? A2 {% UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
%Mg ANN ARBOR, MICHIGAN 48105
4’4(PR01€°«

OFFICE OF

AIR AND RADIATION

June 8, 1998

NOTE

SUBJECT: Comments on Report Entitled "Em ssion Contro
Technol ogy Distribution Report"”

FROM Larry Landman
Em ssion I nventory G oup

TO The Record

The report entitled "Em ssion Control Technol ogy D stribution
Report" was prepared under contract by Energy and Environnent al
Anal ysis, Inc. (EEA). EPA proposes to use in MOBILE6 the
estimates of the technol ogy distributions for LDVs and LDTs
contained in Tables 3-1 through 3-4 and for the HDVs in Tables
4-2, 4-4, and 4-5.

As with all contractor prepared reports, this report does not
necessarily represent final EPA positions. |In particular, it
shoul d be noted that EEA nmakes two potentially significant
statenents in the report that EPA staff believe are incorrect,
speci fically:

(1) On page 2-11, while discussing changes expected in the com ng
years to catalytic converters, the contractor states:

"Catal yst volunme and/or noble netal |oading is expected
to be increased to provide a 40 percent increase (on
average) in active catalyst surface area to neet the
needs of the revised high load FTP cycle. (This
conclusion is docunented in the third reference detail ed
on page 1-2.)"

EEA repeated this statenent in Table 2-1.

The docunent referenced by EEA is one of their earlier

anal yses. EPA had previously studied that anal ysis and
concluded that only a recalibration (not an increase in
cat al yst | oading) woul d be needed to neet the needs of the
revised high | oad FTP cycl e.



(2) On page 3-1, while discussing the differences between the
em ssi on standards of LDVs and LDTs, the contractor states:

"LDT em ssion standards have typically trailed the LDV
em ssion standards in stringency by 3 to 4 years, but
t he standards have now converged to a point where the
ef fective stringency is identical across vehicle weight
classes for LDV and LDT I (light trucks up to 6000 I|b

EEA statenent is correct only for the LDIs with a GWR up to
3,750 pounds. For the LDTs having GWRs between 3, 750 and
6, 000 pounds (i.e., for nost of the LDTs), their em ssion
standards are tw ce those of the LDVs.

Al t hough both of these statenents are potentially
significant, neither affects the estimates in those seven tables
t hat EPA proposes to use in MOBILE6. |, therefore, recomend the
use of this report in MXBILE6 for the purpose of estimating the
future technol ogy distributions of LDVs and LDTs.
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1. INTRODUCTION

In its highway vehicle em ssion factor nodel, EPA has historically
constructed in-use em ssions for em ssion control technol ogy
groups that have simlar in-use em ssion characteristics. EPA
plans to periodically update and revise the nodel, and this
requires an update of the appropriate technol ogy groupings, as
well as an estinmate of the market share of each group for the

hi storical period and the forecast period. In this work

assi gnnent, the objective was to

e identify the technol ogy groups that (will) have simlar
i n-use em ssion characteristics for both the historical
(1990-1996) period and the future from 1996 to 2020,

e estimate the distributions of these groupings for each
year over the historical period fromavail able sal es
dat a

» forecast the technology distributions for future nodel
years

The original intent was to obtain information froma revi ew of
articles published in the autonotive trade press, engineering
journals and air pollutant related journals. However, a
l[iterature search quickly revealed that these is little or no
information on this specific topic that treats the issues at the
| evel of detail required by EPA. Wile sone reports by EPA and
the Air Resources Board discuss the issues related to the in-use
performance of technol ogi es and standards, there was no
information publicly available on which to derive detail ed
technol ogy forecasts. As a result, EEA obtained such information
by neeting wwth experts at the automanufacturers and at the heavy-
duty truck engi ne manufacturers.



The interviews were conducted with four of the six |argest sales
vol une light-duty vehicle manufacturers and three of the four

| argest diesel engine manufactures. Wile the expert opinion on
future market shares were not quantitative, information was
obtained to translate their statenments into quantitative forecasts
by having the experts identify penetration in ranges of (1) |ess
than 5 percent, (2) 10 to 20 percent, (3) 30 to 50 percent, and
(4) the majority of the market, 60 to 90 percent. These expert
opi nions were conbined with historical trends to subjectively
derive market shares for various technol ogy groups of interest.
The market share forecasts have sone assunptions regarding future
standards and rel ated regul ati ons, and al so assune that fuel
prices will rise noderately (1 percent per year real) through
2020. This information was part of the general backdrop agai nst
whi ch experts fornul ated their opinion on technol ogy narket
penetration.

Section 2 of this report provides a discussion of current and
future technol ogy groups of interest to EPAin the |ight and
heavy-duty vehicle sectors. It provides a basis on which future

i n-use technol ogy performance can be grouped, and di scusses
current and future technologies in this context. Sections 3 and 4
present EEA' s estimates on the technol ogy distributions for |ight-
duty vehicles/light-duty trucks and heavy-duty vehicl es,
respectively. Appendix A has detailed information on 1990 and
1995/ 96 vehicle technol ogi es conpiled from EPA certification
records and AAMA (or MVMA) vehicle specifications that were
utilized to construct technology distributions for sone | ess well
publicized technol ogies. Data for internediate years (i.e. 1991,
1992, 1993, 1994) were not analyzed in as nuch detail but
estimated fromthe two end points for some technol ogies.

Whil e no existing reports provided specific guidance in estimating
t echnol ogy groups or forecasts of technology distributions, three
reports provided guidance on future technol ogi es to neet

standards. They are:



(1) Regulatory Inpact Analysis: NVHC+NQ, Standards for

2004 and Later Mddel Years On-H ghway Heavy Duty
Engi nes, EPA 1/26/96

(2) Low Em ssion Vehicle and Zero-Em ssion Vehicle
Program Revi ew, ARB, Novenber 1996

(3) Assessnent of Technol ogy Costs to Conply with
Proposed FTP Revi sions, EEA report to EPA
Sept enber 1995

These reports were useful in constructing technol ogy distributions
for 2000 to 2005 period. Specifically, these reports were
utilized to estimate technology introduction is response to
standards that could or will be inposed before the year 2005.
Longer range forecasts for 2010 and 2020 are based prinmarily on
data obtained at neetings with the manufacturers. |In addition,
the technol ogy forecast inplied in the three reports were al so
part of the discussion with the manufacturers, and this data was
presented to the expert group for their comment. The forecasts
presented in this report represents the nmajority opinion of the
experts groups across manufacturers, although it should be noted
that there was sone variation in opinion between experts even at a
speci fic manufacturer, and between nmanufacturers. EEA had agreed
that specific manufacturers or experts' opinions would not be
revealed to protect confidentiality, and the data in the report
presents only the majority opinion as interpreted by EEA
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2. EMISSION CONTROL
TECHNOLOGIES OF INTEREST

2.1 BACKGROUND

The MOBI LE5a nodel cal cul ates em ssion factors by em ssion control
technol ogy type for light duty vehicles and post-1990 |ight duty
trucks. To calculate emssion factors, the EPA has chosen to

di stinguish only anong different fuel netering systens
(carburetor, throttle body fuel injection and multipoint fuel
injection), fuel control type - open |oop and cl osed | oop, and
catal yst type - oxidation catalyst and three way catal yst. For

t he purposes of estimating tanpering' s em ssion effects, EPA al so
utilizes the market penetration of exhaust gas recircul ati on (EGR
systens, and of air punps or pulse air systens. However, the

MBI LE5a nodel does not distingui sh between all conbinati ons of

t hese vari abl es, and i ndeed, many conbi nati ons need not have any
significant difference in their in-use emssion behavior.

The current MOBI LE5a nodel does not have any representation of
heavy-duty engi ne technology; in fact, the in-use em ssion factors
for heavy-duty diesel engines are based largely on certification

| evel s, and not on analysis of in-use data. However, the |ack of
t echnol ogy specific emssion factors nmay not be a maj or drawback
historically, since nost heavy-duty diesels did not rely on add-on
em ssion controls or exhaust aftertreatnent for neeting standards.

Based on previous analysis for several regulatory agencies
wor | dwi de, in-use em ssion have been found by EEA to be dependent
on four basic factors:

e The extent of em ssion control occurring within the
cyl i nder.

« The efficiency of any exhaust aftertreatnent device
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* The use of "add-on" em ssion control conponents which,
i f disabled, can provide real or perceived benefits to
t he user

* The use of technology that can radically affect "off-
cycl e" em ssions

In general, nost testing prograns around the world have found that
"engi ne-out” em ssions do not deteriorate significantly over tine
for well maintained engi nes, and even for poorly naintai ned
engines that are repaired properly. 1In contrast, aftertreatnent
efficiency declines over tine and with use, and declines
irreversibly for certain types of malfunctions. Add-on conponents
that are readily accessi ble and provide benefits in engine

per formance by di sabl enent have included EGR val ves, air punps and
catal yst, as well as pulse-air systens (to a | esser extent).
Exanpl es of technol ogi es that can change of f-cycle em ssions
include nmultipoint fuel injection which |ets the gasoline engine
operate with reduced enrichnent at cold anbients or during

accel eration, and the cl ose coupl ed catal yst, which reduces

catal yst light-off tine at cold start.

Qur recommendation for future technol ogi cal distinctions of
interest to the EPA are based on the four criteria listed above,
and we have included our estimates of the effects of these

t echnol ogi es on in-use em ssions factors of interest to the EPA by
estimating the difference in engine out em ssions or catalyst
efficiency. The following is not intended to be a conprehensive
di scussi on of technol ogy characteristics.

2.2 CURRENT LIGHT-DUTY CAR AND TRUCK GASOLINE ENGINE
TECHNOLOGY

Since 1981, a nmajority of vehicles utilize honogenous charge spark

ignition engines, wth "cl osed-|oop" fuel systemcontrol that

automatically adjusts air fuel ratio to stoichionetric, once the

engi ne i s warned-up, under nost conditions except at high | oads.

Exhaust Gas Recircul ati on has been used on a majority of cars to
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reduce in-cylinder NQ, formation with a typical EGRrate of 12 to
15 percent under md-load conditions. (EGRis not used at idle or
high load) Catalysts are currently (1997) all of the "three-way"
type that require engine-out exhaust gas conposition to be
stoichiometric. Non-stoichionmetric (open-loop) systens using an
oxi dation type catal yst declined in market share in the 1980s and
were conpl etely phased out in 1991 for cars and 1992 for |ight-
trucks. However, even within this group of closed-|oop three-way
catal yst vehicles, there have been significant detail variations
of interest, as described bel ow.

Fuel Systens - The broad distinctions in technology are (1)
carburetor (2) throttle-body or single-point fuel injection (SPFI)
and (3) multipoint fuel injection (MPFI) and (4) sequentia

mul tipoint fuel injection (SMPFI). SMPFI systens trigger each
injector in conjunction with the intake valve opening event, while
MPFI systens trigger all injectors in one or two groups. The
precision of fuel netering increases fromcarburetor to SWPFI and
EPA al ready recogni zes the first three variations for the purposes
of nodeling. Wile SWPFI does represent an inproved control step
relative to MPFI, the differences are not large and it is not
clear if any difference in-use em ssions between vehicles with
MPFI and SMPFI will prove statistically significant. SMPFl may
offer only sonme nodest inprovenent in driveability relative to
MPFI for vehicles calibrated to the sanme standard; experts at the
manuf acturers question if any em ssion difference will exist in-
use.

ECR Systens - Wiile sone LDVs/LDTs have no EGR, nost LDVs and
LDTs use this technology. EGR systens can be further subdivi ded
i nto:

* Mechani cal backpressure systens

* Electronically controlled, vacuum actuated systens

» Electronically controlled, electrically actuated
syst ens.



From a performance viewpoint, electronic control permts better
tailoring of EGR rates to engi ne speed/| oad, although the near
constant rate provided by nechani cal backpressure systens i s not
too far fromoptimal. Electrically actuated systens can deliver
EGR even at | ow vacuum |l evels, which is not necessary to neet
current standards but may becone necessary in the near future with
the high |l oad cycle added to the FTP. However, froman in-use

em ssi ons vi ewpoi nt, engine-out em ssions differences between the
three systens will be snall and all three types of systens can be
tanpered with. Hence, EEA does not believe that recognizing the
type of ECGR systemw || be useful for in-use em ssions analysis,
al though the presence or absence of EGRis a variable of interest
for analysis.

Secondary Air Systens: Secondary air has been used in "cl osed

| oop" fuel system equipped cars with dual bed catal yst to supply
secondary air to the second (oxidation) bed of the catalyst.

Engi nes equi pped with such systens have usually had significantly
hi gher engi ne-out HC CO, and are typically |arger displacenent
engines. A snaller fraction of vehicles have utilized secondary
air with a single bed three way catalyst, with the air being used
only during warmup. The market penetration of secondary air

equi pped vehi cl es has declined since the md-1980s; at this point,
no LDVs utilize the dual bed system (although Ford LDTs conti nue
to use this) while only about 5 percent of LDVs and LDTs currently
use secondary air for warmup. Because of the relatively high

mar ket penetration of the latter systemhistorically, we suggest

t hat EPA di stinguish these systens as well in its in-use nodeling,
especially for nodel year 1984 to 1992 vehicl es.

The type of air systemis also an i ssue, as secondary air systens
can be classified into:

* Pulse air systens
* Engine driven air punps
* Electric notor driven air punps



Pul se air systens are passive devices that rely on exhaust
negati ve pressure pul sations to provide secondary air, and may be
| ess prone to tanpering than air punps; limted evidence exists
that pulse air systens nal performnore in use than air punps,
however. Electric notor driven air punps have been used only in
sone luxury vehicles with a control strategy for warnmup requiring
secondary air. At this point, EEA suggests exam ning the rates of
mal per f ormance anong pul se-air and air punp systens to determ ne
i f distinguishing between these systens is warranted. Due to the
[imted nmarket penetration of electric notor driven air punps, we
do not suggest that EPA pursue separate anal ysis of such systens.

Catal yst Systens - catalysts used in conjunction with cl osed

| oop fuel systens are either of the single bed three-way catal yst
type or of the dual bed three-way + oxidation catalyst type. (As
noted, the latter utilizes secondary air to the oxidation bed).
Typically, the dual bed system has hi gher HZ CO efficiency but

| oner NQ, conversion efficiency than the single bed type and is
nore forgiving of air fuel ratio oscillations. As a result, the
dual bed system has been used in conjunction with |arger

di spl acenment engi nes and/or engines with | ess sophisticated fuel
nmetering systens. Analysis done by EEA for ARB suggested that
dual bed systens have different in-use em ssion characteristics
than single bed systens, partly due to the characteristics

descri bed above, and partly due to differences in em ssions during
mal performances as a result of air punp/em ssions interactions.

Anot her devel opnent with catalysts is the use of smaller "start”
catal yst for quick "light-off" to control cold start em ssions.

Al t hough these catalysts were used in limted nmarkets even in the
1980s, their use has expanded recently since the inposition of
Tier | standards. Such catal ysts coul d provide superior cold
start em ssions performance at | ow anbi ents, although we are
unaware of any data to substantiate this claim One problem
however, is that historical data identifying engine famlies using



start catalysts is not easily available, and a conpilation of such
data is possible only fromhard copy certification data filed by
the manufacturers. The data could be included if EPA devel ops
such a conpilation

I n concl usi on, EEA reconmends that EPA distinguish between the
foll ow ng em ssion control technologies in its analysis of in-use
data from 1996 and earlier nodel years for both LDVs and LDTs:

(1) EPA should continue to distinguish between
carburetor, single point FI and nultipoint FI. At
present, it does not appear that sequential fuel
injection needs to be identified separately from
"group-fire” nmultipoint fuel injection.

(2) EPA shoul d recogni ze the presence or absence of
EGR  However, the need to identify the type of EGR
control and actuati on seens unnecessary.

(3) EPA should recogni ze the differences between single
and dual -bed catal ysts. Since nost dual bed
catal ysts incorporate secondary air this
distinction itself accounts for nuch of the
secondary air use.

(4) Single bed catal yst using secondary air for warnmup
shoul d be recogni zed as a separate group. It is
not clear if pulse-air and air punp based system
shoul d be treated separately, but some anal ysis of
the in-use mal performance rates for each type may
be useful .

2.3 EVAPORATIVE EMISSIONS

Evaporati ve em ssions regul ati ons had renmai ned unchanged from 1980
until recently, and was based on a prescribed test with a 2
gmtest evaporative HC standard. EPA inposed an "enhanced"
evaporative em ssion test procedure that sinulates multi-day
diurnal heat builds and different vehicle preconditioning
requirenents; the standards on this test are 2.5 g/test for LDVs
and LDTs, and 3.0g/test for LDTs with tanks | arger than 30

gal lons. The new requirenents are phased-in, over the 1996-1999
tinme frame. The EPA has al so pronulgated a rule requiring on-
board refueling vapor recovery (ORVR) systens. These regul ations
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are to be phased in between 1998 and 2000 for LDVs, between 2001
and 2003 for LDGIlI and between 2004 and 2006 for LDGIII vehicles.

It is not clear if future evaporative em ssions regulations w ||

expand the types of evaporative emssion (i.e. diurnal, hot soak,
running, resting and refueling |l oss) to other types but it seens
unlikely. However, it is quite possible that post-2000 standards
for evaporative em ssions nmay be made nore stringent nunerically.

The technology to neet the standards based on the new test
procedure and the ORVR regul ation is well understood, and
essentially involves refinenent and upsizing of current

evapor ative em ssion control technology. These include |eak proof
joints in the fuel system nulti-layer plastic hoses to resi st

fuel perneation, multi-layer plastic tanks, inproved injector O-
rings, etc. The ORVRrule will require the venting of tank vapors
during refueling to a much | arger cani ster capable of holding the
tank vent vapors, as well as a anti-spitback valve and fill-neck
seal . These technol ogi es have al ready been extensively docunented
in the Regul atory I npact Assessnents supporting the two
regul ati ons.

Al t hough the topic of evaporative em ssions received only m nor
attention during the interviews with manufacturers, there was a
consensus that no fundanental changes in technol ogy woul d be
required if standards were nmade nore stringent. In terns of

MOBI LE5a, the nost significant factor appears to be the
interaction of the ORVR rule with the evaporative em ssions
requirenents. In order to neet ORVR regul ations, canister sizes
may i ncrease so that evaporative em ssions, even on nultiday
diurnals, may be reduced significantly with evaporative em ssions
wel | bel ow standards according to sone experts. Oher experts
doubted that this would happen, as tank vapors may | oad up the
cani ster significantly during refueling. |In fact, EPA s position
is that canister sizes do not need to increase under ORVR



regul ati ons beyond those required to neet the enhanced evaporative
em ssions tests requirenents.

Future increase to the stringency of evaporative em ssions
standards will likely require inproved fuel line and joint seal
technol ogy, larger canisters and inproved full neck seals, but is
not expected to affect technol ogy performance in any fundanental
way. Hence, EEA does not recommend any technol ogy based approach
for evaporative em ssions. EPA could exam ne the interaction

bet ween the ORVR and evaporative em ssions rules, but there is no
significant change associated with future technol ogi es.

2.4 FUTURE LDV/LDT TECHNOLOGIES

Wth the phase in of "Tier 1" technol ogi es conplete by 1996 node
year, new technol ogies are expected to be devel oped primarily to
reduce costs or increase in-use reliability, or in response to
addi ti onal changes to standards in the future. These standards
include the Tier I and/or NLEV standards being contenpl ated for
inmposition in the early-2000 tine frame. It is also possible that
standards can becone even nore stringent in the 2010+ tinme frane
and coul d conceivably include standards requiring zero-em ssion
for vehicles operating in air quality non-attainnent regions. As
noted in the introduction, data on future technol ogi es was
obtained largely fromdi scussions with experts fromfour of the
si x hi ghest sal es aut omanufacturers.

Al auto-manufacturers uniformy believed that the honogeneous
charge spark ignition engine woul d be the dom nant power plant to
2010, although the direct injection stratified charge engi ne and
battery powered electric or hybrid vehicles woul d have sone market
penetration (details on market penetration are provided in Section
3). However, manufacturers expect continuing inprovenents in

em ssion control technol ogy for conventional spark ignition

engi nes. The changes are descri bed by area bel ow.



Fuel Injection - Mnufacturers do not expect any mgjor charges

in fuel delivery systens, and believe that non-sequential MPF
systens will be converted over to sequential by the early-2000
time frame.

Air-Fuel Mxture Preparation - Currently, fuel is atom zed by

the injectors, and sone |luxury cars have featured air-assisted
atom zation. Manufacturers do not believe that air-assisted

atom zation is hel pful except in isolated cases. Heated spray
targets (used in sone flexible fuel vehicles) were also found to
be of limted value, and manufacturers believe that a very snall
mnority of future vehicles will feature either air assisted

atom zation or fuel spray heaters. Split intake manifolds, (wth
separate air runners for each valve) are likely to the nore comon
with the increasing use of 4-valve engines, with higher velocities
of air in each runner assisting atom zation. However, no
significant in-use em ssions issues are associated with this

t echnol ogy, according to the manufacturers.

El ectronic Control s/Di agnostics - Significant advances in
el ectronic controls are likely to continue to occur. Adaptive
control is a very general nane for a nunber of strategies that

utilize software to sense |ong range changes in engi ne behavi or,
fuel quality and anbient conditions and conpensate for changes.
Since it is difficult to define exactly what this terminplies and
even nore difficult to identify its inplenmentation in specific
vehi cl es, we do not suggest that EPA attenpt to specifically
estimate the benefit of such controls. Indeed, adaptive controls
of sone type have been phased-in already in nost vehicles over the
| ast eight years. On the other hand, on-board diagnostics (OBDI)
has very specific mninumrequirenents, and all vehicles have

OBDI I as part of the regulatory requirenents for 1996. OBDI|
requirenents have been partially met in sonme vehicle nodels since
1990, but the official phase in period began in 1994. OBDI| can



affect in-use emssions in tw ways - first, it can give rise to
earlier and nore conplete repair of malfunctions and second, it
can influence emssions in failure nodes. O specific inportance
is the Dual Oxygen Sensors required by OBD to di agnose cat al yst
mal per f ormance; since nost high and super emtters are caused by
rich failures, the presence of a second oxygen sensor can all ow
the detection of rich failures even if the first sensor has failed
or the control systemlinked to the first sensor has a

mal function. Hence, EPA should specifically nodel the effects of
GBDI I on both mal function repair rates and hi gh/super emtter

em ssi ons.

EGR - Manufacturers expect that the majority of vehicles wll
continue to have EGR although a small mnority may be certified
wi thout EGR.  Wien the revised FTP cycle is in force, ECGR use at
hi gh | oads is expected, and ECR systens will be either
electrically actuated or utilize a vacuumreservoir. However,

t hese changes do not alter EGR operation in any fundanental way
and no separate treatnent of EGR actuation systens is warranted
for in-use emssions anal ysis.

Catal ysts - Automanufacturers expect significant changes in
catal yst formul ati on, size and design over the next twenty years.
In the area of noble nmetal use, manufacturers expect w despread
use of Palladium (Pd) catal ysts by 2001 because of their inproved
thermal durability and hi gher tenperature exposure capability.
Pal | adi um cat al ysts, however, are less resistant to poi soning by
oil and fuel based additives than conventional Pl atinum Rhodi um
catal ysts. The expectation is that Palladiumcatalysts will be
used in the close-coupled | ocation while conventional or

Pal | adi um Pl ati nuni Rhodi um catal ysts will be used in the

underfl oor |ocation. As Palladiumtechnol ogy inproves, a single
cl ose-coupl ed catal yst could replace both catal ysts. However,
this may not inply any specific need to recogni ze the technol ogy
for in-use em ssions analysis since the higher durability of Pd
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catal ysts may be of fset by exposure to higher tenperature exhaust.
At this point, there is insufficient data to resolve this issue
and EEA recomends that EPA reconsider this issue when there is
sufficient data in the future.

Cat al yst volune and/or noble netal |oading is expected to be
increased to provide a 40 percent increase (on average) in active
catal yst surface area to neet the needs of the revised high | oad
FTP cycle. (This conclusion is docunented in the third reference
detailed on page 1-2.) Wile conventional FTP em ssions nmay not
be significantly inpacted, this increase in catal yst volunme wll
significantly inpact em ssions on non-FTP cycles, especially at
hi gh | oads. EPA can recogni ze this change along with all other
changes as a group, related to conpliance with revised FTP
regul ati ons.

The inposition of NLEV/ Tier Il standards in conjunction with the
revised FTP will lead to increased need to control cold start

em ssions so that small start catalysts nay re-energe at this

poi nt. Manufacturers were pessimstic about the prospects for any
cold start em ssions adsorption trap, but some manufacturers
believed that electrically heated catalyst (EHC) could be used in

a limted nunber of engine famlies, nostly |arge displacenment V-
8's where cold start emssions were difficult to control. Most
experts believed that the EHC was an interi msolution, and woul d
be replaced by a variable insulation catal yst, where a vacuum
insul ati on device woul d be activated at vehicle shutdown,
permtting the catalyst to retain heat for several days. Both the
EHC and insul ated catal ysts are of significance in the anal ysis of
in-use emssions as they would significantly alter the

em ssi ons/ soak tine/anbi ent tenperature relationships nodeled in
MOBI LESa. Essentially the EHC woul d al nost elimnate cold start
em ssions, while the variable insulated catal yst would be simlar
to EHCs for soak periods of up to 24~36 hours.
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Alternative Engines/Drivetrains - Al manufacturers agreed

that there were only two alternative engines with any potenti al
for market entry in the 15 to 20 year tine frame, the direct
injection stratified charge gasoline engine (D SC) and direct
injection diesel engine (D diesel). Both engines operate at air
fuel ratios substantially |eaner than stoichionetric.

Japanese nmanufacturers are nore optim stic about the prospects of
t he DI SC engi ne under Tier Il standards and believed that D SC
engine with the | ean-NQ, catal yst would be conmercialized by the
2005 tine frame in the U S. Such an engine would require fuel

sul fur levels to be reduced to California Phase Il Reformnul at ed
Gasoline levels or lower. 1In general, nost features of the D SC
engine with respect to in-use em ssions are not substantially
different fromthe current honogenous charge stoichionetric
engine, with two exceptions. First, engine-out NO, will be very
low, and the lean NQ, catalyst is expected to have a NQ, cycle
conversion efficiency of only ~50 percent conpared to 85-90
percent for three-way catal ysts. Second, the engine will require
| ess cold start and accel eration enrichnment than current MPF
gasol ine engines so that its response to cold anbients and non FTP
cycles is likely to the nore simlar to a diesel engine than to a
gasoline engine. It is not yet clear if the NLEV standard can be
nmet with a D SC engine, although it appears possible on

I'i ght wei ght vehi cl es.

Manuf acturers were nore pessimstic regarding the ability of a Di
diesel to conmply with NLEV regul ati ons and believed that to neet
even a 0.4 g/m NQ, standard for LDVs, the D.I. diesel would need:

* Injection rate shaping with pre-injection

« External EGR at nmuch higher rates than for a gasoline
engi ne

« Alean-NQ, catalyst with an efficiency of 30 to 40
per cent

e Catalytic control of particul ate em ssions
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Manuf acturers believed that all of the above technol ogies wll be
needed at the 0.4/m NOQ standard, although the last two could be
handl ed by the same catal yst. Wile EPA could explore the

ram fications of these variations for diesel engines, its very
limted market share forecasts suggest that EPA need not be
concerned about future DI diesel in-use emssions for the LDV/LDT
mar ket .

El ectric and electric hybrid vehicles have al so been suggested as
a possible set of vehicle technologies for the future. Wile
electric vehicles are clearly zero em ssion vehicles (LEV)

el ectric hybrid vehicles of any design can have the potential to
act as LEVs in a limted area of 25 to 30 mles. 1In addition,
hybrid vehicles of the series type will have em ssions that are
not a function of drive cycle or speed, but could be near constant
ingmmle, over a range of city and hi ghway speeds, except at
hi gh speeds. Details of the em ssions performance of hybrids
could be worth studying under certain scenarios for future

em ssions regul ati ons.

Qur recommendati ons on LDV/LDT technol ogies for EPA' s in-use

em ssions analysis are summarized in Table 2-1. The
recommendati ons were based on both the anticipated nmarket share
and the em ssions inpact of a given technol ogy; high inportance
inplies both market share and em ssions inpacts are high, nmedium
is a conbination of high for one variable and | ow for the other,
while lowinplies both variables are |ow. Market share rel ated
data are provided in the follow ng sections of this report.
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TABLE 2-1

LDV/LDT TECHNOLOGIES FOR POTENTIAL CONSIDERATION
IN EPA EMISSION FACTOR MODEL

Technology Importance Reasons

Dual-Bed Catalyst Medium Higher HC/CO efficiency but

(3WY+0OX) (Historical Only) lower NO, efficiency relative to
single bed catalyst.

Sequential FlI Low Slightly reduced cold start and
acceleration enrichment,
improved A/F control.

Dual Oxygen Sensor Medium Second sensor can correct or
compensate for malfunctions.

Improved Fuel Low Very minor effects on emissions,

Vaporization not likely to see widespread use.

Adaptive Controls Low Already in widespread usein
different forms.

OBD 11 High Potentially lower in-use
mal performance rates.

Palladium Catalyst Low Lower deterioration dueto

or higher thermal durability may be
Unknown offset by higher temp exposure.

Increased Catalyst Volume High Reduced "off-cycle" emissions.

to Meet New FTP Cycle

Close Coupled Catalyst Medium Reduced emission on
short/medium duration soak
time.

Variable Conductivity High Substantial emissions reduction

Insulated Catalyst on medium/long duration soak.

L ean-NO, Catalyst High See DISC.

Electrically Heated Catalyst Medium As per insulated catalyst, but
Imarket penetration may be quite

ow.

Direct Injection Stratified High Different engine out emissions,

Charge (DISC) requires lean-NO,, catalyst with
different efficiency.

Hybrid-Electric Drive High Emissions profile can be speed
independent; limited ZEV
capability.

ZEV Medium Zero emissions, but limited
market.

Diesel Low Will likely require waiver to

0.4 NOy level in the 2000+ time
frame.
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2.5 CURRENT HEAVY-DUTY ENGINE TECHNOLOGY

The heavy-duty fl eet can be subdivided into three classes, called
i ght - heavy, nedium heavy and heavy- heavy respectively. Gsoline
engi nes have over 60 percent of the market in the |ight-heavy
class, but account for |less than 30 percent of the nedi um heavy
class; no gasoline engine are sold in the heavy-heavy cl ass.

Gasol i ne engines sold in the heavy-duty market utilize multipoint
fuel injection since 1993 and, with the exception of two Ford
MHDGE engi nes, utilize oxidation catalysts, secondary air and EGR
Manuf acturers do not expect any significant change to this system
even after the inposition of a 4.0 g/bhp-hr NO, standard in 1998
as the current (1996) engi nes appear to be certified at 2.5 to 4.1
g/ bhp-hr NQ, em ssions. The inposition of a 2.5 g/bhp-hr HC+NO,
standard in the 2000+ tine frame would likely cause a shift to
closed | oop control with palladi umbased three-way + oxidation
(dual - bed) catal ysts and secondary air. Dual bed catal ysts would
be required since the engines will need to operate richer than
stoichionmetric at high | oads to prevent overheating.

Manuf acturers believe that such systens could neet a 1.5 g/ bhp-hr
standard for NQ, and possible even a 1.0 g/bhp-hr standard with
refi nement over tine.

D esel engines have (at least to 1994) net all historical
standards by basic inprovenents in the conbustion process rather
t han through add-on controls or aftertreatnent. The najor

i nprovenents to HHDDE and MHDDE i ncl ude:

 Elimnation of all naturally aspirated diesels since
1988

e Incorporation of intercooling in all engines since 1990

» Conversion of all jacket water intercoolers to the air-
to-air type
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* Reduction of oil consunption by inproving the design of
t he val ve seals and piston oil rings

* Increased injection pressure to produce a nore finely
atom zed spray.

* Electronic control of fuel injection timng and rate

e "Quiescent"” conbustion chanbers with low air swirl and
squi sh

By 1996, nobst HHDDE/ MHDDEs i ncorporate these technologies. A few
di esel s equi pped with non-el ectronic fuel systens continue to be
sold in the U S under the averagi ng, banking and tradi ng

provi sions but are expected to phased out by 2000. A coupl e of
MHDDE nodels were initially certified with oxidation catalysts in
1994, but have been since recertified wi thout these catal ysts.

| ssues of possible concern for in-use em ssions include:

» The very high injection pressures in the post-1994 tine
frame (over 25k psi on HHDDEs) could potentially lead to
injector spray hol e erosion, causing increased PM
em ssi ons.

* The use of electronic injection systens could lead to
reduced tanpering and i nproved di agnostics and repair,
relati ve to mechani cal systens.

* The use of air-to-air intercoolers could |lead to sl ow
deterioration in cooling performance as dust accunul ates
on the intercoolers, relative to the performance of
j acket water systens.

Li ght Heavy-Duty D esel engines (LHDDE) are somewhat different
from ot her heavy-duty diesel engines. Until 1990 the majority of
engi nes sold were of the pre-chanber type, which has inherently

I oner NO, em ssions. However, the potential to reduce PM
emssions to very lowlevels is [imted, and very high injection
pressures to reduce particulate emssions is not useful in the
context of pre-chanber engines. Since 1991, only GM continues to
offer a pre-chanber diesel, while all others are of the direct
injection type. Since 1994, the majority of LHDDEs utilize an
oxi dation catalyst for particulate control; industry experts
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confirmthat its efficiency is quite |ow, averaging about 25 to 30
percent. Unlike the other engine classes, LHDDES have retained
mechani cal injection systens in over two-thirds of the engines
sold in 1996, and the injection systens operate at |ower pressures
of 14-16 kpsi in this class. Hence, the only significant issue of
concern to EPAis the durability of the catalyst, and this concern
is partially offset by the | ow catal yst efficiency.

2.6 FUTURE HDDE TECHNOLOGIES

HDDE em ssion control technology will continue to evol ve over the
next fifteen to twenty years with the near termdrivers being the
1998 4.0 g/ bhp-hr NQ, standard and the "statenent-of-principles”
on the 2.5 g/bhp-hr HC+NQ, standard. Heavy-duty diesel

manuf acturers are al so investigating the possibility of neeting
even | ower standards, up to a 1.0 g/bhp-hr NQ, standard. At
present, HDDE manufacturers believe that the 2.5 HC+NQ, standard
could potentially be nmet without any aftertreatnent but standards
l ower than that would al nost certainly require aftertreatnent.
The following is a list of potential inprovenents to HDDE

technol ogy. It should be noted that | ow em ssion HDDE technol ogy
is progressing rapidly, and forecasts even for 2010 are very
specul ati ve.

Tur bochargers - Current turbochargers are not very efficient in
much of the diesel engine's operating range of airflow and future
i mprovenents in turbocharging are ained at providing high boost

and high efficiency over a |large part of the operating range. A
wi dely investigated technology is the variable vane turbocharger,

but nost manufacturers believed that its cost and conplexity
limts its market to certain specific applications such as a very
high HP rating for given engine famly. Manufacturers believed
that sinpler (and confidential) designs hold prom se, such as the
vari abl e plenumor twin plenumturbo, or matched tw n turbo
chargers in series. Longer tinme-horizon designs include the

el ectrically assisted turbocharger where turbo speeds coul d be
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control l ed by electrical power addition or absorption by a high
speed electric notor. Manufacturers anticipate that el ectrical
technologies will likely be realized only in the post-2005 time-
frame. |In-use concerns with advanced turbochargers include
nmechani cal and/or electrical malfunctions, and the variable vane
turbocharger, in particular, could experience in-use malfunctions
inits vane controls. Such mal functions nmay not disable the
turbocharger but sinply cause it operate | ess efficiently.
Current turbochargers rarely experience partial failures that
reduce boost, although they can have oil |eaks or can experience
catastrophic failure

Intercool ers may be devel oped to be "on-demand” so that air flow

and cooling rates can be vari ed dependi ng on engi ne | oad/ speed and
tenperature. However, this technology is unlikely to affect in-
use emssions in any significant way, as the net effect of "on-
demand” intercooling is expected to be snall.

Fuel Injection Systens - Engine manufacturers were of the

opi nion that fuel injection systens would be all electronic, and
HHDDEs and MHDDEs woul d al | incorporate high pressure unit
injector or "comon rail" technology. The design distinctions are
not of specific concern to EPA as they do not affect emssions in
a significant way. Manufacturers also believe that injection
pressures could continue to increase from 1996 |levels of 25 to 30
kpsi to about 40 kpsi by 2004 in HHDDEs and from 18 to 20 kpsi in
1996 to 25 to 28 kpsi in MHDDEs. These pressures could result in
i ncreased injector spray hol e erosion under in-use conditions. In
addition, aftermarket injectors could have nore significant
problens with these high pressures. Hence, increased injector
probl enms woul d be an issue for in-use em ssions.

The el ectronically controlled unit injector or common rai
injectors are also likely to be used for fuel delivery rate

"shapi ng". Recent testing indicates that a small anount of fuel
preinjected before the main injection event reduces NOQ, eni ssions.
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Preinjection is just one formof rate shaping that could invol ve
multiple injections. This increase in injection conplexity wll
be achi eved t hrough advanced el ectronic control w th on-board

di agnostics so that experts did not believe that it would give
rise to special in-use problens, and EEA concurs with this

j udgenent .

The use of on-board diagnostics could | ead to reduced in-use
mal functions and i nproved di agnostics and repair; however, the
di agnostics are not being designed especially for em ssion
problens so it is not clear at what |level itens |ike injector
spray hole erosion or rate shaping errors are detected and
indicated to the user. As a result, it's influence may not be
quite as large as in the case of CBDIl for |ight duty vehicles

EGR - Al manufacturers stated that EGR was the single nost

i mportant technol ogy available to neet the potential 2.5 g/bhp-hr
HC+NQ, standard. Al manufacturers al so believe that an externa
EGR system capabl e of providing a 50 percent ECGR rate at |ight

| oads (decreasing to near zero at full |oad) would be necessary.
In addition, the use of ECR would entail the need to cool the
exhaust gas being recircul ated and EGR i ntercool ers are seen as an
additional requirenment. The addition of ECR would also require a
sophi sticated control systemto control EGR flow over the

transi ent test cycle.

EGRis a major issue for EPA since it could be a target for

i ntentional disablenent; wthout EGR engi ne power woul d i nprove
as would driveability, and even possibly fuel econony. E&R
intercooler fouling could also be a problemin-use, but would
definitely have a nmuch smaller effect on em ssions than EGR

di sabl enent.

Exhaust Aftertreatnent - Al manufacturers are reluctant to use
any formof trap or catalyst with HDDE due to the cost and
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conpl exity of packaging. However, they also believe that at NO;
standards of about 1.5 g/bhp-hr or lower, there is no alternative
to aftertreatnent.

The lean NQ, catalyst is potentially the |eading contender for
aftertreatnent if its efficiency can be raised fromcurrent very
low |l evel s to about 30 to 35 percent, which sone manufacturers see
as a reasonable goal. The |ean-NQ catalyst requires sone HC in
the exhaust to catalyze NQ,, and the HC coul d be provided by
injecting a small quantity of diesel fuel into the exhaust (e.g.
the injectors could be progranmed to inject fuel in the exhaust
stroke). The lean NQ, catalyst may also be able to reduce
particul ate, although its efficiency for this pollutant may be
quite low, at 20 to 25 percent. At a NQ, conversion efficiency of
35 percent, an engine-out em ssion |evel of 2.1 g/bhp-hr NO will
allow neeting a standard of 1.5 g/ bhp-hr

Very low NQ, I evels bel ow even 1 g/bhp-hr can be attained by
injection of urea or ammoni a, al though such systens for use in
trucks are in their early stages of research. CQurrent systens
have high conversion efficiency for NO only at limted
tenperature ranges and flow rates, while urea/ ammoni a em ssions
are still problematic. Hence, manufacturers regard this
technol ogy as very specul ative and many in the industry doubt that
such a systemfor commercial use will ever be practical.
Neverthel ess, the capability to attain 80 to 90 percent NO;
conversion efficiency even over limted tenperature and exhaust

fl ow ranges suggests that cycle NOQ; conversion efficiency over 50
percent is a possibility, which would be the m ninuml evel
acceptable for a 1 g/bhp-hr standard. Cher system drawbacks are
the need to periodically refill the systemw th urea/ammoni a, and
t he em ssions (however snall) of urea/ammonia as an unreacted
conpound coul d be an issue of concern for EPA. The systemis
unlikely to be commercialized until about 2010, if ever.
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Most nedi um and all heavy-heavy duty engi nes appear to be able to
nmeet the 0.10 g/ bhp-hr particulate standard w t hout any
aftertreatnent, while a few MIDDES and all LHDDEsS have used an
oxidation catalyst. Due to NQ/PMtradeoff, manufacturers believe
that a larger fraction of MHDDEs wi |l require oxidation catalysts
at the 1988 standard 4.0 g/ bhp-hr NOQ, and expect a significant
fraction of MHDDEs to require oxidation catalysts at 2.5 g/ bhp-hr
HC+NQ,. In addition, sone manufacturers believe a netal based
fuel additive (such as copper or ceriun) may be required at the
2.5 g/ bhp-hr standard to bring nmany MADDEs and all LHDDES into
conpliance with a 0.10 particulate standard. Navistar, in
particul ar, believes that standards of 0.05 g/bhp-hr particul ate
can be net on alnost all engines with oxidation catalysts and a
ceriumadditive. It is not clear if EPA has concerns with the

em ssions of the additive, although Navistar believes that cerium
em ssions are too lowto be of concern. At this point, nost

manuf acturers believe that the oxidation catal yst/fuel additive
approach is preferred over any particulate trap based
aftertreatnent system

Tabl e 2-2 summari zes technol ogies of inportance to EPAin its
anal ysis of HDDE in-use em ssions. The nethodol ogy to rank the
i mportance of the technologies is identical to the one used for
LDV/ LDT t echnol ogi es.
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TABLE 2-2
TECHNOLOGIES OF POTENTIAL IMPORTANCE
IN EPA HDDE EMISSION FACTOR ANALYSIS

Technology Importance Reasons

Variable Vane Medium Higher in-use malfunction rate

Turbocharger possible.

Electronic Injection System Medium Lower in-use malfunction rate

Control Diagnostics due to diagnostics but
diagnostics not specific to
emission problems.

Very High Pressure FlI High Potentialy higher injector

(>25,000 psi) erosion; potential malfunctions
with aftermarket injectors.

EGR (external) High Potential disablement for
improved performance.

EGR Intercooler Low Intercooler plugging with use,
small emission effect.

Multiple Injection (rate Low Electronic control makes

shaping) tampering unlikely, no tampering
benefit.

Oxidation Catalyst High Higher engine out PM
emissions, possible disablement
in-use.l

PM Trap High As above, but unlikely to be
commercidized

Urea/Ammonia Injection High In-use characteristics unknown
at present.

1May require fuel additivesin the post 2000 time frame.
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3. LIGHT DUTY VEHICLES/TRUCKS
TECHNOLOGY DISTRIBUTION

3.1 OVERVIEW

Li ght Duty Vehicles (LDV) and Light Duty Trucks (LDT) cover the
range of vehicles under 8,500 b GW and the two cl asses of
vehi cl es have generally featured very simlar em ssion control
technol ogy. Gasoline engines are used in over 99.5 percent of
both LDV/LDT fleets, with the renai nder being di esel powered.

LDT em ssion standards have typically trailed the LDV em ssion
standards in stringency by 3 to 4 years, but the standards have
now converged to a point where the effective stringency is

i dentical across vehicle weight classes for LDV and LDT | (Ilight
trucks up to 6000 Ib GW. LDT Il (light trucks between 6000 and
8500 | b GWY have | ess stringent standards, especially for NO but
a review of the certification data for 1996 does not show any
significant control technol ogy differences between the two

cl asses. The significant exception to this rule is in the case of
Ford's LDGT Il trucks which use dual -bed catal ysts in nost
applications. Emssions of NQ, on heavier trucks in the LDT |
class are higher than those in the LDT | class but still in the
0.4 g/m range, which is only slightly above the LDGI | standard
of 0.4 g/m at 50,000 mles, but much higher than typical
certification levels of about 0.2 g/m.

3.2 TECHNOLOGY AND STANDARDS TO 1996

As noted, the major change from oxidation catal yst technology to
"cl osed- | oop" electronic fuel systemcontrol with a 3 way

catal ytic converter had occurred across the LDV fleet by 1984, and
across the LDT fleet by 1987. Em ssion standards renai ned
constant until 1990, after which several additional standards have
cone into place for 1996. The standards incl ude:
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* Tier I emssion standards phased-in between 1994 and
1996

* Enhanced evaporati ve em ssions test procedures
applicable to 20 percent of 1996 vehicles, increasing to
100 percent for 1999 and | ater vehicles

* On-board diagnostics (OBDII) applicable to 100 percent
of the 1996 fl eet

* Cold CO standards, phased in with the Tier I em ssion
st andar d.

Technol ogi es to neet these standards have relied upon evol utionary
i nprovenents to engi ne technol ogy and to em ssion control

technol ogy. A detailed description of the technologies is

provi ded bel ow.

Air Fuel Mxture Preparation - Miltipoint fuel injection has

| argely replaced carburetors and throttle body injection (TBlI) in
all LDV and LDT nodels by 1996. 1In 1990, only about 1.5 percent
of LDV sales and 5 percent of LDT sales were carbureted engines,
and these have since disappeared conpletely. By 1995, only a
handful of nodels offer TBI and these are likely to be phased out
by 1997. In the early 1990s, it was envisaged that neeting the
"cold CO' standard would require fuel atom zation assi stance
during cold start, such as the use of heated spray targets or air
assisted atom zation. A survey of the nost popul ar nodels for
1996 reveal ed that nost vehicles have not used this type of

atom zation assistance. However, a mgjority of multipoint fuel

i njection systens use sequential injector firing so that the fue
is nore precisely tailored to the cylinder intake event.

Conbustion Systens - The use of high turbul ence chanbers to
pronote conplete fuel burning is now very conmmon, and the use of
4-val ve cylinder heads with very conpact (hem spherical) chanbers
in gromng. In 1990, 26.2 percent of LDVs had 4-val ve engi nes,
but by 1995, this had increased to 51.6 percent. The use of 4-
val ve engines in LDTs has not kept pace with the use in LDV, and
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has grown fromonly 1.76 percent in 1990 to 5.9 percent in 1995,
all in inmport trucks. 4-valve engines, while offering better
speci fic power and | ower fuel consunption, do not have
significantly different em ssion characteristics relative to
nodern 2-val ve engine with "fast burn" conbustion chanbers.
Hence, we recomend that EPA not concern itself with the use of
t his technol ogy.

Exhaust Gas Recirculation - Although ECGR was already in w de

use in 1990, it's use has grown slightly between 1990 and 1995,
rising from77.6 percent to 90.5 percent in LDVs and 72.7 to 77.6
percent in LDITs. However, a majority of systens in 1990 were of

t he sinpler backpressure type (which results in a near constant
EGR rate over a wide |oad range). By 1995, many ECGR systens were
of the electronic flow control type to achieve better tailoring of
EGR flow rates to both | ocal and speed. Details on EGR control
for select nodel s have been obtained fromthe maj or manufacturers
and listed in tables in the appendix to this report. In the
absence of specific nodel by nodel data, EEA expects that about 75
percent of LDVs and 65 percent of LDTs have el ectronic EGR control
in 1996.

Secondary Air Systens - The use of air punps or pulse air

systens to assist in cold start em ssion reduction, and to serve
as an auxiliary air source for dual -bed catal ysts, has declined
over the 1990-1995 tine franme. EEA estinmates that air punp use
has declined from18.1 percent in 1990 to 4.80 percent in 1995 and
pul se air from9.4 percent in 1990 to 1.1 percent in 1995 in LDVs.
The decline has been as significant in LDTs, especially in LDT I
where only Ford continues to use dual bed catal ysts. 56.3 of al
LDTs had secondary air (nostly air punps) in 1990, but this
declined to 15.9 percent in 1995. A few electronic notor driven
air punps (rather than engine driven) have energed in |uxury car
nodel s as of 1994 to permt better tailoring of secondary air to
engi ne tenperature, |oad and speed.



Electronic Control - The use of sequential fuel injection and
electronically controll ed EGR has been di scussed above, but there
are ot her devel opnent as well. Adaptive control was utilized in a
majority of LDVs and about half of all LDIs by 1990, and has since
been standardi zed. By 1995, about 85 percent of LDTs and nearly
all LDVs vehicles feature adaptive control. Control algorithns
and electronic filtering have been inproved to tighten the air-
fuel ratio control band around stoichionmetry, in order to nmaxi m ze
catal yst efficiency. Heated oxygen sensors, not used in 1990, are
now used across the board, to permt quicker transition to closed
| oop operation after cold start, and to reduce oxygen sensor
response tine. These inprovenents al one are responsible for nuch
of the em ssion reductions to neet Tier | standards.

Catal ysts - although three-way catal ysts were used in all LDVs
and 98.2 percent of LDTs even in 1990, two major shifts have
occurred. First, dual-bed catal yst systens have been phased out
in LDVs and LDGII vehicles, but continue to be used by Ford in
LDGTI I vehicles. Second, the use of close-coupled catal ysts has
becone popular as a way to reduce cold start em ssions. Many
vehi cl es now feature a cl ose-coupl ed catalyst in addition to the
underfl oor catalyst, thereby providing fast "light-off" as well as
increased total catalyst volune. |In addition, catalyst
formul ati ons have changed to inprove their thermal shock

resi stance; sone manufacturers have incorporated palladi um

catal ysts that are capable of w thstandi ng the higher tenperatures
associated with closed coupled catalysts. Details on close
coupl ed catal ysts were available only for select high sales vol une
nodel s.

On-Board Di agnostics - Many vehicles offered basic nmechanic
accessi bl e di agnostics for electronic conmponents in 1990. Wth
the advent of the OBD rule, all LDV and LDT nodels feature OBDI I
| evel diagnostics in 1996 vehicl es.



O her Technol ogi es - Several specialized technol ogies that

affect em ssions are used in select nodels. Many vehicles use
doubl e wal | ed exhaust pipe to retain exhaust heat to the catal yst,
but detailed information on its use rate was still being conpil ed
at the tinme of this reports witing. Variable valve timng is
used in several select Japanese nodels; although this is not
strictly an em ssion control technology, it does have a
significant effect on emssions at |light |oads. As of 1996, we
are not aware of any vehicles using an electrically heated

catal yst.

Wi | e basic control technology distinctions were avail able from
certification data, nore detailed data required contacts with the
manuf acturers. Table 3-1 and 3-2 lists the technol ogy
distributions of current interest to EPA. There tables were
derived by EEA by matching certification data on engine famlies
and their technology to sales data from CAFE Subm ssions to DOT.
(For 1994 and 1995, the sales data are m d-nodel year subm ssions
since the final data are not yet available). Mre detailed
technol ogy identification can be found in the tables in the
appendi x. The tables are provided for GM Ford, and Chrysler and
Ni ssan, Toyota and Honda. EEA was unable to obtain detail ed

i nformati on on sonme LDT nodels, so that the tables are inconplete
for these vehicles.
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TABLE 3-1

LOV TECHNOLOGY DISTRIBUTION

TECHNOLOGY I 1990 1991 1992 1993 1994 1995
MPFyaCL | e 1ee e iem et e
MPFI/3CL/EGR H 34.65 39.77 43.22 62.58 72.69 83.76
MPFI/3CL/AIR/EGR H 12.21 12.36 11.68 7.16 6.67 5.86
MPFI/3CL+ OXD/AIR/EGR “ 10.95 7.22 3.68 0.00 0.00 0.00
SPFI/3CL H 2.69 5.22 4.70 2.43 1.72 0.00
SPFI/3CLUEGR ” 13.53 12.45 2.36 6.47 1.31 1.20
SPFI/3CL/AIR/EGR H 1.89 3.00 2.50 2.04 0.85 0.00
SPFI/3CL+OXD/AIR/EGR H 0.71 0.11 0.00 0.00 0.00 0.00
CARB/3CL+OXD/AIR/EGR “ 1.44 0.03 0.00 0.00 0.00 0.00
OTHER ” 0.41 0.21 0.29 0.00 0.00 0.00

SPFI is Single -~ point or Throttie —body FI



TABLE 3-2

LDT TECHNOLOGY DISTRIBUTION

TECHNOLOGY I 1990 1991 1992 1993 1994 1995
MPFyaCL | orm 7w s s 1ose
MPFI/3CL/EGR “ 8.94 8.68 13.00 26.48 46.05 47.80
MPFI/3CL/AIR/EGR “ 5.91 9.38 8.09 8.82 7.75 5.15
MPFI/3CL+OXD/AIR/EGR ” 12.96 9.57 11.86 10.82 10.66 10.72
SPFI/3CL ” 0.00 7.99 1.22 1.00 0.00 0.00
SPFI/3CL/EGR “ 7.36 27.94 26.76 25.88 27.21 25.36
SPFI/3CL/AIR/EGR ” 27.07 9.90 3.84 3.20 0.00 0.00
SPFI/3CL+OXD/AIR/EGR ” 5.01 3.62 0.06 0.00 0.00 0.00
CARB/3CL+OXD/AIR/EGR ” 2.22 1.13 0.76 1.10 0.00 0.00
CARB/OPLP H 1.80 0.69 0.87 0.00 0.00 0.00
OTHER H 1.34 0.36 0.48 0.00 0.00 0.00

SPFl is Single—point or Throttle —body FI,GM Central Port Fi listed as SPFI



3.3 FORECASTS FOR TECHNOLOGY DISTRIBUTION

Li ght-duty vehicles and |ight-duty truck em ssion contro
technology is already quite advanced, with sone vehicle nodel s
already certifying to the stringent California LEV standards in
1996. Wth the phase-in of the Tier | standards as well as OBD
requirements conpleted in 1996, the two nmajor future changes in
em ssion requirenents are (1) the revised FTP with the standards
and (2) future Tier Il standards that will |ikely be inposed

bet ween 2000 and 2005. It seens that further reductions in
certification standards are less likely to 2010, and new
strategi es may be devel oped beyond 2010. One possi bl e strategy
that has gained currency in Europe and in California is a zero
em ssion vehicle requirenent that may apply only to non-attai nnent
areas. Such a strategy would force the introduction of electric
or electric/hybrid vehicles with the latter operating as a pure
electric vehicle in non-attai nnent areas.

The forecast scenarios assune that California will continue with
its zero-em ssion vehicle (ZEVs) nmandate, but we do not assune
that the Northeastern United States follow California's | ead as
far as ZEVs. Hence, electric vehicles penetration in non-
California regions is primarily a "spill-over" effect from
California, and may be concentrated in Southern States where
excessively cold anbients are not encountered.

The LDV technol ogy forecast is shown in Table 3-3. A 49-State EV
mar ket share of 1.5 percent is forecast by experts based on 6 to 8
nodel offerings in LDVs, while manufacturers expect the first
hybrid vehicles to be introduced by European and Japanese

manuf acturers in 2000. On conventional engi nes, sequential fuel
injection will increase market share slightly, as will close-
coupl ed and insul ated catal ysts.
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TECHNOLOGY I
|

ENGINE TYPE I
—CONVENTIONAL I
~DISC I

—HYBRID ELECTRIC

~ELECTRIC

~DIESEL

|
l
|
CONVENTIONAL ENG. |
—SMPFI/3CL |
~ SMPFI/3CL/EGR |
—MPFI/3CL/EGR |
—SMPFI/3CL/EGR/AIR |

| |
CATALYST TYPE |
~CLOSE COUPLED+MAIN |
—ELEC. HEATED |
~VARIABLE INSULATED |

|

|

-~ LEAN NOx
—CONVENTIONAL

SMPFl is Sequential Fi

TABLE 3-3

LDV TECHNOLOGY FORECAST

2005

2010

40.5

47
10
30

llq
oo,

25

50
12

oo

15

40
32
10

25

45

20



The effect of inposition of the Tier Il standards will be to
substantially increase the market share of insulated or
electrically heated catalysts. Gven the |Iow fuel price forecast,
manuf acturers do not expect to see nuch consuner notivation to pay
for fuel efficient technol ogies such as the DI SC and di esel

| ndeed, donmestic manufacturers believe that these technol ogies

w |l have very | ow penetration |evels, but inport manufacturers
are nore optimstic. Manufacturers expect to see:

e first introduction of the D SC engi ne, probably by
Japanese manufacturers in the 2002-2005 tinme frane

* Small market shares for advanced di esel engines and
electric vehicles that could be stable at 2 to 3 percent

* Increasing interest in the hybrid/electric vehicle for
its fuel efficiency, resulting in growh in market share

EEA s 2010 estinmates represent a continuation of these trends.

Dl SC engi nes are expected to be used in smaller and lighter cars
due to the limted NQ, conversion efficiency of the | ean NQ;
catal yst.

Beyond 2010, Scenario A assunes no further significant changes to
em ssi on standards, while scenario B assunes regul ations requiring
ZEV performance in non-attainnment areas and/or ULEVs. Under
scenario A, the DI SC engi ne has increasing nmarket share, while
under scenari o B, conventional engines wth advanced catal ysts and
el ectric hybrids becone nore popul ar.

Tabl e 3-4 shows that forecast for LDIs, which is simlar to the
one for LDVs. W estimate that technol ogy difference between LDGI
| and LDGT Il classes will narrow further so that it may not be
necessary to distinguish the two classes for nodeling.
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TABLE 3-4

LDT TECHNOLOGY FORECAST

TECHNOLOGY i 1996

ENGINE TYPE il
— CONVENTIONAL 1 99
-DISC I 0
—HYBRID ELECTRIC 1 0
—ELECTRIC I 0
~DIESEL I 1

[

CONVENTIONAL ENG. I
~SMPFI/3CL I 12
~ SMPFI/3CL/EGR I 28
—SPFl or MPFI/3CL/EGR || 48
— SMPFI/3CL+ OXD/EGR/AI|| 12

i

CATALYST TYPE I
—CLOSE COUPLED+MAIN || 30
—ELEC. HEATED I 0
—VARIABLE INSULATED || 0
~LEAN NOx I 0
—CONVENTIONAL I 69

SMPFlis Sequential Fl, SPF1is Single point FI

45
15
15

18

35
10
40

14

60
15
10

75

10



Significant differences between the LDV and LDT forecasts are:

» electric vehicles will have even nore |imted market
share in LDTs due to its poor |oad carrying capacity

* DI SC engines are expected to have | ower market share due
to the higher weights of trucks

* the hybrid may be nore popular in LDTs, especially in 4-
wheel drive versions, because the hybrid rmay be better
suited to 4WD desi gn

» Conventional engines will retain a |arger share of the
mar ket in part because of LDT technol ogy has
historically | agged LDV technology by 5 to 7 years.
(The lag is not due to regulatory forces al one, since
even the introduction of 4-valve engi nes and 4-speed
automati c transm ssions have | agged in LDTs).

The forecasts are based on automanufacturer inputs, but their
qualitative inputs have been translated to nunerical val ues by
EEA.
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4. HEAVY-DUTY ENGINE
EMISSION CONTROL TECHNOLOGY

4.1 OVERVIEW

Di esel engines are certified in all three subcl asses, |ight heavy,
medi um heavy and heavy heavy-duty (LHDE, MHDE and HHDE). whil e
nost gasoline engines are certified for use in the |ight-heavy
subclass only. In addition, the nunber of engi ne nodels that
account for 90 percent of sales in each subclass is relatively
limted, wth 3 to 5 nodels accounting for nost of the sal es.
Anmong di esel engi nes, each engine nodel is sold in a variety of
hor sepower ratings, but em ssion control technol ogies are
generally sim/lar across nost ratings.

In the gasoline engine field, only GV Ford, and Chrysler continue
to offer engines in any significant volune, and over 90 percent of
sales are in the light-heavy category. GMand Ford offered 4 LHDG
engine lines, three V-8 nodels and one si x-cylinder nodel each.
Chrysler offered only one V-8 nodel (the 5.9L V-8) until 1996,
when it began offering a V-10 engine. Ford has dropped the six-
cylinder engine as of 1994, but is introducing a V-10 in 1997. GM
and Ford also offer nediumduty versions of two V-8s each, for use
in trucks over 14,000 | b GW

Di esel engines in the |light heavy-duty segnent (LHDDE) are used in
Ford, GM and Chrysler vehicles but are typically manufactured by
others. Ford uses the 7.3L Navistar V-8 and Chrysler uses the
5.9L Guimns | -6 engines, while GM uses an in-house diesel, the
6.5L V-8. These three engines account for over 90 percent of
sales in this category, but Isuzu and Mtsubishi offer a few

engi nes used in vehicles in the 12,000 to 14,000 | b GYWr ange.
Cumm ns and Navi star offer versions of the 5.9L and 7.3L for use
in 14,000 to 26,000 I b G/Wtrucks and buses.



Very few engines |ines also dom nate the nedi um heavy-duty di ese
engines (MHDDE) market. In 1990, the Caterpillar 3208, the Ford
7.8L 1-6, the GM8.2L V-8 and Navi star DT-360 and DT-466 accounted
for a mjority of the sales. By 1996, however, the GV 8. 2L was
dropped from production while Caterpillar has replaced the 3208
with the 3116 nodel, and Navi star has dropped the DI-360. The new
engi nes now account for about 75 percent of MIDDE sal es, but there
are several inports from N ssan, |suzu, Mercedes and Volvo in this
mar ket .

The heavy heavy-duty di esel engines (HHDDE) have traditionally
featured two engi ne sizes per manufacturer, one for the 250-320 HP
and the other for 320 + HP range. CQumm ns, Caterpillar and
Detroit Diesel have traditionally domnated this subclass with the
L10/ N14, 3306/ 3406 and 6-71/6-92 engi nes respectively. 1In recent
years, Cunm ns has replaced the L10 with the M1 engi ne, while
Caterpillar has replaced the 3306 with the 3176 engine. Detroit

D esel was the only manufacturer of 2-stroke engi nes but deci ded
to replace the 6-71 and 6-92 two-stroke engines with the Series 50
and Series 60 four-stroke engi nes respectively. Al though the two

stroke engines are still being offered in 1996, they are expected
to be phased out in the next two years. Two-stroke engines are
still sold in the bus market and in select truck nodels designed

for use with the DDC 6-71/6-92 nodels. Mack has been the only

ot her significant (but smaller than Cunmns, Caterpillar or
Detroit Diesel) seller inthis market with the E7 and E9 engi nes,
but virtually no inport manufacturers are represented in this
subcl ass of engines.

Heavy- duty engi ne em ssion standards have changed in 1990, 1991
and 1994 (al though the 1990 change was actually a delay froma

pl anned 1988 change). The mai n changes have been to NQ, and
particulate (PM standards which primarily affect diesel engines.
Gasol i ne engines are nore affected by HCZ CO standards whi ch

remai ned unchanged over the period. Mst gasoline engines net the



1994+ em ssion standards in 1990 itself. 1In contrast, the
reduction of NQ/PMstandards (in grans per bhp-hr) from6/0.6 to
5/0.25 in 1991 and 5/0.1 in 1994 has resulted in substanti al
changes to diesel engine em ssion control technology. The

i ncorporation of averagi ng, banking and trading (ABT) in
regul ati ons has al |l owed manufacturers to continue selling sone | ow
sal es volune engine lines that do not nmeet 1994+ em ssion

regul ations. HC CO standards in grans per bhp-hr are 1.1/14.4 for
engi nes used in trucks below 14,000 Ib GvWand 1.9/37.1 for

engi nes used in trucks above 14,000 Ib GYWW In addition, EPA
allows the certification of heavy-duty vehicles between 8,500 and
10,000 I b GvWon the basis of conpliance with Iight truck
standards and test procedures.

There is a consensus that em ssion control technol ogy based on
exhaust aftertreatnment for diesels is well behind the state-of-
the-art for gasoline engines. As a result, sone researchers
believe that the future holds substantial em ssion reductions

t hrough inprovenents in aftertreatnent technol ogy, while others
are nore pessimstic. Hence, forecasts even to 2010 are nore
specul ative than for LDV/ LDT technol ogy.

4.2 CURRENT GASOLINE HEAVY-DUTY ENGINES

As noted, gasoline heavy-duty engines are affected nostly by the
HC/ CO st andards, whi ch have renmai ned consi stent over the period
1990- 1996. Hence, certification em ssion |evels and em ssion
control technol ogy for these engi nes have not been affected as
significantly as for the diesel engines over this period, although
em ssi ons reduction have been significant in prior years.

Table 4-1 shows a conparison of the 1990 em ssions and 1994
certification levels (the last year for which certification data
was published as of Septenber 15, 1996) for nost of the engine
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TABLE 4-1

HEAVY- DUTY GASOLI NE
ENGI NE CERTI FI CATI ON LEVELS
(Em ssions in g/bhp-hr)

Manufacturer Engine Year HC Qo &DX Technology
Chrysler 360 1990 0.72 12.4 4.08 FI/EGR/AIR/IOXCAT
(V-8) 1994 0.60 11.7 3.0 FI/EGR/AIR/IOXCAT
488 1994 0.20 11.2 2.4 FI/EGR/AIR/IOXCAT
Ford 5.8E 1990 0.64 4.2 4.2 FI/EGR/AIR/OXCAT
1994 0.80 7.8 4.4 FI/EGR/AIR/3CL
7.0l 1990 1.05 26.03 2.6 CARB/EGR/AIR
1994 0.80 16.90 4.0 FI/EGR/AIR/CL
7.5 1990 0.47 7.88 3.5 FI/EGR/AIR/CL
1994 0.20 9.30 4.2 FI/EGR/AIR/OXCAT
7 51 1990 0.47 7.88 3.5 FI/EGR/AIR/OXCAT
' 1994 0.50 22.50 4.4 FI/EGR/AIR/CL
GM 262 1990 0.49 8.47 4.1 FI/EGR/OXCAT
1994 0.50 6.10 4.3 FI/EGR/OXCAT
350 1990 0.39 6.33 2.9 FI/EGR/OXCAT
1994 0.60 7.50 2.7 FI/EGR/OXCAT
366/4271 1990 1.25 26.40 3.8 CARB/EGR/AIR
1994 1.10 16.20 2.6 FI/EGR/OXCAT
454 1990 0.71 10.12 4.85 FI/EGR/OXCAT
1994 0.50 11.50 3.5 FI/EGR/OXCAT

1 MHDE weight class. All FI is multipoint.
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famlies with significant sales. As can be seen, all of the
engine famlies listed in Table 4-1 net the 1994 5.0 g/ bhp-hr NGO
standard in 1990 (al though these were a few famlies not listed in
Table 4-1 that were at 5.1 ~ 5.5 g/bhp-hr levels). As a result,

t he technol ogy used to neet standards has remai ned | argely
unchanged for Chrysler and GM HDGEs. Ford is an exception to this
rule as it has adopted three way catal ysts and cl osed | oop fuel
system controls on all engines used in trucks under 14,000 Ib G/W
Conversations with Ford Certification staff revealed that the
comonal ity between electronic control units has also |led to nmany
(but not all) OBDI diagnostic systens being adopted on these
HDGEs. Chrysler and GM engi nes continue to utilize oxidation
cat al yst technol ogy. Both Chrysler and Ford engi nes use air punp
based secondary air systens, while GM engines do not use any
secondary air. EGRis used in all HDGEs and is primarily the

si npl e backpressure type (EEA was unable to confirmif any HDGES
used el ectronic EGR control).

HDGEs for trucks over 14,000 Ib G/WWare sold only by Ford and GV
each of which offer two engine nodels. 1In 1990, only the Ford 7.5
liter offered fuel injection and an oxidation catalyst, while the
Ford 7.0 liter and the GV 366 and 427 engi nes used carburetors and
were non-catalyst. Wile all engines now use fuel injection, both
Ford engi ne nodel s are non-catal yst while GV has adopt ed oxi dation
catal yst across the board. EGR is used on all these engines and
is of the backpressure type, while on-board di agnostics have not
yet appeared on these engines to the best of EEA s know edge.

Mar ket share estimates for em ssion control technol ogy are based
on approxi mate estimates of Chrysler, Ford and GV nmarket shares in
the 8500 to 14,000 Ib GWnarket and in the over 14,000 | b GW
mar ket for HDGEs. Chrysler had only 10 percent of the market in
the 8500 to 14,000 I b GWrange in 1990 but with the introduction
of the new pickup truck in 1994, its market share has increased to
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16 percent in 1995/96. GMand Ford had 50 and 40 percent of this
market in 1990, but each of these manufacturers have | ost about 3
poi nts market share to Chrysler by 1996. The over 14,000 |b MIDGE
market is domnated by Ford with about 60 percent market share,
with GV being the only other conpetitor. Technol ogy market shares
were estimated using the above information, which was derived from
AAVA (MVWA) sal es data on trucks, and are shown in Table 4-2.

TABLE 4-2

ESTI MATED MARKET SHARES FOR
EM SSI ON CONTROL TECHNOLOG ES FOR HDGEs

1990 1996
HDGE < 14,000 Ib
Fuel |njection 100 100
Secondary Air (Punp) 50 55
Catal yst OX CAT 100 73
3 WAY 0 37
EGR 100 100
d osed Loop System 0 27
On- Board Di agnostics 0 27
HDGE > 14,000 1Ib
Fuel Injection 30 100
Secondary Air (Punp) 100 100
Oxi dati on Cat al yst 30 40
EGR 100 100
On Board Di agnostics 0 0



4.3 DIESEL ENGINES

Si gni ficant changes to di esel engines have occurred since 1990,
when engines were certified to the 6.0 NQ,/0.6 particul ate

standards. Unlike gasoline engines, nost of the HDDE em ssion
reductions have resulted fromevol utionary inprovenents to fue

i njection and conbustion chanber shape technol ogy rather than as a
result of addition of new conponents or exhaust aftertreatnent
devices. Only the light heavy-duty diesels have seen significant
new t echnol ogy add-ons as opposed to evol utionary inprovenents.

The di esel engines used in the light heavy class in 1990 were
unique in that the GV and Navi star V-8 engines offered were of the
pre-chanber type, and were naturally aspirated. The Cumm ns 5. 9L
litre engine entered the LHDE market in 1989 and was the first
direct injection engine offered in a |ight-heavy truck, as well as
the first turbocharged diesel. In 1992/3, the GV and Navi star V-8
were offered in turbocharged form and upsized, while the Navistar
V-8 was converted to direct injection in 1994. The conversion to

direct injection from pre-chanber type conbustion systens actually
increased NQ,, but significantly decreased particul ate em ssions.

In 1996, the Navistar 7.3L is a turbocharged direct-injection
diesel, and it now utilizes an electronic fuel injection control
systemin conjunction with high pressure unit injectors. The

| i ght-heavy version of the engine uses an oxidation catal yst,
whil e the version for vehicles over 14,000 G/Wuses aftercooling
with an air-to-air heat exchanger, but no oxidation catalyst. One
particul ar technol ogy of interest is EGR - the Cumm ns 5. 9L
utilizes EGR in versions for vehicles over 14,000 | b GW

El ectronic fuel injection control is not yet utilized in the

Cumm ns 5.9L; however, it is expected to be utilized in 1998 nodel
year. The Cunmns D diesel and GM I D diesel for the LHDE narket
al so utilize oxidation catalysts for nost nodels.1

1 ABT rules allow some low sales volume models to be certified without a catalyst.
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The | arger medi um and heavy-duty engi ne segnents do not yet use
any exhaust aftertreatnment or EGR (Navistar offered sone versions
of the DI-466 with oxidation catalysts in nodel year 1994 but the
catal yst was renoved in 9 nonths fromthe start of the node
year). However, all engines have since seen substanti al

i nprovenents in technol ogy as di scussed bel ow.

Air Intake - Mdst MHDDEs and all HHDDEsS were turbocharged in
1990, and all naturally aspirated engi nes have been phased out by
1994. I nprovenents to turbochargi ng have incl uded:

 Hi gher boost pressure

* Inproved turbocharger response through the use of
lighter rotating parts and snall er turbine casing

» Higher efficiency through better turbocharger-engine
mat chi ng

» Wastegating, enployed in some MHDDEs, and LHDDEs.

Intercooling - Mbost MHDDES and all HHDDEs featured intercooling

of the air exiting the turbocharger. Wile many intercool ers used
water as the cooling mediumin 1990, alnost all intercool ers used
now are of the air-to-air type. As aresult, inlet air

t enper at ures have cone down froma typical 1659 to 175 OF for a

jacket water cooled systemto 1159 ~ 1209F for an air-to-air
system w th attendant decreases in NOQ em ssions.

Fuel Injection System - In 1990, three major injection system

types shared the market: the unit injector systemused on DDC
engi nes and the (then) newy introduced Caterpillar 3116/ 3176

engi nes, the Cumm ns "Pt" system used on Cunm ns HHDE engi ne and
t he "punp-and-1line" systemused on all other engines. (The
Cunmi ns systemis a hybrid of the two concepts). By 1996, the
unit injector systemhas largely replaced the "punp-and-Iine"
systens, with Cunmns still utilizing the Pt system [In addition,
nost engines, with the notable exception of DDC engines, utilized
mechani cal injection timng control in 1990, but by 1996 a
majority of engines feature electronic timng control. Sone of

4-8



the LHDDEs such as the Cummns 5.9L still use the nmechani cal punp-
and-line system but these are expected to be phased out by 1998.

| nj ection pressures have continued to rise over tine. 1In 1990,
typical injection pressures for HHDDEs were in the 15 kpsi to 17
kpsi range. The advent of unit injectors has made hi gher pressure
possi ble and a nmajority of HHDDE systens now operate 22~25 kpsi
range. Injector spray tips have been optimzed to produce finely
atom zed fuel sprays at these very high pressures.

Conbusti on Chanber - Changes to the conbustion chanber shape and

air notion in the chanber have occurred in nost engi nes between
1990 and 1996. While each engi ne manufacturer has its proprietary
desi gns, the general trend has been to reduce air swirl and

squi sh, and to elimnate "dead" air volunes. The newer chanber
designs are referred to as "quiescent” designs and require the
high pressure finely atom zed spray to deliver |ow NQ and

particul ate em ssions.

O | Consunption - Considerable effort has gone into reducing oi

consunption on engines as oil is a source of particulate

em ssions. These have included reductions in |liner bore
distortion, mcro-finished liners, inproved val ve stem and
turbocharger oil seals, and tapered oil rings to mnimze oi
films on the cylinder wall.

O her Technol ogies - Since em ssion standards are in g/bhp-hr,

one way of reducing emssions in these units is by increasing the
wor k output (or the bhp-hrs). Engine friction reduction has been
wi dely exploited to increase work output. Special attention has
been paid to engine driven accessories such as the oil punp, water
punp and air conpressor, and newer designs incorporate higher
efficiency conponents to reduce parasitic |osses. The overal
effect of these technologies is small, in the range of 2 to 3
percent .



D agnostics - electronic systens first introduced in the |ate

1980: have always incorporated sone |evel of diagnostics, but
this is for troubl eshooting the injection systemand is not
specifically geared to em ssion rel ated nal performances. Wth the
expansi on of el ectronic systemusage, nore engines offer

di agnosti cs, which have also inproved over tinme. However, its
ability to recogni ze specific em ssion rel ated nal performances
needs further investigation.

Aftertreatnment - Except for the LHDDE engi nes, aftertreatenent

i s used exclusively on bus engines which are required to certify
to the 0.05 g/bhp-hr particulate standard. As noted, sone MHDDE
engine were certified with oxidation catalysts in 1994, but non-
cat al yst versions have since superseded these versions.
Particul ate traps have not been used in any HDDEs to the best of
EEAs know edge.

A summary of the current and historical (to 1990) diesel engine
technol ogi es used is provided in Table 4-3. Unlike the tables
provided for LDV/LDT, the information is nore aggregated due to
the | ack of detailed engine famly specific technol ogy and sal es
dat a.
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TABLE 4-3

SUMVARY OF TECHNOLOGY CHANGES

ON MEDI UM AND HEAVY- HEAVY DI ESEL ENG NES

Turbocharger

Intercooling

Fuel Control

Injection system
Injection pressure
Combustion system

Engine mechanical
design

BER

Aftertreatment

Diagnostics

Other

1990 Models

All HHDE and most MHDE
turbocharged.

All HHDE and most MHDE
intercooled. Combination
of Jacket water and air-to-
air. Inlet temp about
165~175°F.

Mostly mechanical systems
(except DDC)

Pump and line, Cummins
Pt system and unit injector
16,000 to 17,000 psi

High swirl and squish

Base

None

None

On electronic systems, not
specifically emission related
Base

4-11

1996 Models

All turbocharged, with smaller
turbine housing and higher
boost pressure. Some turbos
have wastegate.

All intercooled, most with air-
to-air systems. Inlet temp.
reduced

to 115°F ~ 1200F

Most with electronic control
(few mechanical systems
remain)

Mostly unit injector or Cummins
Pt system

24,000 ~ 28,000 psi (HHDE)
16,000 ~ 18,000 psi (MHDE)
Low swirl, low squish or
"Quiescent" shapes

- Top ring moved up

- Oil ring taper changed

- Reduced liner bore
distortion

- Improved valve stem oil
and turbo seals

Offered on two

MHDEs (with no cooling)
Oxidation catalyst on LHDEs
and a few MHDEs, all bus
engines

On almost all engines, but not
specifically emission related
Reduced engine friction more
efficient accessory drives



4.4, TECHNOLOGY DISTRIBUTION FORECAST

The technol ogy forecast has been devel oped using the foll ow ng
assunptions about future standards over and above the 1998 NO,

standard of 4g/bhp-hr:

 between 2000 and 2004, a standard of 2.5 g/ bhp-hr for
HC+NQ, wi || be pronul gat ed

 in the 2010+ tinme frane, NO, standards will change to
1.5 g/ bhp-hr (Scenario A) or 1.0 g/bhp-hr (Scenario B)
and HC standards wi Il be about 0.5 g/ bhp-hr

* PMstandards will remain at 0.10 g/ bhp-hr through 2005,
and continue at that |evel beyond 2010 in Scenario A or
be reduced to 0.05 g/ bhp-hr in scenario B

4.4.1 Gasol i ne Engi nes

There are few surprises in the HDGE Control technol ogy forecast.

In the LHDCGE segnent, sone increase in air punp usage is expected
as a result of the 1988 standards, but significant changes are
expected to occur by 2005. It is anticipated the LHDGES w ||
switch to closed-1o0op control and three way or three way (Pd) +
oxi dation catalysts, reflecting their transition from LDGTI |
technol ogy used today. On-board diagnostics will becone

i ncreasingly coomon as Ford, GV and Chrysl er consolidate their ECU
product line for commonality with LDTs.

In the 2010 + tinme frame under Scenario A, we anticipate that

normal calibration devel opnent and catal yst inprovenents wl|
allow a reduction of emssions from2.5 to 2.0 g/bhp-hr HC + NQ,.

Scenario B at a |evel of 1.0 g/bhp-hr NO, could inply high

efficiency closed coupled Pd single-bed catalysts, with restricted
fuel enrichnent at high | oads, and increased cooling for the

engi ne. Another possibility is that all MIDGEsS woul d nake a
transition to CNG fuel; it should be noted that MHDGE sal es by
2010 are expected to be very low, at 10 percent of the nmarket or

| ess. The forecasts are summari zed in Table 4-4.
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TABLE 4-4
FORECAST OF TECHNOLOGY DI STRI BUTI ON
FOR HDGE

1996 2000 2005 2010 (a) 2010 (b)"

LHDGE

MPFI / 3CL+OXDY Al R/ EGR 0 0 75 75 25
MPFI / OXDY Al R/ EGR 28 35 0 0 0
MPFI / 3CL/ Al R 27 30 25 25 75
MPFI / OXDY EDGR 45 35 0 0 0
On-Board Di agnostics 27 65 100 100 100
IVHDGE

MPFI / Al R EGR 50 20 0 0 0
MPFI / OXDY Al R/ EGR 50 80 0 0 0
MPFI / 3CL+OXDY Al R EGR 0 0 100 100 100
On-Board Di agnostics ~0 40 100 100 100

*

WMHDGE may be CNG powered in this scenario

4.4.2 Di esel Engi nes

Heavy-duty di esel engines, while having many common technol ogi es
across subcl asses, are al so expected to differ in their control

t echnol ogy usage by subclass. Due to the ABT regul ations,

t echnol ogy changes in response to new standards wil|l be spread out
over 3 to 4 years.

HHDDEs are not expected to change significantly by 2000 in
response to 1998 standards, but market penetration of sone

t echnol ogi es could increase due to fuel econony or driveability
benefits. EEA anticipates that nore sophisticated fuel injection
technologies will enter the market in 1998, while phase-out of
HHDDEs are not expected to change significantly by 2000 in
response to 1998 standards, but market penetration of sone

t echnol ogi es could increase due to fuel econony or driveability
benefits. EEA anticipates that nore sophisticated fuel injection
technologies will enter the market in 1998, while phase-out of
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ol der nodels will lead to average fuel injection pressures
increasing closer to today's high end of 28 to 30 kpsi. However,
with the advent of the 2.5 g/bhp-hr HC + NQ standard, all engines
are expected to use cooled EGR, and a very | arge percentage of

engines are likely to use nore advanced forns of turbochargi ng.
| f a standard of 1.5 g/bhp-hr NOQ is inposed in the 2010+ tine

frame, it is expected that |ean NQ; catalysts will be used across
the board. Standards of 1.0 g/bhp-hr NO, or lower will require

t he use of urea/ammoni a reactors, assum ng that current problens
with this technol ogy can be sol ved over the next decade.

IMHDDEs feature em ssion control technology quite simlar to HHDDES

with the foll ow ng exceptions:

e Injection pressures are likely to be significantly | ower
t han for HHDDEs.

» ECGR cooling may not be used in a significant fraction of
engines with | ower than average specific power output.

e Xidation catalysts are likely an over a third of al
MHDDEs (al so those with | ower than average specific
out put) by 2005.

V¢ have estinmated MHDDE technol ogy to be very simlar to HHDDE
technol ogy for the 2010 + (A) and (B) scenarios, but the

manuf acturers were nore uncertain of the ability of smaller
engines to neet both the 1.5 or 1.0 g/bhp-hr NO, standard and 0. 10

or 0.05 PM standard sinul t aneously.

LHDDE t echnol ogy to 2005 follows simlar trends, although it is
unlikely that EGR intercooling will be utilized, while the

oxi dation catal yst is expected on nost engines in this category.
At the 2.5 g/bhp-hr HC + NQ, standard it is possible that pre-
chanber diesels with EGR could be significantly cheaper than high
pressure injection D diesel. Manufacturers were hesitant to
specul ate on LHDDE technol ogy for 2010+ Scenario A and B, although
they indicate that the | ean NQ, catal yst and urea/ amoni a
injection are likely choices in this class as well subject to
adequate resolution of current problens with these technol ogi es.
Navi star in particular, believed that cerium based additives to
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di esel fuel would be needed to neet 0.10/0.05 g/bhp-hr particul ate
standards at very low NQ, levels. W also expect the GMIDI

diesel to convert to DI by 2005, if fuel additive based technol ogy
for particulate control is successful

These forecasts are sunmari zed in Tabl e 4-5.
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TABLE 4-5
FORECAST OF TECHNOLOGY DI STRI BUTI ON
FOR HDDE

1996 2000 2005 2010 (a) 2010 (b)"

HHDDE
Vari abl e Geonetry Turbo 0 0 25 15 25
El ectric Turbo 0 0 0 15 30
Twi n Pl enum Tur bo 0 20 50 60 45
FI (Pr > 35 kpsi) 0 0 65 90 90
(Pr > 25 kpsi) 30 65 35 10 10
ECGR 0 0 100 100 100
EGR I ntercool er . 0 0 90 100 100
Lean NQ, Catal yst 0 0 0 100 20
Ur ea/ Ammoni a React or 0 0 0 0 80
MHDDE
Vari abl e Geonetry Turbo 0 0 10 10 20
El ectroni c Turbo 0 0 0 10 20
Twi n Pl enum Tur bo 0 10 30 50 60
FI. (Pr > 25 kpsi) 0 0 30 70 100
(Pr > 20 kpsi) 0 35 70 30 0
ECGR 1 20 100 100 100
EGR I ntercool er 0 5 70 90 100
Lean NQ, Catal yst 0 0 0 100 0
Oxi dati on Catal yst 10 20 35 0 0
Ur ea/ Ammoni a React or 0 0 0 0 100

Inplies availability of low sulfur diesel fuels
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TABLE 4-5

FORECAST OF TECHNOLOGY DI STRI BUTI ON

FOR HDDE
(Continued)
1996 2000 2005 2010 (&)
LHDDE
Vari abl e Geonetry Turbo 0 0 0 0
El ectric Turbo 0 0 0 0
Twi n Pl enum Tur bo 0 0 30 50
| nt er cool er 70 100 100 100
FI (Pr > 25 kpsi) 0 0 0 0
(Pr > 18 kpsi) 0 70 100 100
EGR 0 0 100 100
EGR | ntercool er 0 0 20 100
xi dati on Cat al ysfk 65 70 100 0
Lean NQ, Catal yst 0 0 0 100
El ectrical FI 20 70 100 100
| DI 30 30 0 0
Ur ea/ Ammoni a React or 0 0 0 0
Implies availability of |ow sulfur diesel fuels

4-17

2010 (b)*

0
50
50

100
0
100
100
100
0
0

100
0
100



APPENDIX A
DETAILS ON EMISSION CONTROL

TECHNOLOGY FOR SELECT 1990 AND
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