrocarbons is obtained from the data0
illustration is shown for a particular high-power cycle and car in figure A~30 (Note that, unlike figure
As2, the y-axis is now emissions rate gls and the x-axis is fuel rate gls.) The emissions are
rougWy proportional to fuel use, for stoichiometric rich mixtures~ so emissions index is roughly
constant, with:

The hydrocarbons emitted appear primarily to be residuals walls (e.gs out-gassing
lubricants) and crevices (Cheng et at 1993; Min et 1994; Norris Hochgreb et
1995). However, if the mixture goes too lean, large emissions can occur from a different
mechanism, incomplete combustion. T · sometimes occurs during r id celerations may seen

figure A.3 as the points that stretch vertically upward at very low fuel rates.

is a the are negligible0
engine-out emissions increase rapidly from to moderate-power conditions (see figure

it were not for command enrichment under high load conditions, engine-out emissions of NOx would
much higher (figure actually du the engine-out emissions
NOx at a rate compared to stoichiometric at same rateG is to

~'I!.r"ll'... o.""''Il"o..r1II due to effect a
cluster

_..._~"" .............'................... engine

are ,. .....,1ll1lW<."'- ...""~" over
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cycles, and the second-by-second, as well as the
vehicle-by-vehicle, rates vary substantially.

Figure Ao6@ Average catalyst pass fraction vs
equivalence ratio cars in the FTP~
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The catalyst pass fractions at high power,
with enrichment) are taken from the

datao (see figure Ao6 - an equivalence ratio of 1 is
stoichiometric operation and values greater than 1
are progressively richer.) Each point in figure A.6
represents the average catalyst pass fraction over
hundreds or thousands of cumulative seconds at the
given equivalence ratio for the cars the
The increases pass fractions with increasing
equivalence ratio are expected from the chemistry

CO and conversion: Reactions that convert
CO are inhibited at low oxygen levels, so the
catalyst passes nearly all the CO that enters
(The apparent decrease in CO pass fraction for phi
greater than 10 shown figure is probably
due to mismatches between engine-out and

emissions measurements, and is not
physically accurate..) ocarbon concentrations,

are much lower than those for CO, continue to some catalytic oxidation the
enrichment, but much less than at stoichiometry.. The increase N x catalyst pass fraction

enrichment is not from simple chemistry, but due to increased mass flow at high
decreases the catalytic reactions to occur.. NOx is

~U'.ll>~"JlVAA reactions not oxygen the exhaust stream..
of these catalyst pass fractions during enrichment are not sensitive to the vehicleo

a typical strategy is shown for a
State data) 0 engine is seen to operate stoichiometrically (closed

pnorlnp speed circles).. sees that, for moderate engine
,",A4A'V,",'-JL,""", is approached, enrichment (a low ratio) is commanded ("x" and,

_Jl.JI',j,i",AJl.JS._ speeds, is stronger and more pervasive.. The
o.1~·UA>llrvt"'llrn,e::llont' reached cars tested, to 20-25% excess fuel,

Steady and CARB High
enrichment, at engine speeds like 2500 rpm and

required (Note the solid line figure
in cases the manufacturers' vehicle design

been or no effort to avoid command enrichment

is

::::

factor,
output

mph2/s)0

has been used by Watson and analysts,



Figure A*7@ Air fuel ra.tio dependence on power and engine speed for a sample MY91 car
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curves~ The emissions are negligible for the weakest episode, and about 30 grams total for the strongest
episode..

For many cars, command enrichment also occurs at lower engine speeds, as low manifold
vacuum is approached.. This is illustrated by the triangle at 2200 rpm in figure Ao7~ At low engine
speeds this does not require very high throttle opening, igeO the 9.ccelerator pedal on the floor.. These
episodes will usually be brief.. (There are also a few cars for which enrichment is commanded only at
very high engine speed, near wide-open throttle..)

The relationship between engine operation and command enrichment as it may occur in typical
driving is illustrated by records of travel of instrumented cars driven the Los Angeles area (Kelly &
Groblicki 1993; St.. Denis et alo 1994)0 Figure Ao9 (Kelly and Groblicki 1993) shows that the lion's
share of time driving was in the "FTP" part of the engine map: moderate engine speeds and away from
wide-open throttle; it is stoichiometric, closed loop& The dark points show times of command
enrichment, or open-loop driving& Relatively little time in enrichment is involved. e range of engine
speeds in enrichment is large, including both high-power-rugh-engine-speed ·ving and gh-torque
driving with engine speeds well below 3000 rpm.. There is no time spent in the up r 1 t portion of the
engine map because with an automatic transmission down shift occurs one depresses the accelerator
pedal enough. low power and high engine speed, bottom figure there is also no time

re«.l(Uell1CY dlstrillut:lon of throttle _'-6"I'llI'Ill'-'llIl""_
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spent.

Driving patterns.. The most important driving patterns in which command enrichment occurs are
probably: 1) at high absolute power in hard-acceleration episodes lasting, perhaps, 5-15 seconds, 2)
when high torque is demanded for one, or a very few, seconds, at lower engine speeds (rougWy 2500
rpm), and 3) in sustained relatively high-power driving by moderate drivers with: a) low power/weight
vehicles at high speed, b) hill climbing, and c) trailer pulling~ Brief enrichment has also been observed
during decelerations for one vehicle in the FTP-RP - this is presumably not commanded enrichment
but is instead due to momentary mismatches between the air intake and fuel delivery rates $ For our
calculation, we do not disaggregate the three contributions to command enrichment listed above..
Instead, we look at the combined effect two regimes of enrichment: "mild" and "severe", defined
below$

We analyze the six-parameter driving surveys to determine the distance weights for the
enrichment driving modes and combine these with emission rates determined from the FTP-RP to
estimate average emissions due to off-cycle, high-power drivingG First we consider the three-parameter
driving survey to generate a picture of the frequency of high-power drivinge

10 shows distribution of power factor
datae The figure shows approximately

the three-parameter, three-city
the 9 seconds of recorded

factor distribution for three@parameter
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Figure FTP driving compared to :real@worId driving the threeooparameter driving data

o

~---- maximum power factor in FT '

speed/acceleration limits

in driving survey data

1

Speed (mph)

speed acceleration) is shown in a
this figure second-by-second in-use

with the speed on the and
~_'lJlll'£lli,.Jf""'~"'CJl> is extremes observed three-

envelope shows the extremes the The off...
and survey envelopese This space is occupied about

6% the lower)e addition, a line is plotted
acceleration that results in the maximum power factor in
this line exceed the maximum power factor the As

about 1% of the in-use driving exceeds the

Analysis the EPNIndustry six-parameter in-use driving data
cars and drivers surveyed, approximately 4.8% the total miles driven were in

v.il.AAA""AJ..UlA."""J,.,u.. (1.03 ~ <t> <1.12) at an average speed of 27 mph and average fuel rate of 2.6 gls. 1&2%
miles driven were severe enrichment ($ ~ 1012) at an average speed 31 mph and average

rate 3~7 g/so includes times when the engines were running except for the first 60
seconds after starts, to avoid counting cold start enrichment. [The choice of and severe enrichment
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Table A~9@ Average tailpipe CO emissions due to command enrichment

Enrichment mode (1) (2) (3) (4) (5) (6) (7) (8)

FR EI CPF 3600/Vi Tpt TP - TPt Xj/x Incremental TP

Mild 2*6 O~3 O~8 133 83.0 7907 0*048 308
Severe 307 0.8 100 116 343 340 0.012 4.1

Total 709
t) Here and in table A.I0 TP is tailpipe emissions in glmileo

regimes employed here follows that used by LeBlanc, et al~ (1994)0] <1> averaged 1*06 during the mild
enrichment events and 1.19 during the severe enrichment events~ Some of the enrichment events
observed the driving data are likely not due to command enrichment but are instead associated with
higWy transient operation (eog~ hard decels) and low fuel rates~ We do not expect the non-command
enrichment events to contribute significantly to average emissions. However, we do not attempt to
quantify the fraction of observed enrichment due to non-command enrichment Using this information
we estimate the incremental contribution (discussed at the beginning Appendix of command
enrichment to average CO and He emissions in tables A~9 and Ae

rates were not measured the driving surveyse we '!o'Uq,.Jll,JII..ll>A_II-'!o'

rate the data.. For the cars where the mass air flow (MAP) was recorded:

::::
1000

3600

N 1000 <t>
~V$-----"-

and cars

(A4)

N is the speed
every two revolutions; the factor of

into 287 is universal gas constant
temperature degrees K~ factor of

to measurements the
A.VU,&.Vt..JI~""&'£'''t..JI an

each car in the six
(1994) to calculate

emiSSl!ons due to command enrichmentTable tailpipe

(4)
3600/Vi

133
116

(5)
TP

0..048

(8)
Incremental P

00062
00060



The engine-out CO emission indexes (003 and 008) are calculated using fraction of fuel in excess
stoichiometric values of O~06 and 0019, respectively, equation (A2)o The engine-out He emissions

index is taken from table A080 The catalyst pass fractions for CO and He are estimated from figure Ao6
at the appropriate equivalence ratioso Seconds per mile driven in the given mode are calculated from the
average speeds (27 and 31 mph)~ is the g/mile emissions due to on-cycle driving of properly
functioning cars (303 g/mile for CO and 0034 g/mile for He - see subtotals table Ao2)~

These estimates for the extra emissions that occur the relatively rare instances of command
enrichment properly-functioning cars are particularly uncertain for two major reasons: 1) The
enrichment strategies for different engines and vehicle models vary strongly0 2) The patterns of driving
involved only occur a few percent of the time and so are difficult to accurately0

NQx. from Moderate-Power Stoichiometric Operation~ Currently, accounts for the extra
power requirements imposed by air conditioner use by increasing the dynamometer load 10% over the
measured road load at 50 mph (using the "coast down" method)~ However, this method underestimates
actual air conditioner loads, particularly at low·s eds, and the has proposed changes the P to
improve test (60 7404)$ addition, road grades are not simulated at all in the These

among others discussed below, are potentially significant off-cycle sources NOx emissions,
instantaneous engine-out NOx emissions, particularly cars a threshold

or are rapidly (see

>

cars we

=

=

cars

cars

(A6)

the cars without but they vary

involves extra power,
shown equations above, but where the extra
These moderate-power situations arise in off-c

'lI",I....,.n..J1."-/l.JlLlL-JlLV;JJil..OJ.'l.VA use, at speed, heavy loads passengers
speeds (but high acceleration), etc$

g/mile are calculated using ~'!101 W l 1ll4l&.A,'JlLA



here EO are the engine-out emissions (of CO, He or NOx) gis, and v is the vehicle speed in mphe

coefficient C is givenFor CO and He, LiliO ::= C L\FRo Under stoichiometric conditions,
table Ae7 (El) for CO and HC~

NOx we must take account the threshold behavior found equation (A5)o also find
a strong correlation between C in equation (A5) and CPF (figure 1)0 Therefore, analyzing the cars in
the FrP-RP, we find the following average with respect to NOx for stoichiometric conditions:

so equation (A7) becomes, tailpipe g/mile,

TPNOx =:: (C.CPF).((FR)-FR lh )·3600/(v), and

=::O.006'3600.{((FR)(~)FRlh l-((FR)(~)FRlh )J
(A8)

equation (A9) estimates incremental NOx
to stoichiometric at average loads higher than contained

We calculate the average stoichiometric (0097 < <p < le03) use rate the six-parameter driving
survey to be 1004 gls equations (A3) average speed is 27 is

::::; g/mileo Including the conditioning (year long
we obtain ::= g/mileo

six-parameter driving
emissions behavior the

,*"",u.AlIwUJ.lW.~J."".U. we are interested difference of two
independent sources of information, so that
calcu tions can substantially alter the result

we conclusion by estimating
acceleration at low speeds,

_.n1ll"<l~n'll-L">. we assume that
average .... .lI,&.....'__ A\........

P is also representative..
are equal and are __ ll.'~g,.,g,.II!.,.IUl.&&~"''flo,4!>

changes (uncertainties)
Nevertheless~ we .,................ "" ........

fuel energy consumption to overcome engine
liter displacement (about 0 ..22 kJ/revolution-liter

is displacement liters; is engine power output in k ; 11
is lower heating value fuel (44

modes):
• '_._'''~'.J<'''''''' 1l1t'll1£'ll'il"'L:IlorlnO,,,,t- due to an additional loads is \&A_JiD.A_'VIfo,A..I8..&JW.q, N



Table timates of NOx emissions in off<aocycle modes (assuming stoichiometry)

Mode Change in fuel rate
( Is unless stated otherwise)

Change in tailpipe Ox emissions
( lmile)

conditioning
(summer)
grade

2% grade
average grade

acceleration
a= 5 mphls

eeM· g. (03477· V)/(ll 0 Ee LHV)

Oe 1 (includes 50% duty factor)

= 108 (speed independent)
Oe2
Oe08
(speed independent)

Oe7 (compared to a =3e3)

high speed
80 mph
100 mph

~(FR) (kJ/mile)
=1000
=2500

apply equations (A9) (AlO) to NOx emissions excess power
compared to in table 113 PAC is the air conditioner e is grade; M is vehicle mass

metric tonnes; g is acceleration due to gravity (968 m1s2); E is transmission efficiency (= 0.85); a is
acceleration (mph/s), and the factor of 0,,447 converts to m1s~ estimates require brief
discussione

on, might a 4 on the enginee Referring
equation (A6), we assume one is on the ramp (above the rate

conditioner is Based,on an analysis a Department of Transportation
1990), we assume that conditioner is on the summer monthse Most new
conditionerse is incremental NOx emissions a typical car of about 001 glmile

summer due to conditioninge This estimate is consistent excess NOx emissions due
\oo''\J.l!..A'-l1>Jl.lI"Jl.'U'AA~.I!. use as measured Rochester as a part of (USEPA 1995a)s

summer are of course to ozone formation0

1980) shows uphill grades of
12, 7 3% of nationwide driving,

requires an incremental 303 kW at
highway weighted

urban driving and 2e8 kW in highway
1 g/mileo

383 mph/s the may not cause enrichment
~..r",,·a..a.AAAf.J.AV~ we make an estimate in table 11 of NOx emissions for an

VVA'~&.mJlI.oiI,JIi,"""'-l1> to 3e3 mph/so g/mile emissions rate is seen to be high, but such
the timee

a typical car the fuel rate (g/s) increases almost a factor of 2 at 60 mph
1995a)o This brings most cars onto the EONOx rarnpo Then as one drives

.....,.II.A.LIl.IJtJ.II.VA.&U' riseo In table 11 we take the change in fuel rate kJ/mile from figure 2 of An
It is driven by air drag and grows as the square of speeds One can see

VAAA..I!.UtJA'ilJAALil can steady at autobahn speeds0



Emissions From Congestion. When the engine is on but the vehicle isn't moving, glmile
emissions rise accordingly$ We estimate a typical fuel rate in vehicle idling of 0.3 gis, based on equation
(AIO). With air conditioning the fuel rate might be about 0.5 gis, when it's on. These estimates are for a
typical car; some vehicles probably have substantially lower or higher idle fuel rates. Nevertheless,
according to the threshold equation (A6), these estimates suggest that NOx emissions are not a
primary concern with congestion, except perhaps for cars without EGR and air conditioning on.

For CO and He, consider a trip with duration time to and speed Vo- Now consider a trip with
more congestion such that the duration is to + with the added time spent idling. Similar to equation
(A7) we estimate the added tailpipe emissions (glmile) as:

=C· FR ·CPF· ilt· 3600/(to · vo)

For illustration, assume congestion doubles the trip time; and· assume Vo is the overall speed
of 19.6 mph. Without air conditioning, the added glmile emissions are then 0..4 and 0..03 for CO and

respectively.. With conditioning, they are 0.7 and 0 ..06, respectively.. It would seem that excess
emissions from idling, due to congestion, are relatively low with properly-functioning vehicles..

A~5~ Malfunctioning Exhaust Emissions Controls

category comprises excess tailpipe emissions emissions control
systems (ECS) have or are strongly malfunctioning, large departures from normal
emissions performance. In addition to malfunction a narrow sense, high emissions rates can

poor engine performance, as we malfunction category..
_AJI'..A,&J'_A,&Al.Jl~ Surveys 1991) used the term malfunctioning the restricted sense

vehicles which have non-performing, but not "tampered", emissions controls, we adopt the term
malfunctio11ing for the category.) term high emitter is also used; it is somewhat more

a with malfunctioning since it a under command
Jl.UAJl"""II,.A'VA.ll.AAAjW", J or catalyst.

is based on extensive
all emissions data - must be

driving and vehicles
A-'_,lIl.AI."AJl.Jl.__ as such within MOBILES, since we

n?"r,-nO'rl~T__ 1"1II1~n~f"''8nnlln£'l'4' '1fv.l...u"",.a.V~~ we can modeled

g/mile lifetime average tailpipe emissions for CO,
respectively~ (See note to table 1 for summer/winter temperature and

the other emissions shown table A.2 for properly-
malfunction emissions 9, 0.4, and 008 glmile, for CO,

for table Ao2, because we do not estimate

Identification of malfunctioning vehicles on the basis of remote sensing. Remote sensing is an
promising for several purposes; most important for our analysis is the very large number

are measured, and the absence a vehicle-recruitment process, other than choice of site,
might bias sample.. data we analyze and was collected California 1991, as

LIl~~'8.A'V.ll.A 3 1994).



Remote sensing measurements show that a relatively small fraction of vehicles have extremely
high emissions rates, such that most CO, much and perhaps much NOx comes from this source.
This general state of affairs is perplexing; it means that measurement of a typical vehicle will usually be
misleading. a sense there is no typical vehicle. The state affairs has been confirmed by
dynamometer measurements at the roadside on vehicles identified as high emitters through remote
sensing, even though some cars so-identified by remote sensing are not found to be high emitters on the
dynamometer (MeAlinden 1994; 1994).

This state affairs, with a small number of vehicles contributing most emissions, is not
addressed by the "in-use" emissions tests of cars recruited for the purpose by CARB and others.
these tests high emitters are typically omitted by the recruitment process, by deliberate exclusion
vehicles in poor condition and even of outliers, and by the limited statistics. (See section 2.3.) This
divergence of perspectives is historical. There has been a focus regulators on "tampering", and
wording legislation appears to place the responsibility for malfunctions on individual owners/drivers
and servicing. The in-use testing serves a perceived legal purpose . being an attempt to collect
unbiased information&

more j;N"VAAYA ~1.4.A V~>JAJhJIA'-A-'l>o"'AM~.A,,",A.8l1.J1

measurements we

remote sensing measurements, for
surprising~ since measurement is essentially a

"1Ic"'~ """ ........... ~ remote sensing measurements a roadside
(1"2 = 0.39); the correlation

two or more remote sensing from the same vehicle are
or more remote sensing an

not remote sensing has
vehicle as malfunctioning. (It is important for

remote sensing technology has improved since the
YV.JI.AIlvA.JI.J!,UAAJlJiii\ to

use remote sensing ........- at
more detailed inspection

malfunctions is correct broad
__'lI>o'_A'looo\l.",,_os. one to be careful about conclusions deduced

MIl.Il.'Io""AAAAJIl. to overcome this limitation by analyzing percentage
studying the cars which there are
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carburetion essentially disappeared with MY90 (Murrell, et aL 1993)0 Air pumps were still in use
MY93 in about 15% of modelse

In addition, vehicle tampering rates are higher for older vehicle technologies@ This is because
specific components common in older cars, such as fuel inlet restrictors and air injection systems may
have restricted performance and were relatively easy to disable & The unavailability of leaded fuel, as
well as sophisticated engine design with computer controls that improves emissions as well as
performance, reduce the incentive to tamper with modern vehicleso (See section B~50)

By focusing on relatively late-model vehicles we reduce the role of older technologies that tend
to be associated with high in-use emissions as well as tampering~ However, we need data on cars at least
two to five years into their driving life for a study of the incidence of ECS malfunctione Emissions data
from late-model (post MY90) vehicles that have been driven three to five years would be ideal for our
purposes$ However, we are limited at this time to the 1991 measurements hand~ We focus on MY87
and later vehicles, restricting our critical analyses to fuel-injected cars 0

CO emissions from malfunctioning cars$ We plot the data as the cumulative of vehicles,
with respect to CO concentration (Stephens 1994b)0 (See figure 160) The distribution is se~n to

consist of two a central peak at low concentration and a tail going to high concentrations 0 It is
reasonable to hypothesize that the low-concentration peak represents vehicles properly-functioning

A~16~ Stephens plot distribution of CO emissions from MY87 IlI.Ul"".lI1.-J!.lI1.JIlUII"""""'~~ veIDnCi~es
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emissions controls (p-cars), while the tail consists of vehicles with malfunctioning emissions controls
\(m-cars)& We show below that the central peak has average emissions concentration in rough agreement
with the dynamometer data on the ratio grams-of-pollutant to grams-of-fuel from properly-functioning
cars in moderate driving6

One approach to carrying out separation into p-cars and m-cars quantitatively is simply to
identify all observations above a certain concentration cutpoint, which we take as 1% for COo Table
Ae12 shows the results, with the simple 1% CO cutpoint, for five model years. These results have the
qualitatively correct behavior:

1) The percent ill-cars is higher for older carse The MY87 cars are about 465 years
MY91 cars about 0.5 years old. (That is, these are cars observed June 1991.)

2) The average emissions concentration per m-car is about 50 times higher than that those per
average p-car of O~05 to 0.06% (estimated the next subsection) 0 High levels of CO are
associated with fuel enrichment

The relatively high frequency of m-cars among the very newest cars and their relatively high
emissions, as shown for MY91 table is surprising, was also noted by Stephens, whose
remote sensing survey was conducted at the same time at some same sites (Stephens 1994b)$

was an experimental problem the data on the MY91 cars: Some license numbers, apparently
observed on older cars, were identified new vehicles by motor vehicle bureau by the time it
processed the information to provide (See section addition to these, there also

to a few percent of vehicles which have malfunctioning ECS new or almost neW6

ratio to fuel is expected to a factor of about 100, going from
operation an air-fuel of about (Compare tables and

50 of enrichment characteristic of the average
an air-fuel about 13.0Q This may be

example, the oxygen sensor fails&

&alil4~o,I"A""'JII.& of malfunctioning cars than
UI'lo,IJll.J~UAJIl,~LJii.\ studiesQ our research purposes this is

moderately, only moderately, wello
remote sensing, is rougWy twice

-89
cars O~22% 0.25% 0033%

4.9% 506% 703% 7Q2% 8Q4% 706%
C 2&65% 2052% 2061% 2063% 2.79% 2067%

total CO 59% 57% 63% 59% 64% 62%
Properly-functioning cars

1% 9404% 9207% 9208% 06% 8806%
0009% 0011% 12% 14% 14% 0013%
41% 43% 37% 41% 36% 38%
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The average concentration of p-cars from dynamometer datao The tailpipe eG-to-fuel ratio
(grams-CO/grams-fuel) measured on the P-RP dynamometer tests of p-cars in bag 2 type driving
(table A~6, column 4) is r::: 0000700 The corresponding CO concentration, cone (in %),

cone =[2800/(363 - 6.8 · r

where 2800g/gal is roughly the average density of gasolinee We obtained the factor the denominator
by regression involving the (grams CO/gallon of fuel) and CO concentration in the remote sensing data
set Thus, for p-cars, one predicts, based on the dynamometer data:

p-car CO concentration (%) ::: 00054&

analysis of the dynamometer data (FrP bag 2 type driving) is summarized CO and
table 130 Considering their independence, this dynamometer result for CO is fair
agreement with, but smaller than, the remote sensing results (next to bottom row of table There
are several reasons why the two would be expected to disagree somewhat, mostly the direction
observed: California p-cars are allow higher CO emissions; the actual afference is small howevero

ual degradation of the ECS p-cars is probably more rapid the observed vehicles than FrP-
vehicles (as indicated t "as-received" dynamometer data discussed section

mileage may MY87 be systematic error
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Table A.13@ Pollutant concentra.tion for properly functioning cars ............. FTPgRP dynamometer data

gpollutant/gfuel, Table A.6 conversion factor at low concentration concentration (%)

CO 060070 7.7
0.00080

remote sensing measurements at small concentration (in either direction)6 Taking the p-cars to be the
residual in the remote-sensing data after identifying the ffi-cars with a particular cutpoint may exaggerate
p-car emissions; in effect, the cutpoint may be too high.

For the corresponding results are:

conc =[2800/(572- oconc)}r.

and

p-car concentration (%):::: 0.0039.

He emissions from malfunctioning cars. The data for that ne
indication of this is that the average concentration Motors at

the same site and time (Stephens 1994b) is much smaller found by the University Denver group
data we are using), e.g. 0.014 and 0.042%, for MY87 cars, respectively. CO measurements

the two groups are, instead, quite difficulties accurate determination
concentrations are associated the low concentration and the large number of species

et 1995). e species
·_JIl.AA_JIl.'....,JIl.JIl.O;" gasolines and the emissions mechanism (eeg0 misfire or enrichment) $

'V.IIl.Aq".iI...&.AYJ.&~Y to accurate analysis high emitters is the lack a c ar transition from central p to
(See figure Ae a of these we do not attempt to extract information directly

remote-sensing "as-received" dynamometer data.

_ ......... ".. _ .... "'... .&&'G>-'!I 'Il'l8"\"i:J'."'Id"lrJ'll'l8"\t"'!Ir emissions over a
and NOx as well as for

bag 2 by the 78 cars, figure 18, speaks for itself. It
fraction of malfunctioning vehicles, taken as

o"lllJ'CJ.-rnrll'n. malfunction emissions are about 25 times those
__A.A.&tJ~~_·IIJ'A_ to ratio of about 50 found from the remote sensing data.

models among these high emitters strongly overlap the high-
rna Is identified by the remote sensing study (discussed section

AAA\".'JIl..UU~""t.:) some carbureted cars..

difference between figures A.. and 18 is the narrower peak of the bag
that there is less fluctuation the bag data than the remote sensing data.. The break between

central peak and is seen to occur at about 10 g/mile corresponds to about 10
~AAA.JI...:J..:J ..lI.VAA rate (bag 2) as seen or a concentration

suggests that 0.5% principle, be a designation



than IGO%~ Fortunately for our analysis, the total malfunction emissions are not sensitive to this
cutpoint, even while determination of the percent of malfunctioning cars iso The tail may also drop more
rapidly the dynamometer than the remote-sensing data, but the statistics of the former are inadequateo

This dynamometer data also enables accurate determination of the emissions of properly
functioning cars. Using a 10 g/mile cutpoint for p-cars, the average CO emissions are 205 times the
average emissions (for the same bag) for the FrP-RP sample, similar to the discrepancy found with the
remote-sensing data (as discussed in section Asl)o The He and NOx bag 2 emissions from these data are
about 1.7 times the FrP-RP emissions.

One of the troubling questions about the remote sensing data has been whether most of the high
emitters identified by the method might simply be properly-functioning vehicles transient command
enrichment These dynamometer results show that interpretation to be incorrect, because FrP bag 2,
less than one second in a thousand is enrichment the FrP-RP sample0 (The sites selected for the
remote sensing survey and the results for vehicles with multiple readings (section also argue against
such an interpretation.)

Beyond confirming the essential results we obtain from remote sensing on eo, the as-received
dynamometer data enables comparison of NOxe The figure is
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similar to, but more definitive with respect to the malfunction tail, than from remote sensing, fig .. A.I? ~

When the high CO emitters and high He emitters are put on a scatterplot (figure A.20), this
shows that the same fraction of vehicles have malfunctioning ECS by an HC- as by a CO-criterion.
(This is not so clear in the remote sensing data, where one might use a relatively high cutpoint and think
there is a smaller proportion of high He emitters than high CO emitters.) Indeed the overlap among
individual high emitting vehicles is almost complete, such that almost all of the high CO emitters are
high He emitters. The dotted lines in figure A.20 are rough suggestions for the transition from p-cars to
m-cars according to CO or He criteria; they are chosen by inspecting figures A.. 18 and A.19. (The break
point in the He distribution is not, however, clear.) The CO criterion at 10 glmile corresponds to about
0.5% concentration. The He criterion at 0.4 g/mile corresponds to about 0.02% concentration..

There is a hint in figure A.20 of some moderately high HC emitters that are low CO emitters$

Misfire can cause major engine-out emissions of HC. The degree to which the engine-out exhaust is
oxidized by the catalyst depends on details. In addition, strong puffs of He are associated with lean m
fuel mixtures that occur as transients in some properly functioning cars. The remote sensing data also
suggests that there are a few high He emitters that are low CO emitters.. Some 10 to 15% of the high

emitters appear to be p-cars in terms of CO (with CO concentration < 0.1 %).
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There is no corresponding tail in the NOx distribution (not shown).. Moreover, the high CO and
emitters are scattered throughout the NOx distribution.. It is premature to draw conclusions about the

overall NOx emissions of cars with malfunctioning ECS.. However, one possibility is that these
emissions are small, much smaller than the 0.8 g/mile obtained as a difference from MOB~E5 and
shown in the summary table A.2..

Results.. Consider the CO concentration > 1% criterion to define m-cars, and MY87 cars to
define typical lifetime average emissions. From table A.12, x =2..79% is the average concentration for
m-cars, and a =0..084 is the fraction of cars that are m-cars. Let z be the average concentration for the
non m-cars .. The incremental malfunction emission (as a CO concentration) spread out over all cars is
then a(x - z) =0.22%. (Here to correct for the background we have used z == 0.1 See the discussion at
the beginning of Appendix A .. ) This is 4.1 times the p-car concentration from dynamometer data (table
AG13).

This is for hot moderate driving. It is unfortunate that we do not have measurements on
malfunction emissions in cold start We take the corresponding factor for cold start to be one-fifth as
great This is an educated guess based on examination of measurements of bag emissions of "as
received" vehicles by CARB (Gammariello & Long 1993)~ Another approach, which yields the same
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answer, is to assume that malfunction emissions per car in both cold start and warmed-up operations are
roughly the same as the. pre-control level, and note that cold start emissions of p-cars are 5 to 6 times
higher than in warmed-up driving (table A94). We thus take the malfunction emissions to be 4.1 times
the hot moderate-driving rate for p-cars (0.98 g/mile from table A.2) plus 0.2 times the corresponding
amount for cold-starts (2.32 g/mile from rows (2a) + (2b) of table .2). That is the basis for the entry
6 g/mile [4.1 x (0.98 + 0.2 x 2932)] for CO malfunction in table A.2.

For He the malfunction emissions in hot moderate driving are taken to involve the same factors
times the emissions from p-cars. That is the basis for the entry of 0.6 g/mile 1 x (0.09 + 0.2 x
for He malfunction in table A.2.

There are elements of these calculations that are rough. Let us compare them with the estimates
obtained by subtraction from MOBILE5a (table ,A~l). The CO estimate adapted from MOBILE5a is
roughly 1.5 times the 6 g/mile estimate made here, while the estimate adapted from is
two-thirds the estimate made here.

Unfortunately the remote sensing survey we analyze does not have any information on we
rely entirely on MOBILE5a for

A~6tia Upstream Emissions

When comparing emissions between gasoline vehicles and electric vehicles, emissions
stream energy production facilities for gasoline vehicles are often ignored, even though UD-stre~am

power-plant emissions electric vehicles are considered9 this report, we estimate 1!ln_C'1"1l"',g:~t}·'lt""Pt'\

emissions, as well as enusslons, gasoline vehicles order to gasoline v V.U•.£."'A'Il"","

VA_~/"'AA_ vehicles a cycle perspective6

A~14@ of production mile with

Crude Gasoline Total
Refinin T&S&D

0.007 O~O63 0.098
O~O28

0.009 0.215 0&053 0.315
0.008 0.007 0.063 0.097
0.001 0.028 0.020 0.063
0.009 0~213 0.053 0.310
O. 7 0.005 0.055 0.085
o. 1 0.025 0.018 00055
0.008 0.172 Oe046 Oe251

are for crude recovery, crude transportation, crude refining, and gasoline
ll..!I._AAUV~""Jl.ll.lIo'~"'A"'.I!.JII.'li storage, and distribution (T&S&D). Fuel combustion during these processes produce

addition, gasoline evaporates during transportation, storage, and distribution. One us
developed a fuel-cycle model to calculate fuel-cycle emissions gasoline as

as alternative vehicles (Wang 1995).
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In the model, energy consumption is first calculated for a fuel production stage.. Then, with the
calculated energy consumption and emission factors in grams per million Btu of energy consumed,
emissions in grams per gallon of gasoline produced are calculated for the fuel production stage&
Emission factors of fuel combustion for various combustion processes used in the fuel-cycle model are
derived from various sources, including EPA's AP-42 documents & Finally, with fuel economy of
gasoline vehicles, upstream emissions in grams per gallon are converted into grams per mile driven~

Table A914 below presents our estimated up-stream emissions for the criteria pollutants being considered
in this reports

Note: Up-stream emissions of 1993 MY cars were calculated 1998 calendar year, 2000 MY
cars 2005, and 2010 MY cars 20159 We assumed 23~8 MPG for 1993 2000 Y cars, and
MPG for 2010~
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jecti n f if time missions er Mil f r Mo~aelmm ars 20
1

For every physical source of emissions 1 though 6, changes regulation technology are
taking place0 The major regulatory changes have been briefly indicated in the history (section 2)&
Important details will be given here in each area0 In addition, our evaluation of the changes are
discussed, and the main assumptions underlying our projection in most of the source areas are explained0
The predictions are shown in table B.l&

8m 110 On-Cycle t::mIBSS;BorBS of HotProperiY06Functioning Cars

Automotive engineers, designers and manufacturers have the capability to meet more-stringent
standards for emissions from properly-functioning vehicles, moderate driving, a timely fashion0
They can substantially reduce emissions through improved sensors, better fuel injectors more
uniform performance among engines of a given model, as manufactured, to keep the fuel-air ratio closer
to stoichiometric.. This results in substantially smaller catalyst pass fractions than the averages for
MY93~ Some of this can be accomplished relatively easily and at reasonable cost, as demonstrated

better-performing engines of today. Many post federal California standards,
including LEV standards, can be met in this way@

~~ ....a>A~A'_.s.&olj more-powerful new technology is wings: real-time measurement
the cycle-by-cycle performance of individual cylinders.. Measurements of performance

at can be made, pressure sensors in cylinder, by observing
_"'M,"'.A_,~AaI.4A acceleration of the flywheel, or measurements in the exhaust manifold.. Moreover,

.&A.JlI.Bl..... _ ...J~_.s.A. can fully cylinder-by-cylinder and cycle-by-cycle direct injection of fuel
Variation performance among cylinders cycle-ta-cycle is believed to be an

reduction, other improvements, such as improved catalysts to
reduce enable meeting the "ultra-low" emissions standards properly-

moderate driving~ Many of these are development areas, but the Honda ULEV
be production soon (American Honda

01nr"\'8iC'C'1InnC' standards can be achieved

i e standards

2000 and 2010

He
2010 MY2000 01

1.4 0..22 0.11
0 0037 0.37

00036 0.036
2 0.2
0.055 0.097 0.085
6 101 0.8
167c O.. 2Sd 125c 0.4

2010
13

o
1

0&25

a) Properly functioning cars.
b) MOBILE5a prediction.
c) Tier 2 standards.

Non-methane hydrocarbons.
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laboratory-like tests used for emissions certification. Most, and possibly all, of these improvements can
be achieved at moderate cost We are not at all saying that these are simple challenges, but they are
challenges the manufacturers can and will, as appropriate, meet.

Prediction. The prediction concerns both how many LEV vehicles are produced and how much
"headroom" the manufacturers decide to have between certification test emissions and the regulatory
limits. For the prediction we assume that cars will pass the certification tests (50,000 miles) at 60% of
the regulatory limits, Tier 1 for MY2000 and Tier 2 for MY2010e This applies to the present FrP.
Including the 200 P cold start to represent winter experience, we obtain the top row of emissions table

l~

Another source about whose reduction (in properly-functioning vehicles) one can optimistic,
is cold-start emissions. This has been a focus of development by manufacturers in recent years0

Manufacturers are meeting new standard for cold start emissions at 20opo

the first stage of a cold start, the engine is cold; and drivability problems have been solved
fuel enrichment and spark timing. These lead to emission rates. improved

AAAA'-'AAJ~Jl._'A..II."""JI,.JIi. and with respect to fuel combustion, enrichment at
a cold start already been substantially reduced and will reduced further.

a period beyond the enrichment great deal of
has~tenlnQ: catalyst Electrically-heated catalysts were first explored as

\..IV'-'HJA\..'Y catalytic converter the exhaust
catalyst can

start, more drastic measures such as electrically

installed on-
Jll."_A_~"'AAA.Il'fooo. enusslons gasoline stations

Stage-II techl10logy which returns vapors from
during refueling, or by on-board canisters which absorb

technology is required many ozone non-attainment areas.
required controlling refueling emissions 0 These

canisters that are currently installed for controlling diurnal
running loss emissions, has established a running

1995 MY cars. is likely to follow the CARB's
efforts are being supported by new instrumentation for measuring evaporative

u.~.::JV""'J.u.Q.""'U standards) for multiple hot·so and evaporation while runningo Evaporative
'%o'A.,ll..&..JIl.I.JltJiA'VAAL.'Ji are measured a completely sealed flexible all shed which multiple high-temperature
_41ll.'l>,.I_4U1A'-'AAU'll or hot soaks, simulate conditions of cars parked for several days in hot weather -- conditions

to atrnosphereo
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As discussed in section 593, malfunctions in the fuel system are responsible for much of the
evaporative emissions, and their measurement and diagnosis remains difficult as of this time 9 For this
reason, we feel that the relatively small reduction of 25% forecast in MOBILE5a is reasonable.

High and ModerateBa4aa ffmCycle peration of ProperlymaFunctioning
Driving

Proposed new rules, including a test-cycle with higher-power driving, are likely to be
incorporated into a revised Supplemental P (section 293)9 It is likely that the SFTP will lead to the
introduction of timers onto vehicles that will delay the onset of command enrichment for a period that
may be as long as eight seconds during high-power driving9 addition, manufacturers may be able to
minimize the level of enrichment needed to protect the catalyst from overheating. These are measures
which have been adopted in some vehicles0

Command enrichment as practiced. Starting points for discussion are: 1) the rationales for
command enrichment and 2) command enrichment practiceso Command enrichment, or the deliberate
override of emissions controls and introduction of excess fuel, as increased power is called for by the
driver, has several rationales - rationales which seem to depend on the engineer you ask9 any engine
speed, maximum power an engine can produce is perhaps 3% higher at stoichiometric a

Catalyst tei1nD~~ratulqjenllIl'l'r"lIlrfUli tlUIhoon()Wf~rd'§'l!rlllltT'illnR with and without command
enrichment
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The dashed line shows typical catalyst temperatures
during the seven high-power driving episodes in
HL07 driving cycle ~thout command enrichment.

The solid line shows typical catalyst temperatures
during the seven high-power driving episodes in the

HL07 driving cycle with command enrichment.
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10% rich fuel-air mixture (Hey\vood 1988, p 830)~ Improved drivability when the driver sharply
depresses the accelerator pedal with a carbureted engine was also a rationale for command enrichment;
and avoidance of knock continues to be a rationalee

There are, addition, two emissions-related rationales command enrichment: 1) Catalysts
can overheat when engines are operated stoichiometrically at high power0 (See figure 1: The power
factor for these enrichment events was approximately two times the FrP maximum.) The catalyst
becomes 100° to 150° F hotter without enrichment in high power episodes& This overheating takes only
a few seconds. long high-power episodes the catalyst may become 250°F hotter. The overheating can
of course be lessened or delayed by appropriate engineering measures; it is a serious problem at the
highest engine power output. It need not be a problem at low or moderate engine speed or in the first
few seconds of an episode of high-power drivinge Damage to engine from overheating is also a
possibility ~

2) NOx emissions increase substantially when engines are operated stoichiometrically at high
power, because NOx emissions increase very rapidly with maximum in-cylinder temperature, i.e. with
fuel rate when operating stoichiometrically. As figure A.S shows, fuel enrichment dampens these
temperature increases and high-power NOx emissions.

details of command enrichment design do not appear to high
all Asian vehicles tested

the the rather its spirit, as
_'U'AJ~JLlI.AJl.~~AA-' _AAAJl._Jl.a.lI.AJl._J'&~ is just beyond the

enrichment (lIp to an air-fuel
carbureted engines.

threshold is remote, at
This limited enrichment

occur as a result of
'" ..... ".,,>.. ....J ..."- at speeds where power

JlAAA.JI.,AAVlU-AU.Il-V response by the engine to the driver's
and mixing, including knock

seconds at high power using a
a delay is to

to 25% is
employed, especially (1)

discussed section these
.&_~IIA'__ ~VA.AAAAJlU.A.ll.I""'-~A.§.AA""A..IU.AA\"IJI..a" emissions major high-power episodes, 2)

accelerations, but 3) not substantially reduce
principally underpowered operations.

1.J1.Ji..n.-VM.l.U..Ji..II.AVII\.~l#A in-use driving indicates that approximately 70% of the
mild and severe enrichment modes combined) is contained events

uV,,",,"-'JiJi\,,4l.1.J1 or Therefore, industry adopts 8-second enrichment delay timers in
command enrichment emissions be reduced by 70% from 7..9 and 00
g/nllle {table apply

severe enrichment
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USEPA estimated emissions reduction.s (g1mile)

Cant area
High speed/accel
Air conditionin

NMHC ction
o. 5
0.000

CO reduction

modes does not depend on the duration of an. enrichment event and that the degree of enrichment will
not change the future. If severe enrichment is more likely to occur extended duration enrichment
events (i.e.. long hill-climbing), which would not necessarily addressed by then these
reductions may be lessened. however, the overall degree is reduced by automakers
future cars, then these reductions could increased.

EPA estimates for emissions reductions due to the are table (60 7407).
Our prediction for CO reduction is approximately two times theirs, while our predictions for and
NOx reductions are rougWy consistent with theirs. (Compare off-cycle emissions tables and 10)

Malfunctioning Exhaust Emissions ontrols

The nature of malfunctions.. emissions are due to
malfunctioning emissions controls~ st, the responsible office has stated these failures
are large part due to "tampering", (presumably) disabling controls or related
parts Tampering Survey 1990)~ One tampering argument is the data that supports it

protocols inspection some as they may be due to
causese however, making a judgment on the validity the importance tampering
vehicle models, we conclude the claim is now out is no evidence showing

computer-controlled of post-carburetor, post-leaded-gasoline eras suffer from substantial
~_A"!l.IlJ_.Al' _"'_ disabling emissions Random Roadside Inspection Survey found, for a
""'-~.&''''Ii-''''''- of cars 3-way catalysts, tampering rates only 2 or 3% 1990 and

tampering rates vehicles with technology; and we believe
recent modelsQ that tampering is

reason it is uncertain is that the
and more years old, and vehicle age (given a fixed

It is to establish that tampering plays only a
discussion has a on

dependence, below..

the result flaws of designJrnanufacture, or are
servicing vehicles? this section we address

depend on vehicle model.. number of observations
an study of the dependence malfunction

Whatever proximate cause, it is
effi1SS10nS~ example, catalyst increases the catalyst pass

Failure fuel-air controls increases CO emissions even
and Frequent causes emissions..

r'Il'"'1t''''r'IlO·_*,'ll''',n.i"lII r ... _ is

malfunction
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Figure Probability distribution of models, by percent concentration of CO
malfunctioning cars (MY87ga89)
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a model, probability the model's average
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rn-cars are thus
moderate driving

A$6)~

to rather well definede errussl0ns are
the engine/catalyst hot, compared to about

emissions also correspond, as mentioned

same remote sensing survey and the "as-received" dynamometer survey, a

The nrobability of malfunctions~ incremental emissions due to malfunctioning vehicles is
probability that vehicles malfunction and the level of emissions per malfunctioning
average on-cycle emissions rate from properly-functioning vehicles, (beginning

I \.IU.ll...,';:UVA.le,;:, per m ...



As suggested by figure B.2, the second factor does not vary strongly, at least with today's
emissions control technology. The first factor is perhaps the most important issue for this report· the
probability for vehicles to have emissions control failures, and how that probability depends on the
vehicle model, on improved emissions control technologies and on mitigation programs.

Consider, as for figure B.2, MY-model combinations from 1987-89 with at least 50 cars in our
remote sensing sample. The probability for malfunction is shown in figure B.3, against the average CO
concentration for all cars of the MY-model. (Malfunction is again defined as CO concentration >1%.
There are 76 individual MY-models -- 37 different models -- shown.) The spread is very large, with
six MY-models in the sample having none or only one high-emitter, and five having more than 25%
high emitters. The apparent intercept on the x-axis, at about OQ07% concentration, is essentially
consistent with expectations for p-cars (table A.II).

The emissions implication of high malfunction probability for a model is clear. Since the
emissions per m-car are very high relative to regulatory standards, the average emissions for all cars of a
model with substantial probability of malfunction are far higher than the stand s~ For example,
figure B.3, the average emissions of all cars in the group of models with malfunction probability over
15% is over ten times the p-car leveL
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CO malfunction probability on the number of remote sensing
a group five MY87@89 models with high malfunction probability

Table Dependence
nh~~iClr'·v~'I·jnTrllC per vehicle ...............

number of observations er vehicle
1 or more
2 or more
3 or more

total cars
2256
669
182

cars with x > 1%
519
173
38

Let us examine the emissions of the best and worst of these modelse There are 21 different
models in the group with probability malfunction 705% and undere is the best half, with 38
different MY-models. These include GM and Ford products, one European car and several Japanese
manufacturer vehicl . (Note that the requirement for 50 cars in the sample eliminates many models
from consideration. With the California sites involved, most are Asian model r this reason among
others we feel it is premature to name models.) Both luxury cars and popular mid-price vehicles are
included, though no bottom the vehicles~ All but one of the engines this group are from 2~O

through 300 liters& The average prob lity of malfunction for these 7~5% and under models is 4%~ If we
consider the best quartile models, there are an average probability

malfunction 2&6%0

AAA'U'",...eI>1lo.IAt.J! - 11 models) each has
are inexpensive models (and, reasons

9 engines are under 2~O

working against

group poorest-performing
greater 13%) is

_J&...s.,&~o,./.&_iUI whi were observed two or more times,
the same vehicle being averaged (table

than all vehicles of certain models

cars poorest models shown figo happened to be
remote-sensing observation was made? This is very unlikely

high concentrations for these modelso The pattern
only 1 to 5 % is spent conditions likely to cause

the observations were made at a road site narrowed to one lane with
police presenceo That many cars just these models are still cold-start enrichment is

Moreover, the "as-receiv 'dynamometer data, which is not subject to this problem for
remote SeI1lS111l9:



We conclude that the frequency of high emitters the remote-sensing data is correctly
interpreted terms of the probability of ECS malfunction by vehicle modeL

Probability of malfunction and frequency of repair0 We compare the probability of malfunction
by MY-model with Consumers Union's survey of frequency of repair, focusing on three repair
categories: engine, fuel system and exhaust system (Consumers Union 1994)0 each category, the
rating runs from 1 to 5, increasing with increasing repair frequency. The data by MY-model (MYs 87 to
89 with more than 50 cars for each MY-model), is shown figure for engine repairs,·the category
with the strongest correlation~

When we compare malfunction probability with all three repair categories, the overall correlation
is weak, with only 7% of the variation probability of malfunction associated with the frequency of
repair (linear regression)~ The regression slope is O~0080 other words, as the combined repair rating
changes from 3 to 15, the probability of malfunction increases by 0.09, or 9 points~ This is some of the
effect one would like to explain, but not most of it. e can conclude that having one's car repaired does
not directly cause most of the ECS failures~ There may nevertheless be a strong association: Problems
that lead to a vehicle being taken in for may be associated problems that lead to ECS
malfunction.

in-use testing programs

m(J~ae.LS with more than 50



for vehicles with roughly 30 to 50 thousand miles, aimed at checking the certification tests of new
vehicles, and at determining whether a vehicle should be recalled for repairs or changes in their ECS~
We conclude that these testing programs do not tend to identify vehicles with malfunctioning ECS~

Consider again the five poorest models (14 MY-models) with over 13% malfunction probability
for at least 2 consecutive years (MYs 87-89). Of these 14 MY-models, 7 were tested in C '8 in-use
program, but only one was recalled (CARB 1995). In fact, the program is not designed to pick-up
vehicles of a given model that are unusual; and models with high frequency of high emitters are not~

found. (See section 2.3.) Instead of finding some models with average emissions an order of magnitude
higher than regulatory limits, as indicated by the remote-sensing results here, the in-use tests find all
models to have average emissions comparable to the regulatory limitse

The recent CARB dynamometer survey of vehicles as-received confirms the remote-sensing
results, with rougWy 10% of the cars 5 years old and less malfunctioning (section A.5)~ (This includes
both carbureted and fuel-injected cars.) The malfunction criterion for CO is greater than 10 g/mile in the

bag 2, where new vehicles with aged catalysts test at 1 g/mile. This survey represents a major
departure for "in-use" testing..

Perhaps the most serious to reduction the probability of malfunctioning emissions
controls is the weakness of manufacturer responsibility with respect to malfunction in the regulations.
Manufacturers must avoid excessive deterioration of components vehicles "properly-maintained and

" as interpreted by regulators $ Vehicles are subject to to correct failures in properly-
maintained-and-used vehicles, and to repair failures under warranty. Failures vehicles that haven't
been shown to have been properly maintained and used are not legally manufacturers'responsibility.

these regulations out practice low to manufacturer responsibility
as ( n manufacturers are in identification and

basic approaches are being
to reduce malfunction emissions: 1) identification of individual vehicles with malfunctions, 2)

A.&Jl.".&A.~!I.JS.q;".,Il,..Il.,",.B..al.AAJl.jM" V~.l.uvA,vt.:.l~ and 3) reduction the frequency of malfunctions in future vehicle
_~,.... ......4'.A."JJIl.~U are going identification& Costly vehicle inspection programs in

-.&.A..ll.'1J'4_Jl.ll,'l- ~"I.B.AUqI.A,",.B..BI. """A\."\,,,I\';\.A~ UII.,_AA"'.e.~'!o."'U are Attempts by EPA to strengthen
dynamometer test IM:240, been in the news recently~

~A'Mo.~A.Il.'V\Jle..JS,"'" \o.<ill,.lJUA·IVJlJ..Jl.\"I.U.ll.. is also a program identifying malfunctions"
AAAUo,AA.UB.&""'i'o-AVA.aI.AJl.AiQ. ,,(1~r'1l,("ll1~~" is some roadside

to Inspection maintenance (I&M) programs as a way to
to evaluated terms of modern vehicles, with

_AA"""'-4V'VA leaded gasoline had disappeared. our view, the focus
inspection is an effective tool against tampering, are

context I we believe a focus on maintenance, Of, more properly, repair, is
A.WAA.q;".,AA.JI.~an Roadside study, which 47 emitters, recruited from roadside inspection,

aI,""V'r.4AA"""''lI,,.(I. by B demonstrated that successful repairs on modem vehicles can be complex
difficult to do satisfactorily (McAlinden et 1994)$

proposed expansion of IM:240 inspection programs, strong
other technologies. potential remote

though
~'I&o"""",I!.AAJ!.'JAV~"'AV'..a..a progress is
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sensing to become a powerful identification tool is excellent The technology is being rapidly improved
to: interpret observations more cleanly, include simultaneous measurement of velocity and acceleration,
and perhaps to measure exhaust ternperatureo The velocity/acceleration measurement allows
identification of vehicles likely to be in command enrichment, and the exhaust measurement might allow
identification of cold catalysts0 In this misidentification should
sharply reduced.

OBD technology is also being rapidly improved and installed@ It is quite different function
from remote sensing in that it provides records relating to the state of emissions control over time (even
though no emissions measurements as such are made)o This information may provide good diagnostic
information recalls repairs. the late '90s, identification vehicles be a
powerful tool& will identification of problems lead to progress repairs or to robustness of ECS?

Approaches to reduce malfunction emissions - repair.. present, there is no reason for optimism
about repair of malfunctioning emission controls & The record is poor (Austin Rubenstein 1994;
Lawson 1994; Herbert 1995). This is not surprising, because many the repairs on vehicles are
neither.easy nor cheap& Unlike repairs relating to vehicle performance, repair worker often doesn't
know whether ECS work has been successful; and doesn't not only leads to faulty
repairs, but sometimes to fraud.. [Identification of the to
encourage/enforce effective Second generation giving repair
people immediate and accurate feedback on function~]

as
including 26,000 auto

malfunctions modem
optimistic ,...nf(,rql1C'1l~"'\nC'

MY20100

lIlJ""ll"""AAI;"A~ identification/enforcement/repair programs on
are first issue" the reasons just discussed, our

mallu;nctlon emissions through repair programs is poor.. Progress
as a whole, will slow, with little progress by MY2000, and slightly

more about improving the robustness manufacturers a
more capable institution than the repair networkv. We have shown many vehicle

Is are rather robust against malfunction~ The level of malfunction that the best models
MY87-89 forms the basis of our predictiono Manufacturers can, and probably will, bring all

"bU'"lWlll-t.JI up to the robustness standard already met by many oftheir mOaelS,.



Figure Effect of capping modelmlspecific malfunction probability, based on 54 MY8701D89 fuel GS

injected models with over 50 different vehicles observed in the 1991 CARB Remote Sensing Data

\

Up to 3..5°/@ model-specific
malfmaction probability

2~6°1@ overall average malfunction
pI"oibabJwty (aSSllln:pltion for l\fll

" Up to 16% model-specific

""malfunction probability implies
5..7Y@ overall a.verage malfunction
probability (assumption for MY

2000)

30%25%20%15%10%

2010)

5%

8%

7%

i' 6%

t
~

5%e
~
~

=e
~ 4%tj

i
S 3%=;
~
~
~

0 2%

1%

0%

0%

l"l()~aei-SIDlecnICmalfunction probability

progress on 1) improvements instrumentation for observing
carrying out large surveys promulgating the results, and, 3) modestly strengthened

instrumentation is moving ahead rapidly.. Measurements will follow.. The
this improved information without some modification

"UPot"'A1"'iIPo emissions is motivated by regulations, and the
JlVLiPU..:J~,JLA""'':'..:J against malfunction~ (We have discussed the lack

certification tests, and the in-use tests, on the incidence
connections between vehicle igners on the one hand, and repairmen and other

other, are weak, as far as we can telL Two things should
Jl.AAA'l>,..,n... ..II.AJjkll.4"A~J'AA on by MY-model should be pouring and 2) regulators,

cooperation, should move to require vehicle recalls on the basis of excessive
discuss recall/warranty policy in section 6.5.

emissions reduction happen gradually.. We predict that malfunction
pollutants will be reduced in proportion to the average probability of malfunctions,

latter can be estimated from the CO data on the MY87-89 models studied. figure B.5 the
fuel-injected MY-models shown in figure B.3 are re-plotted to show the average probability

MY-models whose malfunction probability is less than a given level. For M
we assume that vehicles will redesigned to avoid being extremely malfunction-prone,
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particular that all MY-models will have the probability of malfunction of those models up to 16%0 This
reduces the average frequency of malfunction found for the 54 MY-models studied from 704% to 507%, a
reduction of malfunction emissions from that assumed for MY93 of 23%0 While we are working from
actual data on the incidence of ECS malfunctions, the progress we predict is simply a judgment..

For MY2010, we predict that the average frequency of malfunction will correspond to that of the
MY87-89 models studied which d frequency of malfunction up to 305%.. This reduces the average
frequency of malfunction found for the 54 MY-models studied from 704% to 206%, a reduction of
malfunction emissions from that assumed for MY93 of 65%.. These two reductions, 23% and 65%, are
used to predict.the malfunction emissions table B .. lo

The greatest uncertainty about these predictions is not their practicality or modest cost, but
the motivation to carry them out At the present time there may be some reluctance on the part of
regulators to identify the vehicle models that are prone to maIfunctionQ This needs to be turned around
and procedures changed order that manufacturers put a high priority on ECS robustness.. If, in spite of
the potentiality of new information sources (large remote sensing surveys, OBD surveys, and as-received
testing of in-use vehicles), the information is suppressed, then much less progress will be made than we
predict..

Another important question emissions of vehicles be as high as
those for conventional cars, or will th be correspondingly lower? If properly-functioning emissions
controls greatly reduce emissions, their failure will greatly increase emissions from
values0 We have found that emissions from m-cars are roughly consistent pre-control levels
(roughly 80 g/mile 10 including cold start).. opinion is that vehicles
with malfunctioning emissions controls are likely to have roughly the same emissions as standard

m nctioning controls" increase a
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e eral and lif rnia ailpip missi n tan ar s

Tables Co 1 and Co2 summarize the past, current, and future emission standards for passenger cars
nationwide and in California~ Table C.3 lists the CARB low-emission vehicle program's proposed
standards0 These are all standards defined terms of laboratory-like tests -- the -- on
representative vehicles ..

Table C@l@ Federal passenger car tailpipe emission standards at 50,000 miles
otherwise as noted)

Model Year
1968-69a

1970-71
1972
1973-74
1975-76
1977-79
1980
198
1994e

1995e

1996-2000
2003 and

Te e
7-mode:
50 ... 100CID
101 - 140 CID
Over 140CID
7-modeb

CVS-72c

CVS-72c

CVS-75d

CVS-7S d

CVS-7S d

d

d

CVS-7S d

CVS-7Sd

CVS-7S d

Total He Non-Methane He

410 ppm
350 ppm
275 ppm

2..2
3.4

co

2..3%
2.0%
1.5%

23
39

NOx

a) Before 1970, standards were established in pollutant concentration in exhaust gases by weight
This test procedure contains seven driving modes each of which is separated from each other.

c) This is the LA-4 driving cycle with a cold start.
d) This is the federal test procedure that contains the LA-4 cycle and a hot start of the first 505 seconds of

the LA-4 cycle.
e) The Tier 1 standards established in the 1990 Clean Air Act Amendments are: 0.25 g1mile for non

methane HC (NMHC), 3.4 g1mile for and 0.4 g1mile for NOx. The amendments require 40% of an
automaker's produced passenger cars must meet these standards for 1994 model year, 80% for 1995
model year, and 100% thereafter. Fleet average standards for NMHC and NOx were calculated with
the phasing~in schedule. To calculate the average of NMHC from THe and a conversion
factor of 0.85 from THC to NMHC was assumed.

f) The Tier 2 standards established in the 1990 Clean Air Act Amendments for 2003 and on model-year
vehicles may be implemented if EPA concludes the need for further mobile source emission reductions.
If the standards will be enforced for vehicles up to 10 years or 100,000 miles, in contrast to
the enforcement of standards for vehicles up to 5 years or 50,000 miles before 2003.



passenger car tailpipe emission standards 50,000 miles (units: glmile,
otherwise a.s noted)

Mo Year To -Methane He co NOxe

1966-673 7-mode 275 ppm 1.5%
1968-69a 7-modeb

:

50 - 100 CID 410 ppm 2.3%
101 ... 140 CID 350 ppm 2.0%
Over 140 CID 275 ppm 1.5%

1970 7...modeb 2.2 23
1971 7-modeb 23 4.0
1972 7...modeb 23 3.0

CVS-72c 302 39 3~2g

1973 CVS-72c 3.2 39 3~0

1974 CVS...72c 3.2 39 2.0
1975-76 CVS-75d 009 9.0
1977-79 CVS-7Sd 1.5
1980 CVS-75d O039h 1.5
1981 CVS-7Sd

:

Option 3.4 1.0
Option 0.7

1982 CVS-75d
:

0.39 7.0 0.7
0.39 7.0

1993 O.33~ 3.4 0.4
O.25k 3.41

00235 3.4
0.204 0.348

3.4 0.298
1999 1 0.248
2000 0.075 0.2

0.073 3.3 0.2

2003 on 0.070 3.145 0.2
a) Before 1970, standards were established in pollutant concentration in exhaust gases by weight

This test procedure contains seven driving modes each of which is separated from each other.
c) This is the LA-4 driving cycle with a cold start

This is the federal test that contains the LA-4 cycle and a hot start of the first 505 seconds of
the LA-4

e) The Tier 1 standards established in the 1990 Clean Air Act Amendments are: 0.25 g1mile for non
methane He (NMHC), 3.4 g1mile for CO, and 0.4 g1mile for NOx. The amendments require 40% of an
automaker's produced passenger cars must meet these standards for 1994 model year, 80% for 1995
model year, and 100% thereafter. Fleet average standards for NMHC and NOx were calculated with
the phasing-in schedule. To calculate the average of NMHC from THe and NMHC, a conversion
factor of 0.85 from THe to NMHC was assumed.

f) The Tier 2 standards established in the 1990 Clean Air Act Amendments for 2003 and on model-year
vehicles may be implemented if EPA concludes the need for further mobile source emission reductions.
If adopted, the standards will be enforced for vehicles up to 10 years or 100,000 miles, in contrast to
the enforcement of standards for vehicles up to 5 years or 50,000 miles before 2003.



g) Hot 7-mode test.
h) When applicable, manufacturers may choose to certify vehicles to either the THC or NMHC standard.
i) For MY81, manufacturers may choose either Option A or Option B for their entire certified vehicle

fleet The option chosen in 1981 must be retained for MY82.
j) Calculated average standard. For MY93, 40% of an automaker's produced cars must meet 0.25 g1mHe

for NMHC, and the remaining 60% of the cars meet 0.39 glmile for NMHC.
k) Beginning with MY94 vehicles, non-methane organic gases (NMOG) win be regulated. NMOG

consists of NMHC, ketones, aldehydes, and alcohols. Beginning in MY94, manufacturers will be
required to meet fleet average NMOG standard for each model year. CARB establishes five vehicle
types: conventional vehicles, transitional low-emission vehicles, low-emission vehicles, ultra-low
emission vehicles, and zero-emission vehicles. Emission standards of NMOG, CO, and NOx were
established for each vehicle type. Manufacturers may choose to produce any mix of the five vehicle
types as long as the fleet average NMOG standard for each year and CO and NOx standards for each
vehicle type are met.

1) Since the actual mix of the five vehicle types produced by vehicle manufacturers after 1993 is
determined by manufacturers (and therefore is unknown), and since each vehicle type is subject to a
different CO or NOx standard, the actual industrial average standards for CO and NOx after 1993 are
unknown. The standards presented here were calculated with CO and NOx standards for each vehicle
type weighted by CARB's assumed sales mix of the five vehicle types from 1994 to 2003.

Low Emission Vehicle Initiativee The California Resources Board has established a
low-emission vehicles/clean fuel program to further reduce mobile source emissions California during
the mid- and late-1990s. CARB defines fOUf vehicle types in addition to conventional vehicles (CVs):
transitional low-emission vehicles (TLEVs), low-emission vehicles (LEVs), ultra-low-emission vehicles

and zero-emission vehicles (ZEVs)0 emission standards for these five vehicle types is
table 1989a, 1989b).

at 50,000
miles8 (glmile)

ZEVLEV ULEVcv
NMOG 0.075 0.040

3.4 1.7
NOx 0.4 0.2 0.2

a) (less stringent) standards were established at 100,000 miles.
b) NMOG (non-methane organic gases) are NMHC + ketones + aldehydes + alcohols&
c) Emission standard of NMHC&

~"",,~r~.a..'llJiJ"""u. a sales-weighting emissions credit system for introducing these four
the California market during the 1990s (CARB 1990)& This program is being

it is being considered by the Northeastern states in particular~
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