< EPA

Final Regulatory Impact Analysis:
Control of Emissions of Air Pollution
from Highway Heavy-Duty Engines

U.S. Environmental Protection Agency
Office of Air and Radiation
Office of Mobile Sources
Engine Programs and Compliance Division

September 16, 1997






Table of Contents

CHAPTER 1: INTRODUCTION. . .. e e e 1
|. Overview of the Statement of Principles and Rulemaking. . ................... 1
[Il. Summary of the RIA . . ... 3
A. Chapter 2—Health and Welfare Concerns. . . . ......... ... . 3
B. Chapter 3—Industry Characterization. ... ........... ... .. ... .. ... 3
C. Chapter 4—Technological Feasibility. . .. ............. . . . . . ... 4
D. Chapter 5—Economic Impact . .. ...... ... 4
E. Chapter 6—Environmental Impact. . . .......... ... ... ... . . 5
F. Chapter 7—Cost-Effectiveness. . . .. ... . 6
CHAPTER 2: HEALTH AND WELFARE CONCERNS. . ....... .. .. . . . .. 7
[. Background. . . .. ... 7
A OZ0Ne. . o 7
B. Particulate Matter. . . . ... 8
[I. National NOx and VOC Emission Trends. . . . .. ... ... 10
lll. Contribution of Heavy-Duty Vehicles to National NOx and VOC Emissions. . .. 13
A. National Mobile Source NOx Emission Trends. . . ..................... 13
B. National Mobile Source VOC Emission Trends. . .. .................... 13
CHAPTER 3: INDUSTRY CHARACTERIZATION. . . . ... 17
I. National Uniformity of Standards. . .. ......... ... . . . . 17
[I. ENngine ManufaCturers. . ... ... e 18
A. Highway Vehicles Involved . . ... ... ... .. 18
B. Sales. .. 18
C. Engine Manufacturer Profiles . . .. ... 20
[ll. Vehicle Manufacturers. . . ........ . s 25
A. Heavy-duty Vehicle Use . . ... ... . i i i 25
B. Sales. .. 25
C. Equipment Manufacturer Profiles—United States and Worldwide. . . ... ... 27
D. Future Truck Sales . . . ... .. 30
IV. Engine Rebuilding. . . . .. ... 32
A. Light Heavy-Duty Diesel Engines and Heavy-Duty Gasoline Engines. . . . .. 32
B. Medium and Heavy Heavy-Duty Diesel Engines. . ..................... 32
C. Rebuilding Industry Characterization. . . ........... .. ... 33
CHAPTER 4: TECHNOLOGICAL FEASIBILITY . . ..o e 47
[. Background. . . .. ... 47
. ENgine CoNtrols. . . .. ..o 49
A. Combustion Optimization. . . . . ... 49
B. Electronic Control . . ... ... e 51
C. Charge Air COmMPresSSION. . . ..o e e 51

D. Charge Air Cooling. . . . .. ..o e 52



E. Advanced FuelInjection . ... ......... . 53

F. Exhaust Gas Recirculatian . . . ......... ... . . . . . . 54
G. Technology Combinations. . . . ... e 56
H. Crankcase Emission Control. . . ... 61
. Aftertreatment. . . ... ... 62
A. Particulate Matter Contral. . .. ... . 62
B. Oxides of Nitrogen Control. . . ... ... e e 66
IV. Developmental Technology. . . ... e 68
A, Water INJeCtioNn. . ... .. 68
B. CeramiCs. . . . 68
C. Hybrid Vehicle Designs . . . . ... 69
D. Plasma Catalysts. . . . ... 69
V. RUBIS . 69
A. Diesel Fuel Quality. . . ... ... 69
B. Alternative FUEIS. . . . . ... 70
C. Alternative POWEr SOUICES. . . . . ..ottt e e 73
VI CoNCIUSION . . .o 74
CHAPTER 5: ECONOMIC IMPACT. . . . e e e 85
. Lead Time and R&D. . . . . ... 85
. Methodology . ... ..o 86
lll. Technologies for Meeting the 2004 Standards . . . . ......... ... ... . ... 86
A. Primary Technologies . . . . ... ... e 90
B. Operating CostS. . .. ..o 93
C. Secondary Technologies. . . . . ..o e e 94
V. Summary of COStS . . . ..o 96
V. Aggregate CoStSt0 SOCIety. . . ... ... e 100
CHAPTER 6: ENVIRONMENTAL IMPACT . . .o 107
l. Total Nationwide EMISSIONS. . . . ... . e 107
A. CUeNnt INVENTONIES . . . . oo e 107
B. NOx Emission Projections and Impacts. . . ............... ... 108
C. NMHC Emission Projectionsand Impacts. . ..................... ... 111
[l. Per-Vehicle Emission Impacts . . ... .. 117
A. Per-Vehicle Emission Factors. . ......... ... . . . . 118
B. Per-Vehicle Average Mileage AccumulationRates. .. ................ 119
lll. Environmental Impacts of Emission Reductions . . . ...................... 123
A. Ozone IMPaCES. . . ... 123
B. Particulate Impacts . . ... 124
C. Other Impacts of Emission Reductions . . ................. ... ....... 125
V. SUMMaANY. . . 126
CHAPTER 7: COST-EFFECTIVENESS. . .. ... . 129
|. Cost-Effectiveness of the NOx and NMHC Emission Standards . . ........... 130

Il. Cost-Effectiveness Sensitivity Analyses. . . ... .. 134



A. Sensitivity to Fuel Economy Penalty. . . ......... ... ... ... .. .. ... 135

B. Sensitivity to Increased Maintenance Costs . . . .......... ... . ... .. 136

C. Sensitivity to the Cost of Projected Compliance Technologies . . ........ 136
lll. Comparison of Cost-Effectiveness with Other NOx Control Strategies. . . . . .. 138

APPENDIX






Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

This chapter presents a summary of the Regulatory Impact Analysis (RIA) that follows. It begins
with a brief description of the Statement of Principles, which established the framework for the rule,
as well as the provisions of the final rulemaking itself. The Environmental Protection Agency (EPA)
finalized several provisions that were not specifically described in the Statement of Principles. This
is followed by a brief summary of eachtbie chapters of the Rl#Acluding healthand welfare
benefits, industry characterization, technological feasibility, economic impact, environmental impact
and cost-effectiveness.

I. Overview of the Statement of Principles and Rulemaking

Over the last 20 years, emissions from highway heavy-duty engines have been reduced as a result
of changing emissiorstandards and related requirements. Although previously promulgated
standards for control of emissions of oxides of nitrogen (NOx) and hydrocarbons (HC) are expected
to lead in the short term to reductions in emissions of these ozone precursors, there is concern that
the fleets' emission levels will irease in the future. According to various studies, NOx levels in the
U.S. are showing a downward trend today, but factors such as the growth in the number of vehicles
and driving activity in the near future will likelyselt in total NOx emissions that will exceed current
levels. Manystates will need reductions in NOx and HC to achieve ozone attainment in the future
and there is concern that some areas considered attainment areas today may go into nonattainment
in the future. Moreoversome nonattainment areas expected to reach attaimagmeturn to
nonattainment, thus reversitige positive impact that past regulations will have on people's health
and the environment.

With these reasons in mind EPA, the California Air Resources Board, and highway heavy-duty
engine manufacturers signed the Statement of Principles in 1995 to pursue a large reduction in NOx
emissions from highway heavy-duty engines. This historic accord has given government and industry
the opportunity to agree on common goals with mutually beneficial results. The SOP included the
following new standards which would apply to all highway heavy-duty engines, including those that
use diesel, gasoline, alternative fuels, or fuel blends:

1) a combined NMHC plus NOx standard of 2.4 g/bhp-hr, or

2) a combined NMHC plus NOx standard of 2.5 g/bhp-hr, with a cap of 0.5 g/bhp-hr on NMHC
emissions.

The Statement of Principles also contained several key provisions in addition to the standards.
Signatories recognized the importancemaintaining emissiogontrols throughout thife of the
engineand agreed to develop appropriate measures to ehstisgnission-control improvements
are maintained in use. Signatories agreaddik cooperatively to develop an improved national
averaging, banking, and trading program that would create more incentive for the early introduction
of technologies and provide manufacturers with flexibility thay be critical in making the standards
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feasible in 2004 Furthermore, the Statement of Principles discusses the need to review in 1999 the
technological feasibility of the standards and their appropriateness under the Clean Air Act (CAA).
The document also recognizes the benefits of harmonizing California and federal emission standards
for highway heavy-duty engines. Algte SOPoutlines a plarfor developing technology that
reduces NOx emissions 100 g/bhp-hr and PM to 0.05 g/bhp-tvhile maintainingperformance,
reliability, and efficiency of the engines.

The Notice of Proposed Rulemaking (NPRM) proposed the new standards contemplated in the
SOP for highway heavy-duty engines beginnin@@4. Furthermore, the NPRM proposed a
number of changes to the averaging, banking and trading program (ABT) to ease the transition to the
new standards and provide an incentive for the early introduction of technology. In response to the
general provisions in the Statement of Principles regarding in-use emission controls, EPA proposed
a series of updates wurrent regulations to further encourdgghly durable emission-control
technologies.For thefinal rule, several othe proposals wemmodified inresponse to comments
received by the Agencylhe reader is directed to the preamble for the NPRM and or the Summary
and Analysis of Comments for the final rule for a complete description of these proposals.

For the final rule, EPA is finalizing the standard of 2.4/2.5 g/bhp-hr NMHC plus NOx contained
in proposal for diesel-cycle engines. For otto-cycle engines (e.g., gasoline-fueled engines), EPA is
not finalizing anynew standards in this rule. Therefore, this Rides notcontain information
regarding the effect of the standards on otto-cycle engines.

The finalrule also contains modifiedBT provisions for heavy-dutgliesel enginesyhich
increase industry compliance flexibility and respond to the need to promote the early introduction of
new emission control technology, as well as to obtain early emission reductions. EPA is not finalizing
new ABT provisions for otto-cyclengines because no netandards are being adopted for those
engines. In summary, engine manufacturers will be able to generate credits under the new program
beginningwith the 1998nodel yearfor useonly in 2004 and later model years. The credits in the
modified programwill have unlimited life, a®pposed to the threear credilife contained in the
current program. Alsangines with certification levels at or belowertaincut point areable to
generate undiscounted credits. Credits generated by engine families certified above the specified cut
point are discounted by 10 percent for purposdsaoking andrading. The currerdveraging,
banking, and tradingrogram isbeing retainedior engine usingredits before 2004, and fotto-
cycle engines which cannot earn credits in the modified program, as noted above. In 2004, the cut-
point is adjusted to reflect the implementation of the new standard.

EPA finalized severgbrovisions to help ensure in-use durabiligirst, EPA is increasing the

useful life period for heavy heavy-duty diesel engines to 435,000 miles. This new period represents
a 50 percent increase and is more representative of the durability of current and future heavy heavy-
duty diesel engines. In addition, longer allowable maintenance intervals are being finalized for some
critical emission-control components, including exhaust gas recirculation systems, catalysts, and other
add-on emissions control components. Generally, the maintenance intervals for the components are
set at 100,00@nilesfor light heavy-duty diesel engines ah80,000milesfor mediumandheavy
heavy-duty diesel engines. Warranty regulations were also revised to better reflect current industry
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practices.

Other provisions address the period after the manufacturer's responsibility for emission control
ends, including engine rebuilding. One of those provisions requires engine manufacturers to establish
a section in the ownermanualfor add-on components thatcludes recommendations for
maintenance and diagnosing malfunction. In addiaimn-boardmonitoring used t@atisfy the
engine's allowable maintenance muest bedesigned tdurn off after the end of thasefullife.

Finally, EPA isestablishing provisions to address engine rebuilding which specify what actions are
needed to ensure proper operation of emissions control components and ensure that rebuilding does
not result in loss of emissiom®ntrol. Removal or disabling of emissionslated components,
resulting in a higher emitting vehicle, would be considered tampering. Please refer to the final rule
documents for more detail@formation onthe requirementgspeciallythe provisions regarding

ABT, durability, allowable maintenance, and rebuilding.

[I. Summary of the RIA

A. Chapter 2—Health and Welfare Concerns

Chapter 2 provides an overview of the health and environmental effects associated with ozone
and particulate matter. Asart of thelegally-required periodic review dhe ozone and PM air
guality standards, EPA has recently assessedmpacts ofozone and PM ohuman health and
welfare, taking into account the most relevant, peer-revieseezhtific informationavailable.
Chapter 2 reviews some of EPA’s key concerns at this time, as compieddigency’s Criteria
Documents and Staff Papers for ozone and PM. The chapter also provides national NOx and VOC
emissions inventories and emissions trends.

B. Chapter 3—Industry Characterization

EPA, California, and the engine manufacturers acknowledged in the Statement of Principles the
benefits of harmonizing California and federal emission regulations. Chapter 3 discusses the need for
such harmonization arttie problems hat manufacturers face when designing and selling different
engines in order to meet different emission standards. The chapter also presents an overview of the
type of vehicles and the major manufacturers that are affected by the rule. All diesel engines used in
highway vehicles with a gross vehicle weight rating of 8,500 Ibs or greater will be subject to the new
standards and provisions. The eleven manufacturers currently selling heavy-duty engines in the U.S.,
nine of which are diesel engine manufacturers directly affected by the new standards. These engines
are used in vehicles that range in from Class 2B through Class 8 heavy-duty vehicles. Also included
are buses and motor homes.

Recentsalestrends show thadiesel engineareplaying an increasinglgrominent role in all
heavy-duty vehicleategoriesespecially Classesthrough 8. In addition, datadicatethatsales
have increased for Classes 3 and 4 in the last few years, while sales of Class 5 engines have decreased
rapidly.
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Chapter 3 also gives an overview of engine rebuilding practices. Heavy-duty engines are often
rebuilt because it is more economical than buying aamine. These rebuilds extend engine life far
beyond the "useful life". An EPA study found that currently most rebuilt engines exhibit emissions
at or below certification levels for that model year. Virtually all heavy heavy-duty diesel engines are
rebuilt at least once during their lifetime; between 220,000 and 250,000 of these engines are rebuilt
each year. Medium bey-duty diesel engines, which in some cases are not designed for rebuilding,
are not rebuilt as often; only about 83,000 of these engines, tndesten percent of the population,
are rebuilt each year. Light heavy-duty diesel engines and heavy-duty gasoline engines are usually
not rebuilt. About 40,000 heavy#y gasoline engines, close to one percent of the total population,
are rebuilt each year.

C. Chapter 4—Technological Feasibility

To achieve the proposed standards, heavy-duty diesel engine manufacturers will need to consider
a combination of new and existiegnissioncontrol devices. Chapter 4 presents the technologies
availableand discusses their potential feglping toreach the proposed emission levels. Emission
control devices such as exhaust gas recirculdi@R), advanced fuel injectioand charge air
systems can help reduce NOx plus NMHC levels to 2.4 g/bhp-hr in heavy-duty diesel engines.

Eventhoughengine manufacturers have been successful in the past in meeting more stringent
emission standards, lower levels will present a technological challenge. The difficulty of decreasing
NOx without increasing PM has led manufacturers to explore the possibility of using aftertreatment
devices in combination witbtherengine technologiesEGR, which is currentlyused ingasoline
engines, is a potential technology for further emission reductions in the future from diesel engines.

D. Chapter 5—Economic Impact

The costs associated with the development of emission-control devices were estimated first by
considering which emission-control devices would be more likely to help reduce NOx plus NMHC
levels to those proposed for the year 2004. The primary technologies for controlling emissions from
diesel engines are EGR, combustion chamber optimization and fuel system upgrades. The secondary
technologies, or those that are expected to play a minor role in controlling NOx emissions, include
variable-geometry turbochargers, advanced oxidation catalysts, and lean NOx catalysts.

Total costs were estimated from thestdifferentialthat is expected froranginesthat will
comply with 1998&tandards to those that will comply with 2004 standards. Cost calculations were
made separatelpr the three categories of heavy-duty diesel vehicles and urban buses due to their
differences ircost,durability, expectedmileage accumulatioand sensitivity tduel penalty. The
total life-cycle cost per engine included the total manufacturer cost plus the operating costs over the
life of the engine. The manufactumrstconsisted of the projectenissioncontroldevices and
estimated variable costs (components, assembly labor and overhead) and fixed costs (tooling, research
and development, and certification).

Table 1-1 summarizes the estimated increases in the purchase price of heavy-duty engines in the
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years 2004, 2006, and 2009. Long-term cost estimates shown in the table reflect a reduction from
initial costs because fixed costs are recovered after five yeaddition, technology and production
learningcurves reduce costs asmnufacturers gain experienceproduction. In addition to the
increased purchase price, operating expenses are expected to increase to account for effects on oil
changes and rebuild practices. The estimated net present value of these changes for each engine is
$10, $60, $130and $125 for lightmedium, ancheavy heavy-duty vehicleand urban buses,
respectively.

Table 1-1
Estimated Incremental Impact on
Heavy-Duty Diesel Engine Purchase Price

Model Year
Service Class
2004 2006 2009
Light heavy-duty $258 $224 $109
Medium heavy-duty | $397 $355 $136
Heavy heavy-duty $467 $411 $180
Urban Bus $406 $361 $143

E. Chapter 6—Environmental Impact

Estimates show that emissions from heavy-duty diesel vehicles account for about 10 percent of
the total 1990 inventory of NOx emissions and 1.8quar of total volatile organic carbon emissions.
Trends demonstrate that presdidx standards wilhelp reduceemissionsover the next several
years, but the increase in the number of vehicles and driving activity will result in total NOx emission
levels that are expected to surpass current levels by the year 2020. NMHC projections show that the
proposed standard would have a small effect in the NMHC inventory because only about ten percent
of heavy-duty diesel engines sold in 1994 emit HC at levels of 0.5 g/bhp-hr or more.

Additional data presented in Chapter 6 show that the proposed standards would result in NOx
reductions tha¢xceed onenillion tons by theyear2020, ornearly a fivepercent reduction of the
total NOx inventory. In addition, it is estimated that NMHC would be reduced by 16,400 tons per
year in 2020, or less than one percent of the total inventtrg i0.S. It is projected that, as a result
of the proposed standards, abbalf of the emission benefits M occur inattainment areas, one
quarter will occur in marginal amdoderate nonattainment areas, and one quarter in serious, severe,
and extreme nonattainment areas.

Other environmental impacts discussed include the reduction in the concentration of secondary
nitrate particles as a result of lower NOx standards. It is estirttaetheequivalent particulate
emission reductions could be as high as 44,000 tons if there is a 2.0 g/bhp-hr NOx standard highway
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heavy-duty diesel engines. These NOx, and consequently particulate, reductions would also result
in less acid deposition and less nitrogen present in estuaries.

F. Chapter 7—Cost-Effectiveness

Chapter 7 presents amalysis ofthe per-vehicle cost-effectiveness thle standards for new
heavy-duty diesel enginesThe analysis relies orostand emissions information described in
Chapters 5 and 6, estimating cost-effectiveness in terms of dp#arton of totalemission
reductions. Cost-effectiveness is a tool used for comparing the cost and benefits of a given measure
relative to the costs and benefits of other control programs. In this case, the comparison is for urban
0zone nonattainment area control programs. The cost-effectivamagsisfor the new engine
standards was performed falt dieselheavy-duty vehicles, with separatecalculation forthree
individual categories of heavy-dutgliesel vehicles (light, mediumand heavy). Afleet
cost-effectiveness analysis is also presented covering 30 model years after the new engine standards
would takeeffect. Threesensitivity analyselok at theeffect of fuel economy penalty, increased
maintenance costs, and increased technology costs on cost-effectiveness.

The cost-effectiveness of the nemginestandards isnalyzed bytwo cost-effectiveness
scenarios. The first scenario presents the nationwide cost-effectiveness, in which the life-cycle costs
are divided bythe lifetime NOx plus NMHCemission benefits.The second scenario presents a
regionalozone strategy cost-effectivenesswimch life-cyclecosts areadivided bythe discounted
lifetime NOx plus NMHCemission benefitafter adjusting fothe fraction of emissions that occur
in the regions expected to impazonelevels inozone nonattainment areas. Based on the two
cost-effectiveness scenarios, the range in the cost-effectiveness results for 2009 and later model year
heavy-duty diesel vehicles is $100 to $200 per ton.
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CHAPTER 2: HEALTH AND WELFARE CONCERNS

I. Background

As part of the legally-required periodic review of the ozone and PM air quality standards, EPA
has recently assessed the impacts of ozone and PiMhaan health and welfare, taking into account
the most relevant, peer-reviewed scientific information available. The paragraphs below review some
of EPA’s key concerns at this time, as compiled in the Agency’s Criteria Documents and Staff Papers
for ozone and PM. The Criteria Documents are prepared by the Office of Research and Development
consist of EPA’s latest summaries of scientific and technical information on each pollutant. The Staff
Papers on ozone and PM are prepared byffiee of Air Quality Planningand Standards and
summarize the policy-relevant key findings regarding health and welfare effects.

A. Ozone

Over the past few decades, many researchers havegatedtthe health effects associated with
both short-term (one- to three-hour) and prolonged acute (six- to eight-hour) exposures to ozone.
In particular, in the past decade, numerous controlled-exposure studesierfately-exercising
human subjects have been conduetbith collectively allow a quantification dfie relationships
between prolonged acute ozone exposure and the response of people’s respiratory systems under a
variety of environmental conditions. To this experimentalrk has been addetield and
epidemiologicalstudieswhich provide further evidence of associations between short-term and
prolonged acute ozone exposures hedlth effects ranging from respiratory symptoms and lung
function decrements to increased hospital admiss@n®spiratory causes. In addition to these
health effects, daily mortality studies have suggested a possible association between ambient ozone
levels and an increased risk of premature death.

Most of the recent controlled-exposure ozone studiesdiamen that respiratory effects similar
to those found in the short-term exposure studies occur when human subjects are exposed to ozone
concentrations as low as 0.08 ppm while engaging in intermittent, moderate exercise for six to eight
hours. These effects occur even though ozone concentrations and levels of exertion are lower than
in the earliershort-term exposure studies and appeduitt up overtime, peaking irthe six- to
eight-hour time frameOther effects, such as the presence of biochemical indicators of pulmonary
inflammation and increased susceptibility to infection, have also tewrted for prolonged
exposures and, in some cases, for short-term exposures. Although the biological effects reported in
laboratory animal studies can be extrapolated to human health effects only with great uncertainty, a
large body of toxicological evidence exists which suggests that repeated exposures to 0zone causes
pulmonary inflammation similar tthatfound in humans and over periods of monthgdars can
accelerate aging of the lungs and cause structural damage to the lungs.

In addition to the effects on human health, ozone is known to adversely affect the environment
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in manyways. These effects include reduced yield for commodity crops, for fruits and vegetables,
and commercidiorests; ecosystem and vegetation effects in such areas as National Parks (Class |
areas); damage to urban grass, flowers, shrubs, and trees; rgeiccetreeseedlings and non-
commercial forests; increasasdsceptibility of plants tgests; materials damage; awidibility.
Nitrogen oxides (NOXx), a key precursor to ozone, also results in nitrogen deposition into sensitive
nitrogen-saturated coastal estuaries and ecosystems, causing ingreagbdfalgae andther

plants.

B. Particulate Matter

Particulate matter (PM) represents a broad class of chemically and physically diverse substances
that exist as discrete particles (liquid droplets or solids) over a wide range of sizes. Human-generated
sources of particles include a variety of stationaryrantile sources. Particlamay beemitted
directly to the atmosphere or may be formed by transformations of gaseous emissions such as sulfur
dioxide or nitrogen oxides. The major chemical and physical properties of PM vary greatly with time,
region, meteorology, and source category, ttamplicatingthe assessment béalth and welfare
effects as related to various indicators of particulate pollution. At elevated concentrations, particulate
matter can adversely affect human health, visibility, and materials. Components of particulate matter
(e.q., sulfuric or nitric acid) contribute to acid deposition.

Key EPA findings can be summarized as follows:

1. Health risks posed bghaled particlesire affected both by the penetration and deposition of
particles in the various regions of the respiratory tract, and by he biological responses to these
deposited materials.

2. The risks of adverse effects associated with depositiambient particles ithe thorax
(tracheobronchial and alveolar regiongtué respiratoryract) aremarkedlygreater than for
deposition in the extrathoracic (head) regidviaximum particle penetration to the thoracic
regions occurs during oronasal or mouth breathing.

3. The key health effects categories associated with PM include premature death; aggravation of
respiratory and cardiovascular disease, as indicated by increased hadpisdions and
emergencyoomyvisits, school absencesprk loss days, and restricted activity days; changes
in lung function and increased respiratory symptoms; changes to lung tissues and structure; and
altered respiratory defense mechanisms. Most of these effects have been consistently associated
with ambient PM concentrations, which have been used as a measure of population exposure,
in a large number of community epidemiologistldies. Additional information andsights
on these effects are provided by studies of animal toxicology and controlled human exposures
to various constituents of PM conductechaher than ambierdoncentrations. Although
mechanisms by which particles cause effects are not well known, there is general agreement that
the cardio-respiratory system is the major target of PM effects.

4. Based on a qualitative assessment of the epidemiological evidence of effects associated with PM

8
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for populations that appear to be at greatest risk with respect to particular health endpoints, the
EPA has concluded the following with respect to sensitive populations:

a. Individuals withrespiratory diseasg.g.,chronic obstructive pulmonary diseaseute
bronchitis) and cardiovascular diseésgy.,ischemicheart disease) are gteaterrisk of
premature mortality and hospitalization due to exposure to ambient PM.

b. Individuals with infectiougespiratory diseasge.g.,pneumonia)are at greaterisk of
premature mortality ananorbidity (e.g., hospitalization, aggravation of respiratory
symptoms) due to exposure tmbientPM. Also, exposure to PMnay increase
individuals’ susceptibility to respiratory infections.

c. Elderly individualsare also at greateisk of premature mortality and hospitalization for
cardiopulmonary problems due to exposure to ambient PM.

d. Children are at greater risk of increased respiratory symptoms and decreased lung function
due to exposure to ambient PM.

e. Asthmatic individuals are at risk of exacerbation of symptoms associated with asthma, and
increased need for medical attention, due to exposure to PM.

5. There are fundamental physi@ald chemical differences betwefime and coarse fraction
particles and it is reasonable to expect that differences may exist between the two subclasses of
PM,, in both the nature of potential effects and the relative concentrations required to produce
such effects. Thepecificcomponents of PM that could be of concerrh&althinclude
components typically withithe fine fraction (e.g.,acid aerosols, sulfates, nitrates, transition
metals, diesel particles, and ultra fine particles), and other components typically within the coarse
fraction (e.g.,silicaand resuspendetlist). While components of both fractions cproduce
health effects, in general, thire fraction appears to contain more of the reactive substances
potentially linked tothe kinds of effects observed the epidemiologicalstudies. The fine
fraction also contains the largest number of particles and a much larger aggregate surface area
than the coarse fraction which enables the fine fraction to have a substantially greater potential
for absorption and deposition in the thoracic region, as well as for dissolution or absorption of
pollutant gases.

With respect to welfare or secondary effects, fine particles have been clearly associated with the
impairment of visibilityover urban areas and large multi-state regidfige particles, ormajor
constituents thereof, also ameplicated in materials damagsiling and acid depositionCoarse
fraction particles contribute to soiling and materials damage.

Particulate pollution is a problem affecting localitiesth urban and non-urban, in all regions
of the UnitedStates. Manmade emissionthat contribute tairborne particulate matter result
principally from stationary point sources (fuel combustion and industrial processes), industrial process
fugitive particulate emission sources, non-industrial fugitive sources (roadway dust from paved and
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unpaved roads, wind erosion from croplaat;.) and transportation sources. In addition to
manmade emissions, consideration must also be given to natural emissions including dust, sea spray,
volcanic emissions, biogenic emanation (e.g., pollen from plants), and emissions from wild fires when
assessing particulate pollution and devising control strategies.

[1. National NOx and VOC Emission Trends

Figure 2-1 shows projected total NOx emissions over the time period 1990 to 2020, including
a breakdown between stationary and mobile source components over the sante period. Figure 2-2
presents similar data for VOC emisss for the period 1990 to 2010. As the figures show, a similar
pattern is projected for both of these ozone precursor emissiotiglly, the projections indicate
that national inventories will decrease over the next few yearseaslaof continued implementation
of finalized stationary and mobile source NOx control programs called for in the Clean Air Act. After
the year 2000, however, wheéime implementation otheseClean Air Act programs idargely
completed and the pressuregobwth continues, these downward trends are expected to reverse,
resulting in rising national VOC and NOx emissions.

10
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Figure 2-1
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Figure 2-2
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[Il.  Contribution of Heavy-Duty Vehicles to National NOx and VOC
Emissions

Highway heavy-duty vehicles represent about 12 percent of nationwide NOx emissions and are
an important source of VOC and PM emissions throughout the country. This section reviews EPA’s
current estimates of the contribution leéavy-duty vehicles téhe nation’smajor air pollution
problems now and into the future. The projections that follow incorporate the emission reductions
from all national emissiorontrol programs for stationary amdobile sources formwhich final
regulations had been promulgated at the time of the proposal.

A. National Mobile Source NOx Emission Trends

Figure 2-3 shows the total mobile source NOXx inventory by emission source (light-duty vehicles,
heavy-duty vehicles, and nonroad engines) projected over the next 25 years. For light- and heavy-
duty vehicles the figure shows a decline in emissions over the next decade as current programs phase
in. The figure also shows, however, that this current downward trend is projected to end, resulting
in a return to current levels in the absence of further controls. Nonroad emissions are projected to
rise throughout the period.

B. National Mobile Source VOC Emission Trends
Figure 2-4 shows the total national mobile source VOC inventory by emission $ource. As with
the NOx emission projections in Figure 2-5, this figure shows that light-duty vehicle emissions can

be expected to decline for some years, but then begin rising in the 2005 time frame. VOC emissions
from heavy-duty vehicles and nonroad sources are projected to rise gradually throughout this period.
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Figure 2-3
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Figure 2-4

15



Final Regulatory Impact Analysis
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CHAPTER 3: INDUSTRY CHARACTERIZATION

In any evaluation othe impact of emissiorstandards it is essential to havaharough
understanding of the affected industrieBnis assessment is important to better understand the
industry's ability to omply with the new standards, both monetarily and physically. The purpose of
this chapter is to characterize the affected industries: who the engine and equipment manufacturers
are, what theyproduce, their degree w@értical integration, and their size afigancial standing.
Although gasoline -fueled engines are not affected by the new standards, information is provided on
those engines and engine manufacturengréeide a complete picture of tikeavy-duty engine
industry.

I. National Uniformity of Standards

The Clean AirAct allows California tosetits ownheavy-duty engine emissiatandards and
provides the opportunity for other states to adopt these standards by adopting the California program.
However, truckand engine manufacturers have long called uniform emissionstandards
throughout the countrd). The advantageuniform standards is apparent whene considers a
scenario of varying standards across different states or regions.

Without uniformstandards, engine manufacturers would have to develop and produce two or
more different models of the same engine for different areas of the country. This would add expense
in design, manufacturing, and certificationtbé engines and would increatiee complexity of
marketing as manufacturers deternirmev manyengines they mugiroduce for each market. An
alternative for the engine manufacturers would be to produce their engines to meet the most stringent
standard in the country so their engines could be sold anywhere. This approach would simplify the
production and marketing of low-emitting engines, but may increase the price of engines and result
in a competitive disadvantage compared with manufacturers that produce engines designed to meet
the less stringent standards.

Engine manufacturers also face potential problems with nonuniform standards. The same basic
engine model engineered to meet differemissionstandardsnay require a different packaging
approach for therehiclemanufacturer. Thus, fromlausiness perspectithere arebenefits to
uniform national standards if they can be justified from air quality and cost-effectiveness perspectives.
Sales and marketing tfiesevehicles will bemore complexsince manufacturers will have to plan
how to distribute their engine sales. More importantly, the sale of one type of engine will be closed
to other markets with more stringent standards. Thus, the manufacturers will have to keep track of
two or more different sales figures. Vehicle marketers in the area with more stringent standards may

®As will be seen later in this chapter while some manufacturers do make both trucks and
engines, usually engine and truck manufacturers are separate entities, one serving as supplier and
the other as customer.
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be at a disadvantage as users purchase higher emitting vehicles in other states or move operations to
areas where standards are less stringent.

[I. Engine Manufacturers

A. Highway Vehicles Involved

This rulemaking would apply to diesel vehicles with a gross vehicle weight rating (GVWR) of
8,500 pounds or greater (Classes 2B through 8). Table 3-1 sthweakaown of the vehicle classes
and their GVWR. This rulemaking also includes buses and motor homes with a GVWR in excess of
8,500 Ibs. For heavy-duty diesel vehicles, EPA categorizes&Sl2B through 5 as light heavy-duty,
Classes 6 and 7 as medium heavy-duty, and Class 8 as heavy heavy-duty. For heavy-duty gasoline
engines, Classes 2B and 3 are light heavy-duty and Class 4 and bigger are heavy heavy-duty.

Table 3-1
Vehicle Class and GVWR Breakdown
Vehicle Class 2B 3 4 5 6 7 8
GVWR (Ibs.) | 8,501 - 10,000 10,001 -14,00p  14,001-16,00  16,001- 19/500  19,501- 26,000  26,001- 83,000 33|poo+

B. Sales

According tothe PowelSystems Research (PSR) Database, which compiles a list of the sales
data for all engines sold in the United States, there were 11 manufacturers of engines for vehicles in
the heavy-duty vehicle categories listed above doing business in the United States’in 1994. Table 3-2
contains a list othose manufacturers, the number of engines sold in the United States (both diesel
and gasoline), and the vehicle categories involved. Six other foreign manufacturers certified heavy-
duty diesel engine®r sale inthe U.S. in 1994.These included Hindsuzu, Mitsubishi, Nissan,

Perkins, and Renault.

As Table 3-2 shows, th&x majormanufacturers in these categories: Caterpilammins,
Detroit Diesel, Ford, General Motors, and Navistar account for over 80 percent of the total engines
sold inthe UnitedStates. OnlyGeneralMotors makesbhothgasoline and diesel engines. Chrysler
and Ford use diesel enginpsoduced by othemanufacturers in their vehicles. Only one
manufacturer, Cummins, produces engines in all the=e| engine categories. A few manufacturers
certified alternative-fueled engines.

PPower Systems Research is a company that tracks the sales and populations of vehicle
and engines in the highway as well as nonroad areas.
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Table 3-2
1994 Engine Manufacturer Sales
Vehicle Class Categories
Engine
Manufacturer Motor
2B* 3 & 4* 5 6 7 8 Bus Home
Caterpillar 4,977 13,059 57,043 2,192 194
Chrysler 50,000 3,596 24
Cummins 43,000 3,765 656 1,143 32,499 79,589 10,59B 8,81p
Detroit Diesel 51,371 4,527 282
Ford 198,000 3,237 154 6,732 554 40 10
General Motors 234,0000 16,699 3,071 6,283 1,922 20,630
Hercules 10
Mack 25,815
Mercedes Benz 20 144 89
Navistar 116,000 17,462 199 1,974 37,029 6,470 18,12p
Volvo 671 2,466
TOTAL 641,000 44,759 855 11,339 96,417 223,39 37,404 29,942

*Class 2B engine sales are based on EPA estimates of manufacturer sales.
**Classes 3 and 4 are presented together because PSR combined them in its database.
SOURCE: PSR Database, 1995.

Figures 3-1 through 3-8 illustrate sales trends for the $8&8Gthrough 1994 (except for motor
homes, which are 1985 throufjB99) for gasoline and diesel engines separately. In studying these
figures, some important trends become apparent. First, the general trend of heavy-duty engine sales
is upward. There are periods of downward trends that correspond to downward turns in the
economy, but nevertheless, the overall trend has been toward increased sales.

Second, as shown in Figure 3-8, while the trend of duty engine sales over the last four years is
upward, this is dominated by an increase in diesel engine SEtesgasolineengine sales have
actually been decreasing over the years (although the level of gasoline engine sales has leveled off in
the pasfew years)thus it is evidenthatdieselization othe heavy-duty vehiclenarket has been
taking place. In other words, an even greater percentage of heavy-duty vehicles is diesel-powered
and, if present trends continue, diesel engines will take otegasingly important role in the future.

A final point thatcan be derived from the graphghsat there is an apparemigration across
truck classes. Figures 3-2 and 3-3 show a dramatic decrease in sales for truck Classes 5 and 6. Since
the sales for all other classes (both above and below Classes 5 and 6) are showing increases, it is not
possible to determine whether this is a net upward (toward higher GVWR) or a downward (toward
lower GVWR) migration. However, the most reasonable assumptitdmisthemigration is
occurring inboth directions to some degrePossibly withthe Class 5 vehicles migrating to the
Class 4 level and the Class 6 vehicles migrating up to class 7.

19



Final Regulatory Impact Analysis

To form a better picture of the types of engines that are presently being sold for various vehicle
classes, it is important to understand thessginespower andtorquerequirements. Table 3-3
provides the range of peak horsepower and torque of the engines in each vehicle class for the 1994
modelyear. Except for Class 5, which has extremely small sales in comparison with other classes,
there is a general increase in the average horsepower and torque as the GVWR increases. Buses and
motor homes, as one would expect, vary considerably in size and thus utilize a broad range of engine
power and torque.

Table 3-3
Rated Horsepower and Torque Ranges for Gasoline and Diesel Heavy-duty Engines
Motor
Class 2B Classes 3&4| Class 5 Class § Class [ Clasg 8 Buges Hgmes
Peak HP Range | 135-210 100 - 300 160 - 190 160 - 300 160 - 30D 190-500 121 -450 160|f 450
Peak Torque 253 -400 184 - 644 542 -658| 514-1288 514 - 1288 499 245 -1p66 407 -|[1966
Range (ft-Ibs.) 2509

SOURCE: PSR Database, 1995.

C. Engine Manufacturer Profiles

This section develops a profile tieindividual engine manufacturers that may be affected by
the new emission standards for heavy-duty engines. Gasoline-fueled engine manufacturers are also
included. The discussiancludesthe financial standing of the organization, its size, asttler
industries in which it is involvedThis information was derived from the 1995 InfoTrac Database.
A later section discusséise situation forvehiclemanufacturers, some wiich also manufacture
engines. Tabl8-4 summarizes manufacturepsoductofferingsfor thedifferent fuels and engine
sizes.
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Table 3-4
1994 Heavy-Duty Engine Categories
for Each Manufacturer (G=Gasoline, D=Diesel)

Manufacturer Light | Medium Heavy

Caterpillar D D

Chrysler

Cummins D D

Detroit Diesel D

Ford G

General Motors G,D D G

Mack D

Mercedes Benz D

Navistar D

Renault

Volvo D D

1. Caterpillar, Inc.

Caterpillar prodces a large number of engines that are used in highway applications, primarily
truck Classes @hrough 8. Caterpillar is alsavell known as one of the larger manufacturers of
nonroad equipment and engines for equipment used in construction, forestry, and farming to name
a few. This vertical integration ithe nonroad market isot paralleled onthe highway side;
Caterpillar sells its highway engines to other companies that manutactusell the trucks and buses
in which their engines are used.

Caterpillar employsabout 54,000 people worldwidejth its main officelocated in Peoria,
llinois andwith several plants in the United States, Brazil, Australia, France, Switzerland, Mexico,
Belgium, Japan, Hong Kong, Singapore, Italy, and Indonesia. Caterpillar's Engine Division employs
about 8,000 people. Catédlgy sells products under three difent trade names: Cat and Caterpillar,
used for engines, earthmoving equipment, constructiomatdrial handling machinemgnd lift
trucks; and Solar, which is used for their line of turbine engines.

Caterpillar is involved in several businesstBer thanits engine andhonroadequipment

manufacturing, as evidenced by its diverse list of subsidiaries, including Caterpillar Financial Services
Corporation,DefenseProducts,Service Technologyroup, Caterpillar Logistics Services, Inc.,
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Caterpillar PavingProducts, Inc.Caterpillar Venture Capitalnc., Caterpillar World Trading
Corporation, Caterpillar Insurance Services,., Solar Turbines, Inc., ar@aterpillar Industrial
Products, Inc.

Caterpillar,Inc., the parentompany, hadotal revenues ifiscal year 1994 ofs14.3billion,
while the Engine Divisiotad atotal revenue of $1.8illion, or aboutnine percent of the parent
company's.

2. Chrysler Corporation

Chrysler Corporation is a well known manufacturer of passenger cars and trucks. Chrysler also
produces gasoline engings Class 2Bthrough Class 4 highway vehicledbetween 8,500 and
16,000lbs GVWR). Chrysler producethe vehicles in whicltheseengines are used, such as their
heavier Dodge Ram pickups, wagons and vans with a GVWR above 8,500 Ibs.

Chrysler is also involved in several other business areas. Its subsidiaries manufacture adhesives,
automotiveparts, boatschemicals,outboard motors, automotive testers, tractars] military
vehicles. Chrysler is also involved in automotive rental and financial services. As of 1994, Chrysler
had approximately 121,0@0nployees with a total sales revenue of $52.2 billion. Because Chrysler
does not report separately the heavy-duty vehicle or engine manufacturing information, data about
engine revenue was not available.

3. Cummins Engine Company

Cummins Engine Company makes engines for all the vehicle classesidffe¢he new emission
standards. The information for the engine populations produced by Cummins includes those engines
manufactured by Consolidated Diesel Company, a private subsidig@yromins. Cummins'
headquarters is located in Columbus, Indiana and Consolidated Diesaltesllin Whitakers, North
Carolina.

Cummins manufactures primarily diesel engines and the assquatedbut also produces some
of their own other systems such as turbochargers, electronic control systems, and alternators that may
be marketed to its competitors. Consolidated Diesel manufactures diesel engines for sale under the
Cummins label. Thewlso produce nonroaghgines of Cummins desidar Case, avell known
nonroad equipment manufacturer.

In 1994 Cummins Engine company employed approxim2&§00 people and had revenues
of $4.7 billion, primarily from the sale of engines and parts. Consolidated Diesel, during that same
time period, employed 1,500 people and had revenues of $520 million.

4. Detroit Diesel Corporation

Detroit Diesel Corporation ismajor player in manufacturing enginfes Class 8trucks and
buses. Manufacturing thekeavyduty engines andngineparts appears to be the main thrust of
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Detroit Diesel's business. Its headquarters is located in Detroit, Michigan.

Detroit Diesel isowned by Penske Corporationhich is involved in manyusiness areas,
including car and truck rentals. As of 1994, Detroit Diesel emplagpdoximately 5,400 people and
had annual sales revenue&df.7 billion. Detroit Diesel isthe parentompany ofDetroit Diesel
Remanufacturing West located in Salt Lake Qityah. As thenamewould imply, this company
remanufactures of diesel engines. In 1994, it employed 218 people and had revenues of $31 million.
Detroit Diesel in 1995 bought VMI, a manufacturer of diesel engines for passenger cars.

5. Ford Motor Company

Ford Motor Company, best known for gsoduction of passenger cars digtt trucks, also
produces both engines amehiclesfor severaimodels of heavy-duty gasolineicks. Ford buys
engines frommanufacturers of diesel engine manufactui@rss line of heavy-duty diesel trucks.

Ford is involved in a number of other businesses including, motor vehicle parts and accessories
manufacturing andinancial services. Ford owns at least a portion séveralother businesses
throughout thevorld, including other automobile manufacturers. It maintains production at many
assembly and manufacturing plantsha UnitedStatesandthroughout the world. In 1994, Ford
employed 337,778 people, and hatbtal sales revenue &#128.4billion. No information was
available to show hownuch of this revenuevas from its heavy-dutgngine manufacturing
operations.

6. General Motors Corporation

General Motors Corporation (GM), with its headdeis in Detroit, Michigan, is a major player
in heavy-duty engine manufacturing, producing a largeket share of thengines in Class 2B
throughClass 6truck categories. GMlIso produced almost 70 percent of émginesfor motor
homes in 1994. It is thenly manufacturethat produces bothasoline and diesel heavy-duty
engines. GM also manufactures the chassis for many of the heavy-duty trucks and motor homes for
which they manufacture engines. GMinsolved severabther businessareas awwell, most
importantly as a major manufacturer of passewges and trucks areplacemenparts fortheir
products. GM is involved in motor vehicle financing and also owns a data and electronics firm. GM
owns part o@ll of manycompanieshroughout the worldsome of whichare alsanvolved in the
automobile manufacturing industry. In 1994, General Motors employed 692,800 people throughout
the world and had sales revenues of about $124 billion.

7. Hercules Engine Company
Hercules engine company plays a vergall role in theheavy-duty engine manufacturing
industry, havingoroducedonly 10bus engines i1994. Most Herculesnginesare for nonroad

purposes and are used predominantly in generator sets and forklifts.

Hercules is a privately held company with headquarters in Canton, Ohio. In 1994 it employed
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300 people and produced $55.0 million in sales revenue.
8. Mack Trucks, Inc.

Mack Trucks, Inc. is located in AllentowRennsylvania. It produces asellstruck chassis
under the Mack label. These chassis are predominantly of the Class 8 type, but they also make truck
chassis in the Class 6 and 7 weight classes. PbweertrainDivision, located in Hagerstown,
Maryland, produces engines for Class 8 trucks only.

Mack Truck wagecently purchased by Renault, a major European automobile manufacturer.
Mack Trucks employed 5,459 people in 1994 and had salesiee¢ $970 million. The Powertrain
Division employedL,500 people of the totaihd accounted for $22dillion of total Mack Truck
sales.

9. Mercedes Benz of America

Mercedes Benz of America is a subsidianpaimler Benz,which islocated in Europe. The
heavy-duty engines produced by Mercedes Benz are only a small portion of its market, evidenced by
the fact that Mercedes Benz of North America had a total sales revenue in 1994 of $2.2 billion while
employing 1,400 people. Mercedes Benz is ajsmducer of passenger cars powered by diesel and
gasoline engines.

10. Navistar International Corporation

Navistar is a large stand-alone company based in Chicago, Illinois. It is a major manufacturer of
light andmedium heavy-duty enginesxcept for those used in motbomes. Navistar is also
involved inthe manufacturing ofruck and bus bodies. The main company, Navistar International
Corporation, is listed primarily as a buildertaick and bus bodies agell as being involved as a
financial holding company.

Navistar International Transportation, a subsidiary founded in 1987, antuméfs motor vehicles
and car bodies. Its division, Navistar International Transportation Corporation, Engine and Foundry
Division, manufactures heavy-duty diesel engine$he overall parent companyNavistar
International Corporation,employed14,910 people in 1994 and had 19€4des revenues of
$5.3 billion.

11. Volvo GM Heavy Truck Group

The Volvo GM Heavy Truck Group presently produces a very small percentage of the engines
for Classes 7 and 8 engines. While GM owns approximately 13 percent of the company, it is owned
primarily by Volvo, the Swedish automobile manufacturer. The Heavy Truck Group manufactures
Volvo trucks aswell as diesel engined.ocated in Greensboro, Nor@arolinathe Heavy Truck
Groupemploys4,200 people and hales revenues in 1994 of $1.0 billion, most of which can be
attributed to its vehicle sales and not engine production, since the number of engines produced was
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relatively small.
[l1l. Vehicle Manufacturers

A. Heavy-duty Vehicle Use

Heavy-duty vehiclesre sold formany different commerciapurposes. Table 3-5 lists the
primary products carried by trucks and the approximate number of trucks used for these purposes by
weight class. The table shows that trucks transport a very wide range of commaodities.

The trucking industry is divided into two basic carrier categories: local and intercity. Carriers
are consideretbcal if theyconduct 50 percent or more of thbirtsiness in a metropolitan area.
Intercity carriers (otherwise known as lihaul or over-the-road) conduct pickup awniglivery
between metropolitan areas. The intercity carriers curranotdgunt for 29 percent of all intercity
freight in terms of ton-miles, second only to railroad freight transport. These trucks compete with
railways, inlandvaterways pipelinesand domestic airway®r freight transportation. Figure 3-9
showsthat trucks hav@ained an increasin@le in the competition focarrying intercity freight.

Thus, as the amount of intercity commerce dependent on trucks increases, the importance of trucks
to the nation's commerce becomes more apparent.

B. Sales

The American Automobile Manufacturers Association (AAMA) provides a listing of trucks sold
by make and GVWR. Table 3-6 shows the sales information for 1993. Note that these numbers do
not entirely match the information on engine sales from Table 3-2 for those manufacturers who make
both engines and truck bodies. These may have several causes. First, there can be some differences
in apparent engine and vehicle sales attributed to one company if that company makes both engines
and vehicles; this company will not necessarily make all of its engines for its own vehicles, nor will
it use only its engines in its manufactured vehicles. Alsball enginesmay bemade for new
vehicles. Some engines are manufactured and sold as replacement engines.
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Table 3-5
Number of Heavy-Duty Vehicles by Products Carried (Thousands)

| Products | Class 2* Class 3| Class |4 Class{ 5 Clasls 6 Clalss 7 dass 8
Farm Products 182.6 58.2 30.7 39.6 147.5 77.8 19§.7
Live Animals 155.1 53.1 12.9 16.1 29.8 14.4 35.9
Animal Feed 92.6 145 7.7 6.8 17 7.2 28.4
Mining Products 4.1 3.6 NA 0.9 4.6 2.2 24.7
Raw Forest Products 36.7 8 6.7 6.7 11.4 5.9 589
Lumber & Wood Prod. 80.7 13.3 8.8 9 20.8 10.2] 434
Processed Food 130.1 32.4 11.2 16.9 48. 4411 182
Textile Mill Products 57.1 11.9 3.1 4.1 7.8 5 18.4
Building Materials 162.8 52.6 31.1 25.6 87.1 49.7 306.
Household Goods 13.3 3.7 2.6 4.9 11.3 3.8 24)a
Furniture/Hardware 37.2 13.6 3.6 8.5 8.4 3.3 20.2
Paper products 59.1 9.8 2 7.2 10.8 5 52)
Chemicals 60.4 13.9 6.6 6.1 30.3 11.3 49.8
Petroleum 50.8 10.1 8.5 9.8 40.7 23.7 65
Plastics/Rubber 26.3 4.3 2.1 2.2 4.8 2.6 18.2
Primary Metal Prod. 57.0 8.7 4 4.3 9.8 3.6 49.3
Fabricated Metal Prod. 45.3 1.3 6.2 6.7 14.1 5.9 297
Machinery 129.7 24.3 12 8.8 27.8 14.7 67.9
Transportation Equip. 102.2 59.2 215 10.6 18.1 9.6 57.7
Glass Products 1.4 0.7 NA NA 1.8 NA 4.8
Misc. Manufacturing Prod| 58.9 8.1 NA 7 9.3 4.6 27.
Industrial "waste" water NA NA NA NA NA 0.9 5.1
Scrap, Refuse, Garbage 34.5 13.4 10.% 9.4 189 1313 .2
Mixed Cargoes 66.4 30.2 14.3 15.8 26.6 134 ar
Craftsman's Equip. 548.3 68.5 15.4 16.6 33.8 16.4 13.3
Recyclables 7.5 3.1 1.8 2.1 7.1 3.9 16.1
Personal Transport 19209 84.8 18.5 111 14.2 1.2 NA
Passengers 1115 6.5 NA NA NA 0 0

Totals 4232.5 611.8 241.8 256.4 663. 353.p 1568.6

*Includes vehicles from 6,000 to 10,000 Ibs. GVWR. The new standards apply to diesel vehicles above 8,500 Ibs.
GVWR. These numbers were included for completeness.

SOURCE: 1992 Census of Transportation, United Stigsk Inventoryand UseSurvey,U.S. Department of
Commerce.
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C. Equipment Manufacturer Profiles—United States and Worldwide

Truck manufacturers vary greatly in size atdicture. Manufacturesellingthe greatest
volume oftrucks in the UnitedStates are larganternationalcorporations. Of theskarger
corporations, affected heavy-duty vehicles make small portion of total corporateevenues.
Corporations such as Ford, Chrysler, General Motors, Mitsubishi, and Nissan gain the largest share
of revenues from automotive sales, financial services and electronics. Their diverse array of products
are sold throughout the world. Paasd dealershipare oftensupplied bymanyindependent,
unrelated sources.

Truck manufacturers such as Mack, Kenworth, Peterbilt, and Freightliner, while smaller and
specializing primarily in the making of trucks and truck parts, are subsidiaries of larger, international
corporations. For example, Mack Truck Inc. was entirely purchased in 1990 by ReSimuilarly,
Freightliner is associated with Daimler-Benz.

Other companies, such as West&tar, Bluebird, Oshkosh, an#lxible sell specialized
vehicles (i.e. school buses, dump trucks, city transit buses). Market share and total revenue are much
smallerthan the largest truckhanufacturers. Thessmaller companiemvariably purchase their
engines from another company, rather than bear the costs of producing them in house.

Table 3-7 lists the majority of truck manufacturers producing Class 2B through Class 8 trucks.

The table also provides information regarding the size of the companies and lists and other business
interests.
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Table 3-6
Factory Sales of 1993 Complete Heavy-Duty Vehicles
Vehicle Category
Manufacturer Total
2B* 3 4 5 6 7 8 Bus
Chrysler 52,297 13,82¢ 66,12
Ford 218,96( 21,454 5,708 24,408 16,407 3,0p5 289|993
Freightliner 492 2,869| 37,66 41,028
Mercedes Benz 1 4 5
General Motors| 160,070 7,894 2 8,630 16,427 3,J30 196|043
Kenworth 124 17,873 17,99]
Mack 675 461 16,662 17794
Navistar 7,474 32,809 32,582 14,665 87,580
Peterbilt 97 15,778 15,871
Volvo GM 684 19,376 20,060
Western Star 1,045 1,045
Hino Diesel 1 258 291 472 339 1,36
Isuzu Truck 5811| 3,239 1,451 1,39 217 12,1p8
Mitsubishi Fuso 2,421 930 715 303 4,368
Nissan Diesel 724 475 770 807 244 3,02p

*Class 2B sales were estimated as 35 percent of total Class 2 sales for each manufacturer.
SOURCE: AAMA Motor Vehicle Facts and Figures, 1994 Edition.
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Table 3-7

Truck Manufacturers' Parent Company Profile

Truck Total Revenues Total Employee$
Parent Company Manufacturers in 1994 in 1994 Other Business Interests

Chrysler Dodge, Jeep $52.224 billion 121,000 Automotive, Financial,
Electronics

Daimler-Benz Freightliner about $100 billion 326,400 Automotive, Electronicg
Space Tech., Defense Tech.

Ford Motor Ford over $130 billion 337,778 Automotive, Financial, Aulp
Rental

General Fixible $220 million 1000

Automotive (only Flxible) (only Flxible)

General Motors GMC, Chevrolet $123.1 billion 692,800 Automotive, Financial,
Insurance, Electronics,
Locomotives

Hino Motors Hino Diesel $5.1 billion 9,151 Buses

Isuzu Motors Isuzu Truck $10.87 billion Automotive, Parts, Buse

Mitsubishi Mitsubishi Fuso Over $100 billion Over 70,000 Automotive,
Raw Materials

Navistar Navistar $4.69 billion 13,612 Buses, Ambulances,

International International Financial

Nissan Motor Nissan Diesel — 143,754 Automotive

Oshkosh Truck Oshkosh Truck — 2,400 Truck Trailers, Fire Trug

Paccar Kenworth, Peterbill  $4.285 billion over 10,000 Parts, Winches, Oil W5
Equip.

Renault Mack Truck $970 million (Mack 5,459 (Mack only)

only)

Volvo GM Volvo 73,641 Automotive, Buses, Marin
Food, Energy

Western Star* — — — —

Other Bluebird, Novabus,

more

*Data not available.
SOURCE: DIALOG

Database.
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D. Future Truck Sales

In attempting to determinthe behavior of futuresales oftrucks there are &ew clues
provided in theengine saledata fromFigures3-1 through 3-7. First, the PSR databps®/ides
projections forsalesfor the year 1995. In most cases, a slight increase in sales from 1994 to 1995
is predicted with the exception being Class 8 trucks and buses, but in these cases these are not severe
drops and may be caused by a market surplus from extremely vigorous sales in the previous few years
as the country pulled out of a recession.

To some degree heavy-duty vehicle sales are a subject to the fluctuations of the economy just
as the automotive industry i his is particularly evident when viewing Figu8e8, which clearly
shows the downward trend of sales and a subsequent recovery corresponding to two major recessions
of the recent past: the recessions of the early 1980s and the early 1990s. However, throughout the
time period shown on the figure there has been a general increase of sales.

As was previously discussed, another factor that can affect relative sales is the migration of
sales from one vehicle class to another. Possible illustrations of this point are shown in Figures 3-1
and 3-2 and also in Figures 3-3 and 3-4.

The trend of dieselization will alsglay animportant role in futuresales of heavy-duty
vehicles. The apparent result, of course, is that fewer gasoline heavy-duty vehicles will be sold in the
market. Classes 5 and 8, tatample, no longer hawany sales of gasolin@weredvehicles and
other classes show trends in that direction. Diesel vehicles generally are more economical to operate
and should show an even increased shatheoimarket in the future providdtey retain the
economical advantage over gasoline in the heavy-duty truck classes.

Sales otrucks in the 1990s have, in general, gradually increased each year after a series of
fluctuations during the 1980s. Figures and predictions for 1994 and 1995 hageradsally
followed the gradual increase, according to AAMA and individual manufacturer's reports. Market
data from individualmanufacturer'seportsalso supports a continuation of gradual growth.
However, a complete sampling of truck manufacturer's growth predictions was not available.

A more detailed history of truck sales is provided in Table 3-8 below. The data through 1993,
was provided by AAMA and excludes import truck sales. The data for 1994 and 1995 is based on
engine manufacturer submittals to EPA of heavy-duty engine production. Note that the total number
of heavy-duty vehiclesold in 1994 was about 300,000 higher than in 1993 and sales continued to
increase in 1995. The sales increase was apparent throughout all vehicle classes, especially for the
light and heavy heavy-duty trucks.
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Table 3-8
New Retail Domestic Truck and Bus Sales*

Vehicle Class

YEAR Total
2B** 3 4 5 6 7 8
1980 341,185 3,510 195 2,309 89,764 58,436 117,270 612,569
1981 297,482 748 12 1,916 71,993 51,402 100,334 523,887
1982 336,372 1,062 9 1,434 44,214 62,488 75,717 521,856
1983 422,310 145 2 1,159 46,532 59,388 81,647 611,178
1984 428,483 6,019 4 5,417 55,482 78,479 137,6P3 711,677
1985 448,075 10,854 0 5,081 48,354 96,978 133,581 742922
1986 424,782 11,558 0 5,905 44,794 100,713 112,871 700)625
1987 411,278 14,007 2,129 8,185 44,282 102,583 131,156 713620
1988 466,585 14,228 21,181 8,268 53,599 103,042 148,361 814(264
1989 454,087 19,161 27,031 7,243 39,128 93,446 145,068 785|164
1990 383,942 20,873 27,453 5,055 38,209 85,345 121,324 682201
1991 306,690 21,256 23,829 3,301 22,445 72,598 98,7111 548|830
1992 357,381 25,519 25,631 3,589 27,725 73,229 119,057 632131
1993 431,335 26,947 33,317 4,288 26,64p 80,793 157,886 761208
1994 light heavy
(gasoline)
413,679 51,129 464,808
1994 light medium heavy
(diesel)
256,339 130,543 189,928 576,810
1995 light heavy
(gasoline)
483,928 59,811 543,739
1995 light medium heavy
(diesel)
279,789 139,895 217,247 636,931

*Any differences between ttaales figures in this table and the numbers from Figures 3-1 through 3-8 are explained by the
fact that the numberfsom theFigures represent the total engine sales in the United States both domestic and
imported, while the sales up through 1998hiis table are representative of AAMA member United States domestic
vehicle production.

**Sales for class 2b were assumed to represent 35 percent of the total class 2 sales.
SOURCES: AAMA Motor Vehicle Facts and Figures (1994 edition), and engine manufacturer submittals to EPA.
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With these factors imind it is stillnot easy to determine argng-term sales trend for the
heavy-duty vehiclanarket. It has been showhat diesel engineare gaining prominence over
gasoline engines ithe heavy-duty engine markdatie economy has a critical effect on tlhighly
cyclical industry; and there may be some reapportioning of sales from some weight classes to another.
But overall the trend has been, and should continue to be, towards increasing sales in this industry.
The degree oincreasing salesiay vary for each weight class. FiguB8 provides a composite
picture of the sales history of heavy-duty engines (except for class 2B, which is excluded because of
uncertainties with the data). This figure illustrates the ovedaisimy trends of cyclical sales periods,
with clear long-term growth.

I\VV. Engine Rebuilding

Some of the provisions of this rule address issues related to engine rebuilding practices. The
provisions detailwhat the Agency would consider a violation ofhe tampering probitions
established in the Clean Air Act. Essentially, the provisions were adopted to ensure that emissions
controls arenotremoved or otherwise dismantled during the process of rebuilding an engine. The
requirements are consistent with current custormrabuilding practices. Engine rebuilders
customarily rebuild to original specifications and restore engines to like new condition. As such, the
provisions do not place new requirementbundens upon rebuilders but only emphasize rebuilder’s
obligations under th€AA. To better understarttie engine rebuilding industrfgPA contracted
with ICF incorporated to conduct an industry characterizdtion. EPA has also conducted a study of
engine rebuild practices as required under Section 20Z[@) @ the Clean Air Act. The following
contains a summary of ICF’s findings. The reader is directed to the ICF report as well as the EPA
study for further details regarding rebuild industry characteristics and rebuild practices.

A. Light Heavy-Duty Diesel Engines and Heavy-Duty Gasoline Engines

It is estimated that it will takéhe average light heavy-duty diesel engine eight years to reach
the point of needing to be rebuilt or replacedteAthis relatively long period of time the truck body
deteriorates to a point where it is no longer practica¢boildthe engine. Engine manufacturers
have stated that there is real demand forebuildingtheseenginesand, in factlight heavy-duty
diesel engines are not designed to facilitate rebuilding.

Similarly, heavy-duty gasoline enginagerarely rebuilt. Orthe rare occasiothatthese
engines are rebuilt, it is generally only whepramaturefailure takes place.Approximately one
percent of heavy-duty gasoline engines, or about 40,000 units, are rebuilt each year.

B. Medium and Heavy Heavy-Duty Diesel Engines

The vast majority of engine rebuildirmgcurs withclass6-8 heavy-duty diesatrucks and
buses, whicltypically fall into EPA’s mediumandheavy heavy-duty engine subclasses. Trucks in
these classes are designed to last for many years and the engines are usually designed with replaceable
cylinder liners (sleeved) which allows the engines to be rebuilt easily and several times, as necessary.
Table 3-9 contains general information regarding the class 6-8 truck population. The table shows a
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population trendowardlarger vehicles, with a decreasing Class 6 population and increasing Class

7 population. Because rainority of class 6 and 7 enginese notsleeved and because they
accumulate mileage at a slower pace, rebuilding in those classes is common but not as prevalent as
with class 8 trucks.

Table 3-9
Heavy-duty Diesel Engine Population and Rebuild Estimates
2000 1995 Average

Truck 1990 1995 Projected Mileage tg 1995 Nunber
Class Population| Population Population Overhaul of Rebuilds

6 464,993 354,370 283,630 297,654 37,149

7 685,832 793,540 972,370 411,300 45,795

8 1,411,409 1,650,112 1,817,860 511,119 243,490

SOURCE: DataMac database, MacKay & Company, 1995

The cost of engine rebuilding is typically in the range of $6,500 - $8,500 for class 8 engines
and $4,000 - $5,500 for class 6 and 7 engineshmompares very favorably with the cost of a new
engine which ranges from about $12,000 for classes 6 and 7 to about $22,000 for class 8. The cost
varies depending on the extent of the rebuild process. Rebuilding will most always include replacing
cylinder components andtherenginecomponent such as camshafts, as needethe éngine is
removed fronmthe vehicle (out-of-frame rebuild) more parts will be replaced than ifehgine is
rebuilt while remaining in the vehicle. The ratio of in-frame to out of frame rebuilds was about 2:1
in 1995. Engineebuilding mayalso include rebuilding the fuel system and additional components
such as the turbochargespecially during anut-of-frame rebuild. ICF confirmed EPA&arlier
findings and the comments regsdl by EPA that it is standard rebuild industry practice to rebuild to
original engine specifications, regardless of what type of company is condihtirgdpuild. By
rebuilding to original specificationtierebuilder ensures proper engine operation and durability.

Engine rebuilding isriggered by a variety of criteria depending the owners preferences for
addressing the issue. Primarily, rebuilding is triggered by a loss of performance such as a decrease
in power or increase in fuel or oil consumption. Also, it is common for rebuilding to occur when the
engine has had a catastropfaiture. Although rebuilding isot usually a scheduled maintenance
event, some fleets may monitor mileage, and use mileage as a criteria for when to rebuild an engine.

C. Rebuilding Industry Characterization
Engine are rebuilt by the following groups: vehicle owners/fleet operators, truck dealerships,
engine distributors, independent garages, and factory remanufacturers. Factory remanufacturers

refers to large factory engine rebuildéiat perform engine rebuilds in aassembly-line style
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operation. Engine cores akipped tahe remanufacturer dlseyare traded-in and the owner is
supplied with a remanufactured engine. The remanufacturer disassembles the engine completely and
then rebuilds it in an assembly-linperation. There are remanufacturthiest are operated by the
enginemanufacturers (OEMSs) and there are indepeni@eilities. Mostother types of rebuilders

are custom rebuilders that work on engines individually as they need to be rebuilt. Table 3-10 shows
the number of rebuilds performed by each group and the number of companies in each group.

Table 3-10
Engine Rebuilders
Total Annual Number of
Rebuilder Rebuilds Companies

Engine Distributor 22,900 180
Truck Dealer 61,200 1,800
Vehicle Owner 175,600 407,800
Independent Shop 33,100 2,800
OEM Factory 21,900 6
Remanufacturer
Independent Factory 2,600 4
Remanufacturer

Using $25million in revenues as a threshold to differentiate between largesinadi
businesses, all independent garages and the large majority of truck dealerships are small businesses
which may perform engine rebuilds as a source of revenue. Independent garages, truck dealerships
and engine distributors typically offer a wide range of engine and vehicle related services including
engine rebuilding. ICF estimated that there are perhaps 400 to 500 independent shops which rely on
heavy-duty engine rebuilding as a key source of revenue, performing 40 to 50 rebuilds each per year
on average. Other shops perfohmavy-duty engine rebuilds infrequently. Likewisejck
dealerships and engiukstributors offer a wide range ehgine andrehiclerelated services. ICF
estimatedhat for truckdealerships, engine rebuildingpresents about 7 percentre¥enue and
about 20 percent of totalealer profit. ICF alsweported thasmallertruck dealers focus on
preventative maintenance rather than engine rebuilding.

Engine distributors are licensed by the original engine manufacturer and provide new engines,
remanufacturered engines, parts, and OEM-warrantied engine rebuilds. Historically, distributorships
were established by Class 8 engine manufacturers to sell and service engines and most of the major
OEMs have 25 to 40 distributorships nationwide. Class 8 vehicles are more likely than class 6 or 7
vehicles to be designed to be equipped with engines from several different manufacturers.
Distributors seek to secure large volume engine orders and also provide engine servicing.
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For truck fleets, rebuilding is an expense rather than a revenue source. ICF found that fleets
begin to have their own maintenance facilities at about 10 vehicles, but small fleets typically do not
conduct many rebuilds. Large fleets often have rebuilding facilities and conduct the bulk of the fleet
rebuilds. However, some large fleets sell their vehicles before the engine need to be rebuilt and also
it is becomingmore common t@ut-source rebuilds as thiene beforethe rebuild point increases.
Rebuilding is increasing in complexity withe addition of new technologies such as electronic
controls which also steers fleets in the direction of out-sourcing.

Table 3-11
Fleet Rebuilding Estimates
Trucks in Number of Number of| Rebuilds ger
Fleet Fleets Vehicles Year
1-9 366,375 661,964
72,627
10-24 25,051 383,486
25-99 12,547 350,657
102,936
100-499 2,947 313,473
500+ 855 1,088,770
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Figure 3-1
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Figure 3-2
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Figure 3-3
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Figure 3-4
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Figure 3-5
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Figure 3-6
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Figure 3-7
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Figure 3-8
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Figure 3-9
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CHAPTER 4: TECHNOLOGICAL FEASIBILITY

The purpose of this chapter is to discuss the feasibility of furtdeictions in highway heavy-
duty diesel engine emissions beyond the 1998 federal emission standards. EPA anticipates that, by
2004, heavy-duty diesel production engindisbe capable ofreatly reduced exhaust emissions with
little or no penalty for fuel consumption or durability. This conclusion is based on publicly available
data on laboratory prototymystems, technology provenatherapplications, thavailability of
substantial lead time, and the application of sufficient research and development funds.

The following sections descriltke key technology thatnay beused to controkmissions
from highway heavy-duty engines by the 2004 model year. Technological projections are based on
information on current development$his chapter also discusses some strategies for continued
emission control development beyond 2004. The organization of this discussion is divided into five
main topics: background, engine controls, aftertreatment, developmental technology, and fuels.

I. Background

Heavy-duty diesel engine manufacturers have been very successful in lowering particulate
matter (PM) anaxides of nitrogen (NOxvelsconcurrently to meet increasingly stringent EPA
emission standards. EPA standards have required a reduction in NOx emissions of over 50 percent
(20.7 g/bhp-hr to 5.0 g/bhp-hr) and PM reduction of over 80 percent (0.60 g/bhp-hr to 0.10 g/bhp-hr)
largely within the lasfive years. Engine manufacturers have been able to adhiewsgjority of
these reductions usingngine technology, withminimal reliance on exhaust aftertreatment
technology. Today's heavy-duty diesel engines are also well below the standards for hydrocarbons
(HC) and carbomonoxide(CO). Overthis same period, engine manufacturers have been able to
provide their customers with increadeel economyand improved engine durability. Based on a
review of current emissions research, EPA believes that emission control improvements from engine
design changes have not yet leveled off.

Simultaneous control of NOx and PM presents a particular challenge. PM results from the
incomplete evaporation and combustion of fine fuel droplets. High combustion temperatures cause
nitrogen in the intake air (and to a lesser degree in the fuel) to combine with available oxygen to form
NOx. NOx emissions are controlled primarily by lowering peak combustion chamber temperatures.
However, simply lowering combustion temperatures can lead to an increase in PM formation because
PM is less thoroughly oxidized at lower temperatures. NOXx control strategies such as retarding fuel
injection timing by themselvesare limited because they cause an increasePM. Engine
manufacturers have had to devise more sophisticated emission control strategies due to this trade-off.
Engine manufacturers have used a variety of technologies, often balancing their effects and optimizing
among them to achieve the emission standards.

Lowering both NOx and PM has been accomplished primarily through improvements to the
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combustion chamber, intake air system, fuel injection system, and the use of electronic controls. NOXx
has been controlled substantially through charge air cooling, i.e., cooling the intake air by passing it
through a heat exchanger. The key to PM control has been improved mixing of the fuel and air within
the cylinder through the use of higher fuel injection pressures to better atomize the fuel and through
better combustion chamber design. Improwweocharger control ancylinder ring design for
decreased oil consumption have also been important. Fuel injection control has been critical for both
PM and NOXx reduction. It is very important to ensure that the appropriate amount of fuel is injected
at the appropriate time. Many engines are now equipped with electronically controlled fuel injection,
lowering emissions and providing bettielel economy. Some enginesire also equipped with
oxidation catalysts for additional PM control.

It appears that manufacturers will rely on a variety of technologies to achieve the 1998 NOx
standard of 4.0 g/bhp-hr. It is likely that manufacturers will continue refining the above technologies
to continue to meet the standards. Chaptechides detailed assumptioabout thesdaseline
technologies.

Engine manufacturers, independent laboratories, universities, and government laboratories
are conducting substantial research on a variety of engine-based and aftertreatment technologies to
control emissions, as well as fuel and fuel additive innovations and changes. This chapter examines
their efforts to reduce NOx emissions below the 1988dstrd of 4.0 g/bhp-hr while maintaining PM
emissions levels at or below 0.10 g/bhp-hr. These technologies are examined below in detail because
they are likely to continue to be very important. Also, some technologies not yet being used widely
on production heavy-dutgiesel engines, such &GR, NOx reduction catalysts, asglit fuel
injection are reviewed. Such technologies could be very helpful in reaching NOx levels substantially
lower than 4.0 g/bhp-hr.

It should also b&oted that iraddition to their own programengine manufacturers have
been participating in significant cooperative research projects with goals similar to EPA's goals. The
Department of Energy is coordinating a heavy-di#gel enginggrogram withemissiongoals of
2.5 g/bhp-hr for NOx and 0.05 g/bhp-hr for PM by 2000 otest engine. Most domestic
manufacturers are participatingtins program, which began in 1994 and has an estimated annual
budget ranging from $@iillion to $10million for emissions research and development dlone. Also,
sixteen engine manufacturesse funding acooperative research and development program at
Southwest Research Institute (SwRdlledthe Clean Heavy-duty Diesel Engiirogram. The
program is looking a¢ngine technology and has goal2di g/bhp-hr for NOx and 0.05 g/bhp-hr
for PM. The program has finished the first five years with encouraging résuilts.

‘The overall annual budget ranges from $12 to $20 million and covers fuel efficiency
improvements and alternative fuels R&D.

dUnder the agreement, no one may release or discuss actual results for two years
after the program concludes. There has been and will be a lot of research and development
progress that is not published.
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Indications are that NOx and PM control technologies have not yet reached their potential.
Current published research shows that NOx levels of 2.0 g/bhp-hr with a PM level of 0.10 g/bhp-hr
can almost be achieved in laboratory diesel engines now. Unpublished and confidential research such
as that done at SwR¥robablyrepresent even more advanced research effbdsthe 2004 time
frame, these and other technologies could be optimized to meet and possibly exceed future emission
targets.

[I. Engine Controls

For the purpose dhis discussion, engine combustion technology has been separated from
exhaust aftertreatment technology. However, in adtaaly-duty vehicle desigboth types of
technologymay beused together. This section will discuss several engiamissioncontrol
technologies and their interactive effects on emissions and performance. For simplicity and clarity,
each technology isrst described individually. After the technologies are described, emissions data
from various technology combinations will be presented.

A. Combustion Optimization

Several parameters in the combustdramber of a heavy-duty diesel engine affect its
efficiency and emissions. These engine parameters include: charge air and peak cylinder temperature
and pressure, turbulence, valve and injection timing, injection pressure, fuel spray geometry and rate,
combustion chamber geometry, air-fuel ratio, compression ratio, and exhaust in the cylinder. As the
engine operates under changing load and speed, the effects of these parameters will change.

Many technologies that are designed to control the engine parameters listed above have been
investigated. However, a positiid#luence onone parametemay have anegative influence on
another. Forexample, decreasing combustitamperature will retardNOx formation but will
increase HC and PMue toincomplete combustion. Therefore, combinations of technologies are
often used to optimize the engine parameters. To attain significant reductions in HC and NOx from
1998levelswithout penalties irotheremissions or performance, a combination of approaches will
be necessary.

1. Timing retard

The effects of injection timing in diesel engines on emissamts performance are well
established?®** Retarded timing is aepensive method of reducing NOx emissions and is already
used to some degree. NOXx is reduced because the premixed burning phase is shortened and because
cylinder temperature and pressure are lowerdeo much timingretard results irundesirable
increases itHC, CO, PM, anduel consumption. These increases due to the end afjection
being later in the combustiagtroke,shortening thdime for fuel to burn, and due to thiewer
temperature and pressure in the cylinder. Technologies that can offset the negative effects of retarded
timing will be discussed in further detail below.

2. Compression ratio
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Compressiorratio is anotheengine desigmparameter that impactmissioncontrol. In
general, higher compression ratios cause a reduction in PM emissions and improved fuel economy,
but also cause an increase in NOx emissions. However, higher compression ratios require a stronger
enginestructure which mayincrease weight ancbst. The increaseengine weight and frictional
losses somewhat offset the fuel economy benefit of higher compression ratios, especially at very high
compression ratios.Conversely, lower compression ratigenerallycause a reduction in NOXx
emissions while causing an increase in PM emissamasdecreasefliel economy. Also, low
compression ratios can lead to problems with starting aergohe ifthe cylinder pressure and
temperature are not high enough to create ignition.

3. Combustion chamber geometry

Manufacturers have hieved significant emissiomeductions through changes to the
combustion chamber. Additional modificationsth® combustiorthambemay provide further
improvements in emission control. Combustion chamber parameters of interest include (1) the shape
of the chamber and the location of the fuel injector, (2) volume of crevices, and (3) the compression
ratio. The introduction of ceramic coatings to surfaces of the combaktionber is another possible
modification in the experimental stage.

Efforts to redesign the shape of the combustion chamber and the location of the fuel injector
have beemlirectedprimarily at optimizinghe relative motion othe air and the injected fuel. The
goal is to limit the formation of NOx without an increase in PM;amversely, to reduce PM without
an increase in NOx. Reductionshioth NOx and PMmay bepossible with some combustion
chamber configurations currently under development. However, significant problems in the areas of
structuraldurability andemissioncontrol durability have beeattributed to these configurations.
Additional benefits can be realizedtire form of reduced HC and CO emissiats;ompanied by
little or no penalty in fuel efficiency. Costs would be limited primarily to initial fixed costs such as
research and development and tooling changes, which would not be very large if spread over many
engines.

The location of the top piston ring relative to the top of the piston has undergone significant
investigation. The location of piston rings has beedified toreduce therevice volumewhile
retaining the durability and structural integritytbé piston and piston ring assembly. Improvements
result in reduced HE@missionsand, to a lesser extent, in reduced @wission. Costs associated
with a relocation othetop ring can be substantial. Raisitigetop pistonring requiresmnodified
routing of theenginecoolant through thengine block and lube aibuting under the piston to
prevent the raisedng from overheating. Alsdhe machiningneeded for thengine block would
likely require more precise tolerances.

4. Swirl

Increasing the turbulence of the intakeenteringhe combustiorthambei(i.e., inducing
swirl) can reduce PMmissions from diesel engines by improvihg mixing of air andfuel in the
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combustion chamber. Historically, swirl was induced by routing the intake air to achieve a circular
motion in the cylinder. Manufacturers are, however, increasingly using "reentrant” piston designs,
in which the topsurface of the piston mut out toallow fuel injectionand air motion in @maller

cavity in the piston to induce additional turbulence. The effect of swirl is often engine-specific, but
some general effects may be discussed.

At low loads, increased swirl will reduce HC, PM, and smoke emissind fuel consumption
due to enhanced mixing of air and fuel. NOXx is increased slightly at low loads as swirl increases. At
high loads, swirl causes slight decreases in PM emissions and fuel consumption at the cost of severe
increases in NOx emissiodsie to thehighertemperatures associated with enhanoedng and
reduced wall impingement. In addition, HC emissions may actually be increased due to overmixing.
These statements are based on data from an engine running at an intermediate speed (63% of rated).
A higher pressuréuel system can besed to offset some of the negateféects of swirl, such as
increased NOx, while enhancing the positive effects such as a reductionfn soot.

Another study used a small auxiliary combustion chamberitwiiwn fuel injector to induce
turbulence late in the combustion period. Because the ratiedd of combustion was not disturbed,
the mixing inthe combustiorthamber aided ithe combustion of unburnt hydrocarbons without
increasing peak cylinder temperatures. Therefore, smoke, PM and fuel consumption were reduced
without an increase in NOx emissions. In addition, thermal efficiency was improved at high loads.

B. Electronic Control

Many heavy-duty diesel engines are using open-loop electronic control to meter fuel flow and
injection timing. Thiscontrol allows the fine tuning that isnecessary tdully optimize engine
combustion for lowemissions anéuel consumption. Several open-loop and closed-Eygtems
have been developed for diesel enghes. Especially when aftertreatment is used, closed loop control
will become important for thefficient operation ofdiesel engines.Closed-loop contrologic is
discussed, in some detail, later in this chapter.

C. Charge Air Compression

Charge air compression is used in almost all current heavy-duty diesel engines. The original
purpose was to increase power output from a given displacement engine. By forcing more air into
the cylinder, more fuel can also be added at the same air fuel ratio, resulting in higher power. Boost
air may also be used to reduce fuel consumption and emissions of smoke and soot by increasing the
pressure and the amount of excasdn the cylinder. However,this increase in pressure and in
oxygen and nitrogen availability may result in an increase in NOx emi$sfons.

Turbocharging ighe mostcommon method used fancreasingboost pressure into the
cylinder for four-stroke diesel engines. A turbocharger makes use of the waste energy in the exhaust
gas to compress the intake charge. The exhaustirgees a turbine linked to a centrifugal
compressor that boosts thtake air pressureTwo-strokediesel enginesften use a positive-
displacement pump to scaventje cylinder and increase air flow intthe engine. Positive-
displacement pumps avery effective at increasing the cylinder charge, but they can cause a loss in
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efficiency since they are mechanically driven by the drive shaft.
1. Turbo-compounding

At rated power, dypical diesel engine losedout 30 percent afs energythrough the
exhaust. Even for turbocharged engines, much of this energy is not used since extra exhaust energy
is passed through a waste-gate. Turbo-compounding refessnigp a highpressure turbine and
feeding extra energy back tiee crankshaft.This ismostefficientfor enginesoperating anearly
constant highoads anchigh enginespeeds. Test data have reported up to 15 parczatse in
shaft power and 3-11 percent lower specific fuel consumption. Due to the high speed of the turbine;
however, it is difficult to couple the power turbine to the drive shaft. This is especially difficult when
the turbine and shafts must be matched over a wide range of operating speeds. There are some
durability issues due to the need foflad coupling toprotecthigh-speed gears kgbsorbing
crankshaft vibration.

2. Variable geometry turbocharger

A turbocharger may have a lag time associated with its response. As a result, during transient
operationtoo little intake air compression may occur at the beginning of an acceleration, while an
excessive booghay remain athe start of thenext steady-state operation. In additiorgigen
turbocharger optimized fdrigh loadsmay havecompromisecefficiency atlow loads. A vaable
geometry turbochargenay beused to increasthe boost response radad provide appropriate
air/fuel ratios for varying loads and speeds. In one study, with the addition of electronic controls and
a variable geometry turbocharger, a heavy-duty diesel engine achieved a 37 percent reduction in HC
and a 34 percent reduction in PM emissions without an increase in NOx over a portion of the heavy-
duty Federal Test Procedure (HD-FTP).

D. Charge Air Cooling

One negative effect of charge air compressidhas theintake air temperaturieicreases
substantially. As the intake air heats up, it expands, causing a somewhat lesser amount of charge to
be forced into theylinder. In addition, an increase in chatgmperature results imgher NOx
formation and engine durability problems. To sdlvese problems, charge air cooling is used.
Charge air cooling results in decreased smoke, HC, NOx, and PM emissions and fuel consumption,
especially at high loads where most NOx is cregted.

Charge air cooling is accomplished with aftercoolers on diesel truck engines. There are two
types of aftercoolers, each with unique characteristics: air-to-liquid aftercoolers and air-to-air
aftercoolers. The first manufacturers to introduce charge air cooling used air-to-liquid aftercoolers,
with the engine coolant as the cooling medium. Air-to-liquid aftercoolers using engine coolant can
lower the intake air temperatuoaly to a levelnear the operating temperature of grgine.
However, the temperature of the charged intake air, and thus the level of emission control, remains
relatively constant over a wide range of ambient temperatures.
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Air-to-air aftercoolers use a stream of outsageflowing through thedevice tocool the
intake air. By using ambient air, air-to-air aftercooler can cool the compressed intak& a
temperature approaching that of the ambient air. Manufacturers are now extensively using air-to-air
aftercoolers, because the meffeective coolingcontributes to lower NOx emissions. Intake air
temperature from an air-to-air aftercooler is highly dependent on ambient temperature. NOx control
would, therefore, be mosffective in low ambientemperatures. Howevarnless manufacturers
limit the effectiveness of cooling in winter conditions, very low intake air temperatures may lead to
increased PM emissions. Converting to an air-to-air aftercooling strategy introduces a moderate cost

penalty.

Anotherpossibilityfor getting more cooling than tle®nventional air-to-liquid aftercooler
is an air-to-liquid aftercooler using a separate coolant system. Such a system would cool intake air
temperatures almost affectively as armir-to-air aftercooler and could reduce seasonal variations
in intake air temperature. Introducing a sepaligted systemfor aftercooling would be more
complex and costly than either of the other systems.

E. Advanced Fuel Injection

Emission control in a diesel engine may be improved through advances in fuel injection design.
Design variables for a fuel injector include injection pressure, number of nozzle holes, nozzle hole size
and shape, and fuel spray angle. atidition, the control ofate offuel injectionadds greater
dimension to the design of a low-emission engine.

1. Increased injection pressure

Increased fuel injection pressure achieves better atomization of the fuel droplets and enhances
mixing of the fuel with the intake air. This combination of reduced droplet size and improved mixing
leads tomore complete combustion, decreased unburnt hydrocarbons, and decreased formation of
PM. NOx emissions have been observed to increase due to higher cylinder ptéssures. A drawback
of higher injection pressures is the cost involved in reinforcing the fuel injection system and possibly
the engine to deal with higher pressures, which might otherwise cause a decrease in durability.

Higher fuel injectionpressures also decrease the duration ofrijeetion. Because the
duration of injection is shortened with high injection pressures, the start of fuel injection is delayed
causinglower combustion temperatures and reduced NOx. Decreasing the durahgactan
avoids the HC, PM and fuel economy penalties of retarded injection timing, because the termination
of fuel injection isnotdelayed?® Nozzle geometry is used to optintiesfuel spraypattern for a
given combustion chamber design, to improvwi&ing with the intake air, and tainimize fuel
condensation on the combustion chamber surfices.

2. Rate shaping

Manufacturers can achieve greater control of the combustion process by controlling the rate
at which fuel is injectethroughout theeombustion processThis is commonlyeferred to as rate

53



Final Regulatory Impact Analysis

shaping. Ratshapingmay beperformedmechanically or electronicallhrough the use gfilot
injection or multiple injections.

NOx and PM emissions may be improved by varying the rate at which fuel is injected into the
cylinder. A lowratepilot injectionmay beused at théeginning ofcombustion taninimize peak
temperatures and pressures and to stabilize combustion. Pilot injection shortens the ignition delay,
therefore shortening the pre-mixed burning phase of combustion where most NOx is formed. At low
loads, NOx, PM, anéuel consumption can be reduced with sopemalty in smoke. Particulate
formation is reduced due to a reduction of the soluble organic fraction (SOF). At retarded timing,
this reduction in SOF outweighs tinerease irsoot. Atadvanced timingthe SOF decrease is
approximately the same as the soot incréase.

Multiple injectionsmay beused to shape theate offuel injection intothe combustion
chamber. Two or thresursts offuel cancome from a single injector during thrgection period.
The amount of fuel injected during each burst may be varied as well as the duration between bursts.
This sort of rateshaping has been shown to be capable of reducingvifidut increasing NOX.
Becausehis strategy is modffective in conjunction witletardedimings, NOx can beeduced
through timing retard ithout an increase in PM. Multiple injections can be optimized to have little
effect on fuel consumption by controlling the total time from start of the first injection until the end
of the last injectior®

F. Exhaust Gas Recirculation
1. Hot EGR

Exhaust gas recirculatiofEGR) is probably the most importantiesel enginecontrol
technology forobtaining significantNOx reductions below 199@vels. Under thisapproach, a
portion of the exhaust gasrisuted into thentake manifold. This habe effect of reducing peak
temperatures, and thus reducing NOx formation irciieder. However, PMemissions and fuel
consumption can be increased, especially if EGR is used at high loads. This strategy for NOx control
is currently used in most European light-duty diesel engfnes. At least one heavy-duty diesel engine
using EGR will be marketed in the 1996 model year.

EGR reduces NOx by reducing the peak temperature in the combustion chamber. By diluting
the charge with inert gas, the adiabatic flame temperature is reduced. This has the opposite effect of
increasing oxygen availability during combustion. The reeitedl gas also reduces peak combustion
temperature by absorbing sometloé heat of combustionThis reduction in temperature leads to
decreased NOx formation and an increase in HC and PM emi&sions. At light loads (10-15 percent
or less), the potential adverse effects of EGR on fuel consumption, PM level, and engine durability
are minimal.

2. EGR cooling

There are several methods of controlling the PM emissions attributed to EGR. One method
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is to cool the exhaust gas recirculated to the intad&mifold. WithEGR cooling, anuch higher

amount of exhaust gas can be added to the intake charge. At light loads, there can be a small NOx
penalty due to increased ignition delay, but at high loads, some additional NOx reduction may result
from EGR cooling® Another method to offset the negative impacts of EGR on PM is through the
use of high intake air boost pressures. By turbocharging the intake air, exhaust gas can be added to
the charge without reducing the supply of fresh air into the cylfider.

3. Soot removal in recirculated gas

The main challenge still remainingth EGR inheavy-duty diesel enginestise possible
negative effects of soot from the exhaust stream being routed into the inlet stream. Soot may form
deposits in the intake system, which could cause wear on the turbocharger or decrease the efficiency
of the aftercooler. As the amount of soot in the cylinder increases, so does the amount of soot that
will work its way past the piston ringsto the lubricating oil. Soot acts as an abrasive in the oil and
increases engineear, especially inthe cams. One study showdtht 15 percent EGRad a
significant effect on heavy-duty engine durabfity. The EGR fractidiefined as the mass flow rate
of the recirculated gas divided by the mass flow rate of the total intake charge.

A low-voltage soot removal device that reduces the soot in the recirculated gas by 50 to 84
percent has been developed. Engine wear was shown to be greatly reduced as a result of this device.
Testing was performed at 30 percent EX5R.  Another strategy for particle-free EGR is to recirculate
the exhaust gas after it has passed through a particulate trap. Traps typically can remove more than
90 percent of particulate matter, whereas some designs have achieved a 99 percent particle collection

efficiency 2

One study discusses a technology package designed to solve the problems of minimizing the
amount of intake charge displaced by exhaust gas and of fouling ofidhertarger and intercool€r.
This technology package uses a variable geometry turbocharger, an EGR control valve, and a venturi
mixer to introduce the recirculated gas into the inlet stream after the intake air is charged and cooled.
The VGT is used to build up pressure in the exhaust stream. Once the pressure is high enough, the
EGR control valve is opened and the recirculated gas is mixed in to the high pressure inlet stream in
a venturi mixer. Althouglthe recirculated gas is cooldtis cooling isminimal to prevent both
fouling in the cooler (due to condensation) and a large pressure drop across the cooler.

Several bypass filtration designs exist to filter smaller partmlgsof engine oif®  With
bypass filtration, a portion of the oil is run through a secondary unit which results in well filtered oil.
This type of filtration system could be usedmeimize negative effects adoot inthe oil that is
associated wittnigh levels ofEGR. At least one dodlesign claims efficiencies of up 89% in
capturing 1-micron particles. Another design is capable of removing water as well as particles less
than 1 micron in size. To accelerate vaporizatiomglrities and to maintain oil viscosity, a heated
diffuser plate is used in a third design.

A hybrid EGR system is also beingfudied as a potential solution darability problems
associated with recirculated diesel exhdlist.  In this system, a small gasoline engine is used to drive
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the supercharger for a larger diesel engine. A portion or all of the gasoline engine exhaust can then
be fed into the intake stream of the diesel engine. Because of the lack of sulfuric acid and the very
low carbon content in the gasoline engine exhaust, the problems of wear and erosion of parts in the
diesel engine associated with EGR alteviated. Another bonus of this systenthiat the boost
pressure is independent of the load and speed of the diesel engine. Therefore, there is more flexibility
in optimizing the emissions and fuel consumption of the diesel engine. The study referenced above
showed that thaybrid EGR system hadbout thesame fuetonsumption as a conventional EGR
engine, but with a larger NOx decrease.

G. Technology Combinations

Several manufacturers and institutions have been workirtheochallenge of achieving
further diesel emission reductions by using combinations of the engine-based technologies described
above. This section describes the test results obtained from each of these combinations. A summary
of the results described in this section is presented in flableNhen comparinghe technology
combinations in Table 4-1, note that the emission results for any two of the combinations presented
are not necessarily determined by the same test cycle. Also note that none of these strategies include
the effects of particulatéraps orlean NOx catalysts on emissions. As discussed below,
aftertreatment devices could result in additional emission reductions.
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Table 4-1
Reported Emissions from Various Technology Combinations

Technology Combination Test HC NOx PM
(Focus on Engine Controls) Procedute g/bhp-hr g/bhp-hr g/bhy
Multiple injection and EGR 6 modes — 3.7 0.11
Fuel injection and geometry 2 modes — 3.5 0.10
Electronic unit injection, and EGR 17 modegs — 3.6 0.08
On/off cooled EGR and catalyst transient — 2.8 0.10
EGR and cooled boost air 1 mode 1.0 1.8 —
Cooled EGR and cooled boost air 3 modes 0.14 1.9 0.2
Cooled EGR and cooled boost air 3 modgs — 2.3 0.1p
Cooled EGR and boost air, swirl 3 modep 0.10 1.9 0.1
Mult. inj., EGR, and cooled boost 1 mode — 2.2 0.07
VGT, cooled EGR, venturi mixer 13-mod¢ — 1.8 0.08
EGR, rate shaping, and catalyst transient 2.54 (HC+NOXx) 0.1
EGR, optimized fuel and air systen study 0.30 2.0 °0.1"

-hr

1. Multiple fuel injection and EGR

EGR and several multipleiel injectionstrategies were studied bystrumenting asingle
cylinder version of a heavy-duty on-highway engfhe.
four independent injections at pressures ranging from 2,900 to 17,000 psi. A six mode simulation of
the HD-FTP was used fdhis study since a transietéstwas considered inconveniefar the
research environment. Over the six mode test, using four injections and EGR, the engine produced
NOx and PM levels of 3.7 and 0.11 g/bhp-hr, respectively. When operating at 75 percent load and
intermediate speed, emissions levels of 1.6 g/bhp-hr NOx and 0.11 g/bhp-hr PM were achieved.

2. Fuel injection and geometry

A fuel system was used that was capable of

Effects of fuel injection pressure, rate shaping, timiag,zle geometry, and spray angle were
studied on a single-cylinder diesel engoperating at 75 percent and 25 percent of peak torque at

1600 RPM!

°This study reports 0.05 g/bhp-hr PM with the use of a particulate trap.
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usingsharp-edged orifices andl25 degree spragngle to achieve NOx and PM levels of 3.5 and

0.05 g/bhp-hr respectively. The fuel consumption was slightly increased (1 to 2 percent) due to the

added timing retard used to control NOx. The same nozzle geometry was used at 25 percent load;
however, a lower injection pressure was used combined with rate shaping to control the premix burn

mode. NOx and PM levels 8t8and0.2 g/bhp-hr were achieved. Naotieat these lovemission

levels are without the help of EGR. HC emissions were not measured.

3. Electronic unit injection and EGR

A single cylinder diesel engine with a swept volume of approximately two liters was used as
an experimental engirfer the purposes afmisssion desigwork for heavy-duty diesel enginés.
An off-the-shelf electronic unit injectio(EUI) system wasnodified by increasinghe injection
pressure from 23,200 to 27,600 psi, reducingfray holes from 0.20 to 0.18 mm, and opening the
spray cone from 155 to 158 angle degrees. The EUI system was designed to respond to electronic
control of the injection timing arfdiel quantity. Exaust was drawn from the outlet plenum chamber
and introduced into the inlet plenum chamber in a simple EGR system. The engine was tested over
17 steady state modes and the results were weighted in order to simulate what the results would be
on the HD-FTP. The final weighted results were 3.6 g/bhp-hr NOx and 0.08 g/bhp-hr PM.

4. On/off cooled EGR and oxidation catalyst

A heavy-duty diesel engin@as equipped with a simple on/off cooled EGtem and
operated over the transient heavy-duty highway Federal Test Procedure (HB-FTP). Over the test
cycle EGR wawaried from O percent adle to 25percent during periods digh speed and load.

With the addition of an oxidation catalyst, this engine was capable of reducing NOx to 2.8 g/bhp-hr
without raising PM above 0.1 g/bhp-hr. HC emissions were not reported.

5. EGR and aftercooled boost air

A single-cylinder diesel engingas equipped with EGR andsted foremissions and fuel
consumption for several injection timings @GR ratios at an intermediate spéed. Tests were run
using both replaced and additiobR. Replaced EGRneanghat therecirculated gas replaces
some of the intake air. Additional EGR is achieved by using a supercharger to charge the intake air
so that a constant amount of fresh air enters the cylinder at each EGR ratio.

When 33percent additional EGR was added to the intake charge, the NOx emissions were
about 1.8/bhp-hr without asignificant increase in fuglonsumption due to EGR. Péfissions
were not reported, but reignificant increases in HC smoke were observadhen compared to
engine operation without EGR. In addition, furtimesrk showed thatncreased intak&oost
pressure results in an enhancemendifffision combustion, reduceignition delay, andeduced
premixed burning.

6. Cooled EGR and intercooled boost air |
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In an attempt to develop a low NOx truck engine, cooled EGR was added to a six cylinder,
turbocharged and intercooled, diesel, direct injection effgine.  This engine was tested for emissions
and fuel consumptiomver three modes of the European R-49 13-ntedeé procedure. The
predicted R-49 emissiaesults showed that tlenginewas capable of NOgmissions akw as
1.9 g/bhp-hr without &ignificant increase in fuelonsumption. PM and HEmissiondor this
calibration were 0.22 and 0.16 g/bhp-hr respectively.

7. Cooled EGR and intercooled boost air Il

Cooled EGR was applied to a heavy-duty diesel engine with engine out emissions meeting the
US 1994 emission standarfis. The exhaust gas was routadttzam of the intercooler to prevent
fouling. This enginavas tested foNOx and PM at a low, an intermediate, ankigh load (at
intermediate speed). These modes were selected for their significance in the US HD-FTP. At low
load, NOx and PMevels of2.0and 0.15 g/bhp-hr werehieved with 3(percent EGR .Medium
load NOx and PM levels of 2.3 and 0.12 g/bhp-hr were achieved with about 7 percent EGR. At high
load and 5 percent EGR, NOx and PM levels were 2.6 and 0.10 g/bhp-hr respectively. HC results
were not reported.

8. Cooled EGR, aftercooled boost air, and swirl optimization

A single-cylinder diesel engine@as equipped to haveoost pressureand temperatures
equivalent to a typical multi-cylindegurbocharged and aftercooled heavy-ddigsel enginé’
Because the European R-49 13-mode test procedure is biased towards peak torque, the swirl ratio
was optimized for high load operation. This study showed that NOx and PM emissions of 1.9 and
0.13 g/bhp-hr respectivelgre possiblethrough the use of cooled EGR. At these NOx and PM
levels, HC stayed constant at 0.10 g/bhp-hr. Although only three modes of the R-49 were tested, the
final results are a projection of thell test. Boostpressures would have had to be increased
10 percent to maintain air-fuel ratios if the EGR were uncooled.

9. Multiple injections, EGR, and intercooled boost air

Emissions anduel economytesting was performed onsingle-cylinder diesel engine at
75 percent of peak torque at 16@Mn3* This engine was equipped with simulated turbocharging
and intercooling. Multiple injectiongere used as aimjection rate shaping stitegyaimed at
controlling thecombustion process. Thael was injected at pressures up to 120 MPa at a spray
angle of 125 degrees. Retardedrig and uncooled EGR weadso applied to this engine. Through
the combination of 6 percent EGR and triple injection, NOx and PM levels of 2.2 and 0.07 g/bhp-hr
were achieved. There was some sacrifice in fuel consumption due to the retarded timing. This study
suggests that, bgontrolling the PMlevels with multiple injections, engine durability problems
associated with EGR (i.dybrication oil contaminationnay bereduced. HC emissions were not
measured.

10. VGT, cooled EGR and a venturi mixer
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This study focused not only on significantly reducing NOx and PM from a heavy duty diesel
engine but also on developing BGR systemthat would bepractical for real world us€. The
engine used for this research wasxacylinder,turbocharged and intercooledgine with aated
power of 420 hp. The main emission control used in this research was EGR. However, the paper
really focuses on how the EGR is applied.

Several difficulties were overcome. To avoid fouling of the turbocharger and intercooler, and
to minimizethe mass of air displaced through EGR, the exhaust gas is recirculated downstream of
the intake air charging and cooling. This is accomplishesligh the use of wariable gometry
turbocharger and a venturi mixing unit. By closing the VGT, pressure builds up in the exhaust gas;
through the use of an EGRlve the exhaust gas can be released to the intake stream once the
pressure is high enough. The mixing venturi provides suction of the recirculated gas thus minimizing
the pressure loss in the EGR circuit. Some EGR cooling was performed, but this was minimized to
prevent fouling of the EGR cooler (through condensation) and to minimize the pressure loss in the
EGR circuit.

Final emission resultwere reported as 1@bhp-hr NOx and 0.08 g/bhp-hr PM.hese
results are based on the 13-mode steady-state test procedure used for European emission standards
(ECE R49).

11. EGR, rate shaping, and catalyst

One heavy-duty diesel engine manufacturer presented intial results from a program which has
the goal of building a diesel engine that can achieve the 2004 emission levels finalized today using
current technolog§’  The techniagproach was as follows: 1) advanéeel system with rate
shaping capability, 2) state of the art combustion system with EGR, 3) electronically modulated air
flow management with improved volumetric efficiency, 4) reduced mechanical parasitic, 5) calibration
optimization, and 6) a 1994 modedar catalytic convertor. The results at this stage of the program
are 2.54 g/bhp-hr HC+NOx and 0.126 g/bhp-hr PM. These results are based on the HD-FTP using
low sulfur fuel designed for use in California.

12. EGR with optimized fuel and air systems

A study of feasible NOx and PM levels from heavy-duty diesel engines was contracted by the
California Air Resources Board (CARB). This study concluded that, with the application of EGR
to a 1994 production hearduty diesel engine and an optimization of fuel and air systems, emission
levels can be reduced significantly. Emission levels of 2.0 g/bhp-hr NOx and 0.15 g/bhp-hr PM were
reported to be feasible withoutsgnificant increase in HG<0.3 g/bhp-hr) ofuel consumption.
Through the use of aftertreatment, the particulate emissions could be reduced to 0.05 g/bhp-hr.

H. Crankcase Emission Control

When ignitionoccurs inside the combusti@mamber in internal combustion engines, the
increase in cylinder pressure pushes a small amount of gases past the piston rings (blowby) and into
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the crankcase. To prevent the crankcase from becoming pressurized, the gases must be vented from
the crankcase. A regulation requiring manufacturers to close the crankcase (preventing these gases
from being vented to the atmosphere) was the first measure used for reducing pollution from cars and
trucks in the U.S. In 1963, California adopted a resolution requiring closed crankcases in all light-
duty vehicles. Later, manufacturemmstalled crankcasemissioncontrol devices imall light-duty

vehicles and trucks to be sold in the U.S. A method known as a positive crankcase ventilation (PCV)
was used to recirculate blowby gases back to the intake manifold and control their flow through the
use of a valve. Thmost common PC\8ystem used isne inwhich theair fromthe crankcase is

drawn through a hose from the cleaner to one of the valve covers or to a crankcase inlet below

the intakemanifold*?* Therefore, theblowby gases are reintroduced into ttyinder. Closed
crankcases using PCV systems have been used in gasoline vehicles since the late 1960s and are also
required in today's naturally aspirated diesel endihes.

Few studies have been conducted with the purpose of investigating crankcase emissions from
heavy-duty diesel engines. Tall€ summarizes crankcagenissiondata from one studwhere
three engines were test&d:

Table 4-2
Crankcase Emission Data
Crankcase Emission Percent of Percent of 2004
Pollutant Levels (g/bhp-hr) Corresponding Standard Finalizgd
Exhaust Emissions Today

HC 0.005 - 0.013 0.2-4.1 1.0-2.6

NOx 0.001 - 0.009 0.01-0.1 0.05-0.45

PM — 0.9-29 —

A more recent study done by Southwest Research Institute in 1993 pnidad crankcase
emission data from onleeavy-duty diesel enginef.01 g/bhp-hr NOx, 0.01 g/bhp-hr HC, and
0.01 g/bhp-hr PM>  Even though these numbers might not appear very significant, one has to take
into consideratiorthat crankcaseemissions increase with engilife, which today, withproper
maintenance, can approach oniion miles before rebuildindor line-haultrucks#® None of the
engines reported had more than 500)00€s. Presently EPA is conducting testing on a few heavy-
duty diesel engines to obtain more crankcase emission data.

Currently, turbochargeddiesel enginesre notrequired to provide crankcasamission
controls. The problem with recirculating blowby gases in turbocharged engines is that the durability
of turbocharger components and aftercooler effectiveness can be affected by the recycling of gases

"For simplicity, standards were assumed to be 2.0 g/bhp-hr for NOx and 0.5 g/bhp-hr for
HC.
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that contain particulate matter and other potentially damaging particles. Routing gases to the intake
manifold after the compressor would require a pump due to the higher pressure there. One solution
to this problem has been applied to a new heavy-duty diesel engine. The 1994 Navistar T444E had
a closed crankcase which the gases were recirculated to the intaidemifoldand a woven wire
elementwas installed inorder tocollect theoil and prevent it from reachinghe turbocharger
compressor. According to Navistar, durabilégtt data showed no deterioration of the turbocharger

as a result of the recirculation of crankcase dgdses. Other studies have shown the possible connection
of increased blowbgases with the presence of EGR in diesel endines. Although not conclusive,
the results mighsuggest that thmcrease in crankcase gases due tdiigherwear of the piston

rings, likely caused by abrasive particles present in the recirculated gases.

Though still undergoingevelopment, another method of separating particulate matter from
the crankcase gases going through the turbocharger iisettial sg@arator. Inertial separators
centrifuge particles to a collecting zone, drain them to the bottom and collect them in a ré&servoir.
One problem with this option is its low separation efficiency of around seven percent. Other filtering
methods are also being studied, but none of them seem to be more efficient and economical than the
PCV system with a filtering element to remove the particulate. One concern, however, has to do with
the efficiency of the filter as the particulate accumulates and any required maintenance to replace it.

[1l. Aftertreatment

As described in the introduction section, engine manufacturers have been very successful in
developing anix of technologies to lower PM and NOx concurrently while continuing to improve
fuel economyand engine durability. AlthougBPA isnot proposing a reduction in theghway
heavy-duty engine PM standard beyond the level of 0.10 g/bhp-hr (0.05 g/bhp-hr for urban buses),
PM control will continue to be very important. PM will remain a primary consideration along with
fuel economy and engine durabilitytime development agngines witHower NOx emissions. As
discussed above, HC emissions control has not been a primary focus for diesel engines due to their
relatively low HC emissions levels. With a NOx plus NMHC standard, HC emissions levels would
become a greater consideration inplaekaging of technologies to meet oveeaflissiontargets.
Exhaust aftertreatment technologies for PM and NOx control are discussed in this section and any
effect of these technologies on HC is also noted.

A. Particulate Matter Control

Two aftertreatment technologies have received the most attention and use for particulate
control, the flow-through oxidation catalyst and the particulate trap. The oxidation catalyst provides
relatively moderate overall PM reductionsdydizing aportion of the particulate as tieghaust
passes through i©Oxidation catalystarerelatively inexpensive anare nowbeingused by engine
manufacturers on some engines to ntketcurrent 0.10 g/bhp-hr PM standard (0.05udryan
buses).

Particulate traps capture a very high percentage of the particulate and hold it until the PM can
be removed. Removing the PM from the trap, termed trap regeneration, is most often accomplished
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by oxidizing (i.e., burning)the PM. Becauseéliesel exhaust almost never reaclies high
temperatures needed to ignite the PM, oxidation requires either an external heat source or a catalyst
material to lowertthe oxidation temperature of the PM. Particulate traps hatgained wide
acceptance and use duestyeral concernthat have noyet been overcom@cluding highcost,

system complexity, fuel economy penalty, and trap durability. Also, engine manufacturers have not
needed theery high level of PMcontrol provided by traps to meet current standaddthough

initial trap designs, with regeneratianay betoo complex, second generation designsbeing

pursued.

1. Oxidation catalyst

As mentioned abovengine manufacturers hastarted to usexidation catalysts in cases
where engines have needed help meeting the particulate standards. For the 1994 model year, about
30 percent of engine familiegrtified were equipped with oxidation catalysts (with the exception of
urban buses, all dhese were eithdight or mediumHDDES). Another 30 percent of the engine
families were certified to PM levels above the @iithp-hr standard through the averaging, banking
and trading program. As these families are redesigned or retired, the percentage of engine families
equipped with oxidation catalysts may change.

Flow-through oxidation catalysts oxidize both gaseous hydrocarbons and the portion of PM
known as thesoluble organic fractio(SOF). The SOF consists of hydrocarbons adsorbed to the
carbonaceous solid particles andyalso include hydrocarbons that have condensed into droplets
of liquid.>® The carbon portion of the PM remains essentially unaffected by the catalyst. In recent
years, SOF has been reduced through new piston ring designs for oil control and fuel injection and
combustion chamber modifications for more complete combustion of the fuel. The amount of SOF
varies widely among enginésit SOF oftermakes up 30 to 60 percenttbe total mass of PM.
Catalyst efficiencyfor SOF varies with exhaustemperature in the range of about €rcent
conversion at 15T to more than 90 percent above 350" Typically, exhaust temperatures during
the HD-FTP fluctuate between 1@ and 400C. The reduction in total particulate mass provided
by catalysts is relatively modest both because the efficiency is low at low exhaust temperatures and
because catalysts oxidize only the SOF and not the carbon portion of the PM.

Improvements in catalyst technology have been hindered to some degree by sulfur contained
in thefuel, even withthe low silfur fuel currentlyrequired by EPA.Especially at higher exhaust
temperatures, catalysts oxidize sulfur dioxide to form sulfates, whuntriloute to total PM
emissions. Catalyst manufacturers have been successful at developing catalyst formulations that
minimize sulfate formatiof?.  Catalyst manufacturers have also compromised in the placement of the
catalyst such that the exhaust is warm enough to achieve the needed SOF reduction but not so warm
as to cause substantial sulfate formatfon.  Manufacturers matesl thatfuel with sulfur
concentrations lower than 0.05 weight percent would permit the use of more active, higher efficiency
oxidation catalysts.

Oxidation catalyst development and use is likely to continue. Although it is still too early to
know exactlywhat combinations of technologies will be used to miet 1998 standards of
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4.0 g/bhp-hr NOx and 0.10 g/bhp-hr PM it is very likely that oxidation catalysts will be used at least
in some cases. Urban buses are Bitsty to meettheir PM standard of 0.05 g/bhp-tsing in-
cylinder modifications and oxidation catalysts. Future improvements in oxidation catalysts will likely
provide marginal improvements in overall RBHuctions and such refinememtsy prove to be
valuable to engine manufacturers.

2. Particulate trap

The promise of particulate reductions of greater than 90 percent and the 1994 and later PM
standard of 0.10 g/bhp-hr prompted the development of particulate trap technology in the late 1980s.
Particulate trap filters that capture a high percentage of the PM in the exhaust stream were developed.
These initial particulate trap filters needed to be regenerated (cleaned) after a period of time because
the filters eventually began to fill upreating unacceptable backpressure on the engine. For the first
generation ofrap systems, regeneration was often accomplished by heagngxhaust with an
electric heater ofuel burner to oxidizehe particulate. The Donalds@ompany ledJ.S. trap
system development with an electronically controlled system consisting of dual ceramic monolith
fiters and electrical heating elements to regenerate the trap. In the 1992 and 1993 model years, some
urban bus engines equipped witle Donaldsorsystemwere EPA-certified and sold imited
numbers. Engine manufacturers have been able to meet the 1994 particulate standards with engine
modifications and using oxidation catalysts where necessary atrdpiequippedengineswere
certified for the 1994 model year.

Several companies and universities are developing a new generation of trap technologies have
the potential to be simpler, more reliable, and less expensive than previous systems. The majority of
research and development is focused on devising new methods for trap regeneration. A number of
active and passive trap regeneration methods are in various stages of development and testing.

Active regeneratiomgenerally involveghe triggering of drap regeneratioomechanism at
fairly regular intervals based on an exhaust backpressure threshold for the engine. One example of
a newer approach for active regeneration is reverse pulse air regeneration, which uses compressed
air to blow PM out of the trap and into a separate contdiner. The PM can then be burned by heating
the container either on or off the vehicle. By blowing out the trap rather than burning the PM within
the filter, thefilter is not subjected to extreme temperature gradients that can lead to ceramic filter
melting or cracking. As part of the Department of Energy programs described previously, Cummins
EngineCompany is working on a microwave trap regeneration system that provides more uniform
heating of the trap core, avoiding extreme temperature gradients. The system uses a ceramic paper
core that is about 80 percent efficient. Cummins also reported that engine backpressure was below
target.

Many regeneration techniques being researched involve using catalyst materials that lower
the PM oxidation temperature to the range normally experienced in diesel exhaust. The addition of
a catalyst often provides HC reductions as well. Such systems are often called passive regeneration
systems because they do not require some action to take place for regeneration at regular intervals,
such as heating the PM or blowing the PM out of the trap. Instead, regeneration occurs somewhat
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continuously depending on the exhaust gas temperature. Catalysts both in the form of coatings and
fuel additives are being developed. Johnson-Matthey has developed a system that places a catalyst
at the inlet facing of the trap filter such that the exhaust flows though the catalyst before entering the
filter. This system is currently beirfigld tested®® Theatalystwill oxidize sulfur and Johnson-
Matthey is requiringhe use ofuel with a sulfulevel muchlower than EPA specifications. Fuel
additives including a cerium-oxide additive developed by Rhone-Poulenc and a copper-oxide additive
developed by Lubrizol Corporation also lower PM ignition temperatures.

Catalyst materials bringown the temperatures needed for oxidation, dtillt may be
challenged taeach thevery low exhaustemperatures aliesel engines, which have been further
reduced by the use of air-to-air aftercoolingor systems using catalysts, it will be necessary to
optimizethe systemfor the specific engine applicatiomnder real world operating conditions. For
example, it would be important to know what percentage oftithe the vehicles' exhaust
temperature wilexceed thégnition temperature of the PM in the presence of the catalyst. If the
temperature remains lower than the PM ignition temperature for long periods of time, say during idle
and low load conditions, the PM will camue to accumulate in the trap. When ignition temperature
is reached, there may be too much PM in the trap, causing atieghand trap filter damage. It may
be necessary to have a back-up active regeneration system in some cases.

In addition to trap regeneration, tralters continue to be aarea ofsignificantresearch.
Research is focused on developing more durfiide materialsthatcan withstand theery high
temperatures experienced during some forms of trap regeneration. Examples of these filter materials
include glass fiber pads sandwiched between wire mesh for support, porous and corrosion resistant
metal fibers, andilicon carbide. Filter development is also focused on redutieagamount of
exhaust backpressure and associated fuel economy loss caused by the trap. Additionally, there are
problems with ash in the exhaust stream, which the trap captures along with the particulate matter.
The ashdoes notoxidize duringtrap regeneration and ovdime builds up withinthe trap.
Eventually, the filter must be cleaned or replaced.

In the long term, trapsnay beamong themix of technologies considered by engine
manufacturers in meeting future standards, if a simple, relatively inexpensive system can be proven
effective and durableFor example, some researchargexploring passing the exhaust through a
particulatetrap before routing it through an EG&stent’ Passinifpe exhaust through the trap
could potentially address a critical problem withe use of EGRpamely oilcontamination and
engine wear due to particulates being introduced into the combustion chamber. It may also take care
of any PM increase caused by the use of EGR, which may allow EGR to be used more aggressively
for NOx control (i.e., at higher rates or higher engine load conditions). Traps are likely to be more
practical for use with lighter engineghich haveshorterlives, and with urban bus engines used in
fleets,due tospecial maintenance and durability considerations such as the potential need for filter
cleaning or replacement.

B. Oxides of Nitrogen Control

A few yearsago, lean NOx catalytic convertefer vehicleswere anovelty and largely
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impractical as a serious means of reducing NOx from diesel engine exhaust due to the difficulties of
reducing NOXx in the oxygen rich exhaust environment, the transient nature of engine operation, and
the difficulties of introducing a reducing agent into the exhaust. The effective NOx reduction results
that have been obtained with stationary sources using commercial catalysts and ammonia or urea as
reductants are difficult to duplicate on mobile sources. Remarkable progress has been made recently
in the area ofean NOxreduction catalysts fanobile sources that udagydrocarbons as the NOx
reducing agent. The catalysts developed to date operate within narrow temperature ranges, which
limits their overall effectiveness because diesel exhaungperature fluctuates over a wide range
duringthe transient operation of tle@gines. limay bepossible to use multiple catalysts to cover

a broader range ofehicle operation thus providing bettewerall NOxcontrol. Also,catalyst
manufacturers are working to develop catalysts that are effective over a broader temperature range.
Finally, closed-loop electronic control of tkaginemay beused to narrow the variations in the
exhaust to the catalyst.

The use of hydrocarbons as a reducing agent presents special challenges to the catalyst and
enginemanufacturers. As witbthercatalysts, some lean NOx catalysts also hheability to
reduce HCemissions depending on catalyst formulations exithust temperatures. It would be
important to ensure that the hydrocarbons are being oxidized by the catalyst and not passing through,
which may require careful monitoring of the timing and amount of Hi@lmdded. The systems also
must be optimized toeduce thduel economy penaltiesssociated with their use due thédical
importance of fuel economy to the trucking industry and other affected industries.

1. High temperature NOx catalyst

Until recently, thestate-of-the-artean NOx catalysivas a copper (Cu) catalyst supported
on a zeolite base with hydrocarbons injected or added. The Cu-zedliseially active at
temperatures above 350 for both NOx and HC emission reductiéhs. NOXx reductions of about
15-30 percent between 33D and 550C have been achieved with Cu-zeolite cataRsts.

There are somgignificant problems t@overcome with the Cu-zeolite catalyst. The Cu-
zeolite system performance degrades significantly after being exposed to very high temperatures in
the presence of stedh. Another problem encountaredime is sintering, whiclieduces the
surface area of the catalytically active material. Sintering is wheasa of metal particles are shaped
and partially fused by temperature and pressure below the melting point. The Cu-zeolite system aged
relatively quickly, making it impractical for mobile diesel sources. As recently as several years ago,
lean NOx catalysts, including the Cu-zeolite, did not remain significantly active for longer than a few
hours®>63%4  Additionally, the types of hydrocarbons that work well as a reducing agent are limited
(.e., low hydrocarbon selectivity), which translates into the need for the injection of more diesel fuel
to getsizeable NOxreductions. Hydrocarbons such as propylene, ethylene, butane, methane,
propane, n-hexane, kerosene, and didgel have been investigated asductant$>¢¢’
Hydrocarbons with low molecular weight and high volatility such as olefins or oxygenates have been
shown to be most active for lean NOx reductidn. Improvements in selectivity allowing diesel fuel
to be used more completely to reduce NOx would reduce the fuel economy penalty associated with
the systems and may also improve efficiency.
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Solving thedurability and hydrocarbon selectivity problearge at the heart of world-wide
research efforts. Recent studies have made strides in improving the durability of high temperature
lean NOx catalyst8:’® New zeolite-based catalysts compare favorably with the previous Cu-zeolites
in terms of activity and durabilityy.  Studiesing Cu-zeolite systems as recent as 1993 had achieved
only about 50 hours afesign durability witrserious activity reduction d25 hours? The new
zeolite-based catalysts retained a 25-40 percent NOx reduction activity from 425 &f&€r 500
hours (equivalent to about 20,00fles), which is only ghhtly less active than the same catalyst type
aged 125 hour§.

Furthermore, irtesting to determinéhe mode of deactivation of the new zeolite-based
catalysts, tests indicated that the zeolite crystallinity after diesel aging indicated good stability of the
zeolite's physicastructure. Based on postmortem tests, it appears that moet,ali, of the
deactivation othe diesel aged materials resulted from sulfur poisoning in the diesel exhaust (rather
than the steam). Therefore it appears that using very low sulfur diesel fuel (i.e., Swedish City Diesel -
25 ppm sulfur) could extend the life of current catalysts beyond the 500 hour&arige.

2. Low temperature NOx catalyst

Recent caalytic systems have shown high activity at lower temperatures through the use of
platinum based (Pt/Al O ) catalysts. These catalysts are quite active in the 2@rd8AQe for NOx
reduction though the product is mostly N O (ca. 50-90 percent), a known greenholise gas. These
types of catalysts can also provide HC and particulate (SOF) control. NOx reductions of 15 percent
were achieved in the European light duty test cycle, along with a 35 percent PM retigtion.

The main areas of concern with the low temperature catalysts are durability, very high sulfate
production,high N,O production, and low HGelectivity. Durability of Pt based catalysts is
improving, however, with one study reporting 89 percent reductive retention after 650 hours. This
study also reported that with the Pt based catalyst, 45 percent NOx reduction was achievd at 210
furthermore, they retained 90 percent of this benefit from 192239

3. NOx trap

Engelhard Corporation is working on NOx traps that could be used in addition to low or high
temperature NOx catalysts. The N@ap absorbs NOx and holds it untile trap temperature
exceeds a ¢tin point, atwhich timethe trapreleases the NOx. Theapwould be particularly
useful for reducing NOx emitted during idle or low-speed load conditions where temperatures are less
than 100C and catalysts are not operational. The temperature at which the NOx is released varies
depending onthe trapmaterial, which allowshe trap to be designed for use with either a low or a
high temperature catalygt. One strategy for engines with a fair amount of operation at high exhaust
temperatures would be to use the trap in combination with a high temperature catalyst.

I\V. Developmental Technology
Researchers continue to develo@any creative strategies for reduciremissions and
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improving performance of heavy-duty engines. This section discusses swm&sibncontrol

strategies that are currently being researched. These strategies are discussed separately because EPA
believes that the 2004 emission si@nls finalized today may be met through the more conventional
methods described above. However, this does not imply that the following technologies will not be
feasible in the 2004 time frame. Unless otherwise stated, the following technologies could apply to
diesel or gasoline engines.

A. Water Injection

Water injection may be used in much in the same way as EGR for diluting the intake charge.
Water has a higheat capacitywhich allows it toabsorb enough of the energy in tyinder to
reduce peak combustion temperatures. Testing on a diesel engine has shown a 40 percent reduction
in NOx with a water-fuel ratio of 0.5 with only a slight increase in snidke. Water dilution does have
significant challenges, however. Water condensation at low loads may result in rust and dilution of
lubrication oil, and dissolved impuritiestine watemrmaylead to deposits in the engine. Additives
would have to be added to the water to prevent freezing in cold weaithelty, Ehe vehicle operator
may not have any incentive to keep a water reservoir filled.

B. Ceramics

Manufacturers and suppliers are researching the possibility of adding ceramic materials to the
surfaces of theamnbustion chamber and particulate filters. Ceramic coatings may provide effective
insulation, allowing the engine to retain more energy in the products of combustion. Retaining more
energy in the combustion chamber increases peak combustion temperatures, resulting in decreased
PM emissions and possibly increased NOx emissions. Algaader portion of the totanergy
contained irthe fuel can beconverted intausefulwork in theengine, improvinghe engine's fuel
efficiency. When combined with other modifications such as retarded injection timing and reduced
fueling rate, the use of ceramics can result in reduced NOx emissions without a loss in fuel efficiency.
Expected costs for the use of ceramics would be moderate.

C. Hybrid Vehicle Designs

A hybrid vehicle uses an energy storage device as an aid to the engine. Through the use of
an energy storage device in the drive train of a heavy-duty vehicle, equivalent NOx emission levels
of 1-2 g/bhp-hmay bemet with a 10 percent improvementfirel economy* These benefits are
achieved in three ways. First, a smaller engine can be used to perform the same work. The engine
would charge the storage device during low load conditions. Energy in the storage device could then
be used to help the engine move the vehicle through high-load conditions. Second, the engine could
be optimized for operation at steady state. Energy to and from the storage device would be used to
meet the transient demands of the vehicle. Third, regenerative braking could be used to store energy
normally lost during braking.

Several types of storage devices have been investigated. Energy may be stored as momentum
in a highspeedflywheel, as electricity irbatteries, or as pressure irhgdraulic accumulator.
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Flywheels may be the most promising option at this time. Battery technology has not yet developed
to the point wherdight batteries could be developed to l#stoughout aheavy-dutyvehicle
operatinglife. Hydraulicaccumulators are large ahdavyand raise potential safety risige to
high-pressure olil lines.

D. Plasma Catalysts

Research is beingonducted intgplasma catalystior heavy-dutydiesel enginesPlasma
catalysts use discharges of electricity, or extreme heat, to break both PM and NOXx into their atomic
constituents. Whilghis area of research shows promisetha future, itmay not be aviable
alternativefor the 2004ime frame® Due to itspotentially extreme effectiveness, however, EPA
encourages continued work to realize viable plasma devices.

V. Fuels

The focus of this chapter has beentloatechnical feasibility of emissioreductions from
heavy-duty diesel-cycle internal combustion engines. However, we should keep in mind that there
are potentiabenefits form changes in diesel fuel and there are alternatives to diesel fuel for heavy-
duty diesel-cycle internal combustion engines. In additibare are alternatives to internal
combustion engines for heavy-duty vehicle applications. This section discusses some alternative fuels
and power sources that may be used in heavy-duty engines and vehicles in the future.

A. Diesel Fuel Quality

Starting on October 1, 1993, new EPA requiremaffescting highway diesel fuel quality
went into effect® Firstthe silfur level of diesel fuelvas reduced to 0.05 weight percent. In
addition, diesel fuel must have either a minimum cetane of 40 or a maximum aromatics content of 35
volume percent. (CARBmMplementedseparate requirementisat apply to all diesel fuesold in
California. California's sulfuirmit is the same ashe federal requirement; howevézalifornia has
different requirements for aromatics and cetane.) The main reason for implementing the federal diesel
fuel requirements was to allow the use of technologies on new engines that would not otherwise be
feasible,such as oxidation catalysts amdp oxidizers. EPA alsooted that there would [senall
decreases in PM, HC, and @missions from existing heavy-duty vehicles assalt of the fuel
change$!

A number oftest programs havexaminedthe effects of various diesduel properties,
including sulfur, cetan&evel and aromatics content, amoathers, onheavy-duty diesel engine
emissions$?899°°1 The results of thesestprograms show that changes in the properties of diesel
fuel can have an effect on emissions. In recognition of this fact, the SOP acknowledged that changes
in the composition and improvementslie quality of fuelmay beneeded to makthe standards
expected under the SOPasible. EPA plans towork with the petroleumndustry and engine
manufacturers to determine if further testing is needed. Based on the results of the evaluation, EPA
expects to make a decision as to whether further changes in diesel fuel quality will be necessary to
comply with the low NOx and NMHC standards as part of the 1999 technology review agreed to in
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the SOP. If EPA determindisat furtherfuel changesre necessary, EPA woybdoceedwith a
separate fuels rulemaking to implement such changes.

B. Alternative Fuels

Diesel and gasolinare the predominatitiels used in internal combustie@ngines today.
However, engines have been developed and are in use that operate on alternative fuels such as natural
gas or alcohol.Many oftheseengines cawmperate omore than one fuel or fuel blend. Although
gaseous and alcohol fuelse not theonly alternative fuels beingesearched, they shaiwe most
promise for the near future.

1. Gaseous fuels

Several manufacturers are already producing compressed natural gas (CNG) and/or liquified
natural gas (LNGheavy-duty enginefor applicationghattraditionally calledfor diesel engines.
Detroit DieselCorporationmakesthe DDC Series 50Gyhich is already being commercially used
in approximately200 vehicles,mainly urban buses. The Series 50G is rmngtesting in other
heavy-duty vehicle applications. Has recently been installed in a Kenworth tractor for testing, as
well as in refuse packers in California and York City.

About 600 gaseous-fueled @mins L-10 engines have been sold in 44 different locations in
the United States. They are used mainly in urban buses (Spokane, Wa. has logged 2 million miles on
L-10 buses; Sacramento, California has 100 L-10s used in buses). Many of the L-10s run on CNG.
Cummins has recently installéen of their new L-11 LNGngines in UnitedPostal Service and
Overnight Express tractors for on-the-road testing. These engines currently rate at about 330 hp with
900 to 1000 ft-lbsorque. Cumminsalso has a new, undesignated LNG engine in the greater than
400 bhp range being tested in two refuse packers in Santa Bérbara.

Hercules maketvo natural gagengines with displacements &f7L and 5.6L. The 5.6L,
which is a turbocharged aftercooled engine, is suitable for heavy-duty vehicle applications. Over 400
of these engines have been sold, mostly to urban bus and school bus manufacturers.

One study was performed on a 220 hp natural gas engine using the 1B@iO&19 steady-
state test® This enginveas equipped with a three-way catalyst and an electronically controlled
carburettor. Over the steady-statest,emissionresults of 0.07g/bhp-hr HC, 0.15 g/bhp-hr CO,
0.75 g/bhp-hr NOx, 0.04 g/bhp-hr PM were reported. During a transient "real bus cycle," HC, CO,
and NOx were considerably higher. This was probably due to an exhaust mixture that was too lean
for peak catalytic conversiagfficiency. The authors stated thttis could be overcome with an
optimization of the mixture formation system's dynamic characteristics.

As can be seen, a variety of heavy-duty natural gas engines are already commercially available
in many different load configuration€Emission levels frongaseous fuelednginesaretypically
around 2.0 g/bhp-hr NOx and 0.01 g/bhp-hr PM. Because hydrocarbon emissions from natural gas
vehicles argrimarily methane, reactive hydrocarbl@vels inthe exhaust areery low. Further
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development is expected to further reduce NOx and PM emissions from these engines.
2. Alcohols

The purpose of this section is to present alcohols as another alternative for reducing emissions
from mobilesources. Theérief discussion below is only a glimpsetbé technological issues that
alcohols raise. More complete studies can be found in the reference section of this chapter.

For many years, alcohols have been known as potential transportation fuels. This interest has
resurfaced recentlgue to the advantages tratohols offer in terms of reduced pollution and
increased efficiency. Iaddition, the desire tlessen dependency on oiiports has alsoédiped
facilitate technological and economical researcthansubject. Some of the technological problems
mentioned below with using alcohol fuels candvercome withproperdesign optimization and
materials selection. Today ethanol is addednimallamounts (10 percent ethanol, p@rcent
gasoline) in 7.5 percent of tlgasoline used ithe U.S. Methanol, however, is used simply as a
gasoline blending agent. Table 4-3 shows some of the important chemical properties for gasoline,
diesel, ethanol and methanol; and it helpderstand the advantages and disadvantigesssed
below?

Table 4-3
Fuel Properties
Heating Value| Reid Vap. Preq.  Stoichiometric Octang
Fuel [MJ/kg] 100°F [psi] A/F ratio (research)

Gasoline 43.5 7-13 14.6 91-100
No. 2 Diesel 43 0.04 14.6 N/A

Ethanol 27 2.5 9 111

Methanol 20.1 4.6 6.4 112

a. Ethanol

Most of the ethanol produced in the U.S. comes from the wet or dry-milling of corn. Ethanol
has a high octane number, which, in addition to helping to reduce knocking, allows the use of higher
compression ratios and resultshigher thermal efficiencies.lts lower vapor pressure, when
compared to gasoline, helpsoduce less evaporatiesnissions (mayot be true forll ethanol-
gasoline blendslutincreases cold startirgjfficulties. Environmentallyneat ethanol has some
advantages over gasoline. Emission studies have reported an insignificant production of benzene and
carcinogenic substances such as 1,3 butadiene and polycyclic organic matter (POM). Furthermore,
carbon dioxidgoroduction, in grampermile, can be reduced asuch as 2percent by using 100
percent ethandl. The combustion of ethanol occurs at smaller air-to-fuel ratios, which, combined
with lower flame temperature, helps reduce NOx and CO. However, the use of higher compression
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ratios could negate thebenefits by increasinthese emissits. Although aldehyde formation is
always a concern when using alcohol fuels, the formation of formaldehyde in ethanol-fueled engines
is not as high as in methanol-fueled engindswever, acetaldehyde formation is a concern from
ethanol-fueled vehicles prior to the catalyst being heated to its operating temperature.

Some technological difficulties need to be addressed before ethanol can be used efficiently as
a transportation fuel. First, because it has jugiégéent the energy content gasoline, ethanol
gives less mileper gallon than both gasoline and diesel fuels. In additi@e)d starting can be
specially difficult in compression-ignition engines due to ethanol’s low cetane ntfimber.

Currently, the besexample of wideuse of ethanol is in Brazil, where 60 percent of the
vehicles use a 78 percent gasoline, 22 percent ethkemal; andhe other 40 percent uses a neat
thanol blend (95 percent ethanol, 5 percent wéter). In the U.S. ethanol blends (85 percent ethanol,
15 percent gasoline) are scarcely available in the upper Midwest, Washington, D.C., and California.
Today about 400 vehicles fueled with these blends are'tfsed.

b. Methanol

Methanol is another alcohol used as an alternative fuel. Methanol’s high octane number, like
ethanol's, would allow engineers to design an engine with a higher compression ratio and thus greater
efficiency. Methanol does not produce significant amounts of air toxics when compared to gasoline-
fueled vehicles, but CO and HC can be much higher than diesel fuels. The use of methanol fuel could
help reduce NOx and PM emissions, as evidenced by recent sttidies.

Methanol does have some technical difficulties. Aldehyde formation is a concern because of
the relatively high levels of formaldehyde found during the combustion of methanol. Other problems
with using methanol are its low heating value, its invisible flame and toxicity. Methanol fuel contains
less energy per unit mass than ethanol, gasolineliasdl*®> However this disadvantage can be
reversed by designingsanallerand lighter engine, with a higher compressiatno, with similar
efficiency and capable of providing more miles per gallon. During combustion methanol gives off an
invisible flame that can be a major safety issue; but it can be solved by using additives that will make
the flame visible or through the use fire-suppression equipment. Also, corrosion-resistant materials
are necessary in the fuel system design.

Presently, methanol fueled vehicka® available inthe U.S. Two camanufacturers are
offering flexible-fueled vehicles capable of using a variety of methanol b{epd® 85percent
methanol, 15 percent gasolindyloreover, onéheavy-duty diesel engine manufacturer has made
available a model capable of using 100 percent methandffuel.

C. Alternative Power Sources
Vehicles that produce essentially no ground level exhaust and evaporative emissions during

operation are known as Zero Emission Vehicles (ZEV). Although the internal combustion engine is
presentlythe most practicgpower source for heavy-duty vehicle, it cannot meet zero emissions.
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Two ZEV designs that have been investigated for heavy-duty applications are vehicles powered by
electric batteries and Wyel cells. ZEVs haveemissionsassociated with thepower sourcdi.e.

power station for electric vehicle); however, these emissions may be generally lower than an internal
combustion engine for the same work and are often produced outside of urban areas.

1. Electric vehicles

Another possiblgpower source foheavy-duty vehicles ishe electricvehicle concept.
Electric vehicles use rechargeable batteries to drive an electric motor that powers the vehicle. Power
normally lost to braking is usually collected, and routed back to the battery, by using a generator load
to slow the vehicle. Although many types of batteries are being developed, only lead-acid and nickel-
cadmium (Ni-Cd) batteries amommercially available at this time. Nickel-ir¢Ni-Fe) batteries
should be available ithe near term. Aead-acid battery is capable about 500 charges (one per
day) with a peak power output 18%kg, an energylensity of 36 W-hr/kg, and @st ofunder
$150kW-hr. The Advanced Battery Consortium is targeting a battery design capable of operating
50-100,000miles with a peak power output of 150-300 kW, an energgitdeof 100-200 W-hr/kg,
and a cost of $100-150/kW-Hf.  The miamitations on electric vehicleare thehigh costs and
weight and the short lives of today's battery designs.

Several programs are underway to bring electric vehicles to the market. To help combat the
severe pollution problem in Mexico City, one university is developing a 30-person shuttle bus design
that will operate wholly on batteri#S.  In Caliita, several electric buses are already in use. These
buses were developed under a program started in 1992 by the Federal Transit Administration. Even
when powerplant emissiongire considered in southe@alifornia, thesevehicles are 90 to 97
percent cleaner than diesel-fueled buses and 50 percent cleaner than alternative-fueled buses. In this
case, most of thelectricity is generated from natural gas or hydro-eleptger plants. Energy
consumption costs for electric buses are estimated at 5 to 6 cents a mile, which is much lower than
the estimated 10 to 12 cents a mile for diesel-fueled bBifses.

2. Fuel cells

A fuel cell is a power plant that consumes hydrogen through a reaction with air and converts
the chemical energgirectly to electrical energy. Hydrogen can be carried on-board the vehicle or
derived from other fuels such as natural gas, alcohols, or other hydrocarbon fuels. Because fuel cells
arenot subject to the heat log®efficienciesassociated with internal combustion engines, they are
about twice as energy efficient as internal combustion engines. Fuel cells remove energy from the fuel
without chemical combustion; therefore, they are much cleaner than internal combustion engines. In
addition, fuel cell systemarerelatively quiet powermlants because they havely a fewmoving

parts®’

The capability of a fuel cell to provide the sole source of electric power for a ZEV bus was
demonstrated in 1993This systemused aproton exchange membrane amhs fueled with
compressed hydrogen gas. Hydrogen was used in the fuel cell because it is the only fuel that can be
used in duel cell withzero emissions(Hydrogen burned in an internal combustion engine would
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still produce some NOXf®  Evenith a fuel cell powered by methanol, CO and NOx emissions are

on the order of 3@imes lower tharthe 1998 Federamissionstandards. For methanoffueled
application, a reformer reacts methanol with water to produce hydrogen. The hydrogen is used for
the anode in a phosphoric acid fuel ¢&ll.

VI. Conclusion

This chapter identifies technologies that can be used to achieve at least 2.4 g/bhp-hr NMHC
plus NOx levels by 2004 from heavy-duty diesel engines while still me#tagpplicable PM
standard of 0.1 g/bhp-hr (0.05 g/bhp-hr for urban buses). Currently, CO levels are well below 1998
Federal emission standards and are expected to remain so even as HC and NOXx levels are lowered.

For heavy-duty diesel engines, emissicontrol technologies such as exhaust gas
recirculation, advanced fuel injecticernd charge air pressure and temperature control have been
shown to be capable of reducing NMHC plus NOx to 2.4 g/bhp-hr. At this time, PM levels increase
above 0.1 g/bhp-hr at these low NMHC and NOx calibrations. However, PM may be brought back
to 1998 leels through the continued use of aftertreatment or through further advances in currently
developed technology. Aftertreatment devices are being developed for both PM and NOx reduction.
Manufacturers are expected to use some combination of engine and aftertreatment controls to meet
the 2.4 g/bhp-hr NMHC plus NOXx level without increasing PM emissions.

The following chapter distinguishes between primary and secondary technologies for diesel
engines. Primary technologies are those control technologies that EPA believes manufacturers will
use specifically taneet the requirements of this rule. Secondary technologies are those that either
would be used in the future for reasons other #raissioncontrol or are nopredicted to be the
most cost-effective strategiesPrimary technologies includeot and cold EGR,combustion
optimization, anduel injection improvements. Fuel injection improvements have betteditgo
beyond control of NOx emissions, but can be considered a primary technology to the extent that they
are used to comply witthe emissionstandarddinalized today. A partiallist of secondary
technologies follows: decreaskrtl consumption, variablgeometry turbocharger, converting to
four valves percylinder, variable valve timing, oxidation catalyst improvements, and lean NOx
catalysts.
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CHAPTER 5: ECONOMIC IMPACT

. Lead Time and R&D

In previous rules t@etheavy-duty engine emissi@tandards, EPA hdgpically allowed
engine manufactureebout fouryears of preproductiolead time. This four-year lead time, the
period called for in the Clean Air Act, has given manufacturers sufficient opportunity to complete the
research, development, retooling, and certification efforts necesseoynfay with promulgated
emissionstandards. The requirements for the 26@tlel year doot follow this pattern. The
Statement of Principles anithe Advance Notice ofProposedRulemaking gavethe engine
manufacturers a good idea of the level of the emission standards and other related requirements a full
eight years befor2004. This relatively long lead time has significant positive implicatiemnghe
economic impact of the new requirements. As discussed in Chapter 4, diesel engine manufacturers
are expected to meet the proposeduirement using a combination cdntrol strategies and
techniques aimed at reducing NOx and HC in-cylindgher tharrelying onthe development of
aftertreatment technologies. This approach requires a significant amount of up-front R&D effort to
develop and evaluate the variofuel and air control strategies and techniquekjch could
potentially help reduce emissions. Eight years of lead time provides enough time to plan and conduct
a comprehensive, efficient, and orderly R@gramincluding basiaesearch on thiiel and air
control strategies and techniques under consideration and the application of the fruits of these efforts
to the individual engine models. This lead time allows for the efficient application of this technology
while maintaining (inotimproving) engine durability and fuel consumption characteristics. Thus,
as will be discussedelow, R&D is asignificantfactor indeveloping and optimizinthe engine
control approaches; toward this end, EPA has identified significant resources for R&D as part of the
overall cost of control.

Changes to heavy-duty engine emisssbandards for the 1998 o0del year provide an
intermediatestep towardcompliance witithe 2004model year standardsAll 1998 model year
heavy-duty vehiclesnust meet a 4 g/bhp-hr NOx standard. Some flebiclesmust meet a
3.8 g/bhp-hr NOx + NMHC standatieginningthe same year. Teomply withthese standards,
manufacturers may implement some design improvements needed for the 2004 model year engines.
Complying with these intermediate standamgises manufacturers a milestofee makingthese
improvements and provides thethe opportunity to getinformation on in-use operating
characteristics of the selected technologies at that stage in their development. The learning from this
early deployment of emissiaontrol technologies can tarn be factored into théevelopment
process for further refinement to comply with 2004 model year standards. A difficulty in estimating
the cost of complying witthese standardes inthe uncertainty imprecisely defining a baseline
package of emission control technology for meeting the 1998 model year standards.
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II. Methodology

Usingthetechnical information in Chapter 4, EPA identified packages of technologies that
diesel engine manufacturecsuld use to meet themissionstandards. To assist EPA in this
economic analysis, ICF, Incorporated and Acurex Environmental Corporation conducted a study of
the potential costs of a wide variety of technologies. While the following analysis projects a relatively
uniform emissiorcontrol strategy fodesigningthe different categories of engines, this should not
suggest that a singleombination of technologies will be used &y manufacturers. In fact,
depending on basic engine emission characteristics, EPA expects that control technology packages
will gradudly be fine-tuned to each application. Furthermore, EPA expects manufacturers to use
averaging, banking, and trading programs as a means to deploy varying degrees of emission control
technologies on different engines. EPA neverthdlesvesthat the projections presented here
provide a cost estimate representative of the different approaches manufacturers may ultimately take.

Costs of control include variable costs (for incremental hardware costs, assembly costs, and
associated markups) and fixed costs (for tooling, R&D, and cairoiig. Variable costs are marked
up at a rate of 29 percent to account for manufacturers' overhead and profit. For technologies sold
by a supplier to thengine manufacturers, an additional [@&cent markup iscludedfor the
supplier's overhead and profit. Fixed costs for R&D would be incurred over the seven-year period
from 1996through 2002, while tooling and certification costs are incurred one year ahead of initial
production. Fixed costs are increased by seven percent for every year before the start of production
to reflect the time value of money, and are then recovered with a five-year amortization at the same
rate. The analysis also includes consideration of lifetime operating costs where applicable.

Projected costs were derived for four service classes of heavy-duty diesel vehicles, as depicted
in Table 5-1. The cost for eatdchnology applied to urban buseshis same ashe cost of that
technology when applied to heavy heavy-duty vehicles, unless otherwise specified.

lll. Technologies for Meeting the 2004 Standards

The following discussion providesdascription and estimated costs for those technologies
EPA projects will be needed tmmply withthe newemissionstandards. It idifficult to make a
distinction between technologies needed to reduce NOx emissions for compliance with 2004 model
year standards and those technologies that offer other benefits for improved fuel economy and engine
performance or for better control of HC or particulate emissions. EPA believes that without 2004
model year standards, manufacturers would continue research aventdally deploy many
technological upgrades to improve engine performance or more cost-effectively control emissions.

84


Table 5-1 \t


Chapter 5: Economic Impact

Table 5-1
Service Classes of Heavy-Duty Vehicles
Service Class Vehicle Class GVWR (Ibs.
Light 2B -5 8,500 - 19,500
Medium 6-7 19,501 - 33,000
Heavy 8 33,001 +
Urban Bus — —

Accordingly, EPA believesthat asmallset oftechnologies represent themary changes
manufacturers must make to mést 2004model year standardOther technologieapplied to
heavy-duty engines, before or afteplementation of nevemissionstandards, will makemaller
contributions to controlling NOx or HC emissions aack therefore considered secondary
improvements for thianalysis. In thigategory arelesign changes such as improvectoittrol,
variable-geometry turbochargers, optimized catalyst designs, and variable-valve timing. Lean NOx
catalysts are also considered secondary technologies in this analysis, not because NOx control is an
incidental benefit, but because it appears unlikely that tildyewpart 0f2004 model year technology
packages. Modifications to fuel injection systems will also continue independently of new standards,
though some further development with a focus on reducing NOx oermiSsionswould be
evaluated.While afew engines museduce HGemission leveld=PA expects the combination of
technologies selecteldr meeting NOx and particulatemissionstandards to bsufficient for
adequate control of HC emissions.

The technology packagascludetwo sets ofprojections. First, thbaselinetechnology
packages represent a projection of the strategies expected from manufacturers to meet the 1998
emission standards and to improve their engine designs generally. Specification of these technologies
is based on an observation of current trends in heavy-duty engine technology and a set of technical
judgments about the modikely control steps needed to meet the 199&Iel yearemission
standards.

Second, several technological improvements are projected for complying with the proposed
2004 modelyear emissiorstandards. Selecting this package of technologies regtessive
engineering judgmentThe fact that manufacturers have nearly a full decade before implementation
of the proposed standards ensures that the technologies used to comply with the proposed emission
standards will develop significantlgfore reaching production. This ongoing development will lead
to reduced costs in threeays. First, research will lead to enhanced effectiveioesadividual
technologies, allowing manufacturers to use simpler packages of emission control technologies than
we would predict given the current state of development. Similarly, the continuing effort to improve
the emission control technologies willlimde innovations that allow lower-cost production. Finally,
manufacturers will focus research efforts amy potential drawbacks, such as increased fuel
consumption or maintenance costs, attempting to minimize or overcome any negative effects.
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Costestimates based on these projected technology packages would itlcecegst of
engines in the 2004 model yedtosts in subsequepears would be reduced by several factors.
After manufacturers certify engines to meet rswissionstandards, they will continue to pursue
innovationsthat reduce the cost abmpliance, either by improvinipe effectiveness otontrol
technologies, or by reducing the cost of manufacturing and assembling the hardware. Also, current
research activities include development of several technologies not included in this analysis. Further
improvement of some of these longer range technologies may ultimately provide the opportunity to
meet emissiostandards at a lower overatbst. EPAhasattempted tauantifythe costsavings
associated with this ongoing development, as described in Section V below.

The baselineontrol technologies projected fengines meeting 1998 emissistandards
include technologieshat contributedirectly to lower NOxemissions and a variety of engine
improvements wittonly secondary benefitor NOx control. Thebaselinescenario includes full
utilization of electronic controls and unit injectors. Except for urban bus engines, one-third to one-
half of diesel engineare expected toclude unit injectors designed tperateindependently of
engine speed; one example of such an injector is the Hydraulically-activated, Electronically-controlled
Unit Injector (HEUI),which is currently manufacturddr several Caterpillar and Navistar engine
models. Alsoall the engine models wilikely havesome basic manipulation tfe fuel injection
profile (for "rate shaping"). Variable-geometry turbochargers are expected for several engine lines
as manufactureraim for betterperformance anéuel economy. Lightand mediumheavy-duty
engines may be modified to further reduce the contribution of lubricating oil to particulate emissions.
Manufactureramay also pursuevariable-valve timing oupgrade to fouwalvesper cylinder for
improved engine performance.

A combination ofprimary technologypgrades are anticipated for the 200ddel year.
Achieving very low NOx emissions will require basic research on reducing in-cylinder NOx and HC.
Modifications to basic engine design features can improve intake air characteristics and distribution
during combustion. Manufacturers are also expected to use upgraded electronics and advanced fuel-
injection techniques antardware tanodify variousfuel injectionparameters fohigher pressure,
further rate shaping, and some split injection. EPA also expects that many engines will incorporate
a moderate degree of cooled exhaust gas recirculationcoblte of hese individual technologies
are considered in the following paragraphs and summarized in Tables 5-2. The costs of secondary
improvements are also discussed, but are not included in the calculation of total vehicle costs, since
it is not expected that these will be needed for compliance with the proposed emission standards.
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Tables 5-2
2004 Model Year Cost Estimates

Light Heavy-Duty Diesel Vehicles

Fixed Variable Operating
Item Fraction Cost Cost Cost
Cooled EGR 100% 63 140 7
Combustion Optimization 100% 20 0 0
Improved fuel injection 25% 2 31 0
Certification 100% 2 0 0
Total — 87 170 7
Medium Heavy-Duty Diesel Vehicles
Fixed Variable Operating
Item Fraction Cost Cost Cost
Cooled EGR 100% 119 154 62
Combustion optimization 100% 50 0 0
Improved fuel injection 50% 9 58 0
Certification 100% 7 0 0
Total — 185 212 62
Heavy Heavy-Duty Diesel Vehicles
Fixed Variable Operating
Item Fraction Cost Cost Cost
Cooled EGR 100% 119 216 131
Combustion optimization 100% 50 0 0
Improved fuel injection 50% 9 115 0
Certification 100% 8 0 0
Total — 186 281 131
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Tables 5-2continued

Urban Buses

Fixed Variable Operating
Item Fraction Cost Cost Cost
Cooled EGR 100% 119 174 127
Combustion optimization 100% 50 0 0
Improved fuel injection 50% 6 49 0
Certification 100% 8 0 0
Total — 183 223 127

A. Primary Technologies

The following discussiornpresents the projected costs of themary technological
improvements expected foomplying withthe propose@missionstandards, first fofixed costs,
then for hardware and operating costs of the individual technologies.

The costanalysisanticipates an extensive ongoing research program to develop these
technologies. For the cost analysis, R&D expenditures total nearly $40 million per year over a seven-
year period beginning in 1996. Thesests are discounted at a seven percent rate to reflect the time
value of money. R&D costs account for over 90 percent of the total fixed costs per engine detailed
in Tables 5-2.

Retooling is anotheixed cost factored into the analysis. The net present value in 1995 of
the expected retooling costs is about $#ion. Retooling costs will be incurred about one year
before initial production and are discounted accordingly.

Manufacturers will also incur costs for ceiitify the range of engine families to the proposed
emission standards. EPA previously developed a detailed methodology for calculating certification
costs? Adjustingthosefigures toaccount forinflation results in an estimated certificationst of
$230,000 per enginerfdy. Because certification costs will be incurred on average one year before
the beginning obroduction, the calculatecbst isincreased by sevepercent. Thecalculated
certification costs for heavy-duty diesel engines can be rounded up to $23 million. Distributing those
costs across the different engine categories, amortizing the costs over five years, and dividing by the
number of projected 2004 modelar sales for each category results in per-engine costs between $2
and $8 for each category of heavy-duty diesel vehicles.

1. Exhaust gas recirculation

Exhaust gas recirculation (EGR) may represent the biggest area of technology development
enabling manufacturers to achieve the targeted NOx emission levels. Unlike the other technological
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developments, whichrelargely evolutionaryintroduction of EGR would be a stepange in the
design of heavy-duty diesel engine&/hile muchresearctremains to optimiz&GR systems for
maximum NOx-control effectiveness with minimum negative impacts on performance and durability,
current developments show great promise for substantial emission-control improvements with EGR
systems.

Manufacturers have several desigptions for developing aystemfor exhaust gas
recirculation (EGR). Current designs seem to be moving toward cooled EGR systems with varying
levels ofrecirculation, ranging from roughly 50 percent of intake air volume at idle to 5 percent or
lessnear peak powerRecirculationratesduring intermediate speed and load operation will be
carefully tailored to consider the needs for engine performance and emission control. With the low
level of engine-out particulate matténis degree of recirculationill not require filtration of the
recirculated exhaust gases. EGR cooling is expected to come from a heat exchanger that relies on
the engine coolant coming out of the engine to draw heat from the recirculated exhaust gases. Engine
designs willlikely routeexhaust gases into tleagine's air intakdownstream of the turbocharger
inlet. Pressure pulses tine exhausiay be sufficient tdorce the exhaust gases into thtake
manifold, though simple devices such as a venturi or a flow-restricting orifice may serve to improve
the pressure differential across the EGR valve. For maximum control, a pump could be installed to
enable varying flowates inanyoperating conditions. Development of any of these types of EGR
depend on electronics to control teflow through the EGRalve. Though a variety oflesign
choices are yet to be decided, thasic system design seems togedting clearer; this analysis
presents the estimated cost for this EGR system.

The cost to manufacturers of adding the hardware for a cooled EGR system ranges from $140
to $220 per engine. Factoringthre fixed costs and the appropriate markups results in an increased
purchase price 06203, $273, $335, and $293 fiight, medium, ancheavy heavy-duty diesel
vehicles, and urban buses, respectively.

2. Combustion optimization

Manufacturers can make a variety of changes to the basic engine design that do not require
additional components. Programmintipe engine's electronicontrols, optimizing intake air
characteristics and distribution, and making changes to piston bowl shape, the compression ratio, and
the injection timing strategy add little or no variable cost, but require significant expenses for R&D
and retooling. Total costs for these improvements are estimated at $5 million per engine line. For
the different classes of vehicles, this translates to an increncestddetween $20 and $50 per
engine.

3. Fuel System Upgrades
Manufacturers are expected to improve their fuel injection systems by increasing fuel injection

pressure, improving sprgatterns, anaddingrateshaping or split injection capabilitiowever,
much of this improvement is expected to occur independently off2684d| year emission standards.
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For cam-driven electronic unit injection systems, the expected fuel system improvements will
require strongeand letter performing fuel injector@nd solenoids. Advanced systems such as
Caterpillar's Hydraulically-Activated Electronically-controlled Unit Injecti@tEUI) technology
require various reinforcements and better high-pressure oil pumps and solenoid valves. Common rail
injection systemsresimilarenough to HEUI desigrthat the cosestimate would mirrothat for
HEUI systems.

Incrementakosts forthis set of fuel injector improvements are roughly proportional to the
number of cylinders in an engine. Light heavy-duty vehicles, typically equipped with eight-cylinder
engines, have an estimated total cost of about $130 per engine, which is an average for the different
hardware configurations. Medium and heavy heavy-duty vehicles, with six-cylinder engines, would
have a cost between $130 aidd@® per engine. Urban buses, currently equipped with four-cylinder
engines, have the lowest estimated total cost of about $110.

4. Technology package costs

The estimated incremental costs of these primary technologies depend on several judgments
about which technologies will be used. Faareple, identifying the degree of EGR flow that will be
needed to meet emissistandards iglifficult. If manufacturers need a highBGR flows than
estimated here, hardware costs mrease, more R&MEime will berequired, and there will be a
greater potential for increased operating expenses for fuel consumption and maintenance.

EPA believes it is1ot appropriate t@ssignthe full cost offuel systemupgrades to the
proposed emission standards. Much of the anticipated improvements will come independently of the
2004 model year standards and any remaining system improvements for 2004 and later model year
vehicles will povide benefits beyond lower NOx emissions. In an effort to properly assess the cost
of the fuel system upgrades, EPA estimates for light heavy-duty vehicles that 25 percent of the fuel
systemcostincrease should be allocated to the proposed standards. For all other engines, half the
fuel system cost increase is attributed to the proposed standards. The lower estimate for light heavy-
duty vehicles reflectshe lower sensitivity of theseengines to fuel economgoncerns, i.e.,
manufacturerswill likely resort to lessostly hardware improvementeat may result in small
increases in fuel consumption.

The resulting calculation dbtal incrementalcost for the set oprimary technologies,
summarized in TableS-2, shows the expectedcrease in purchase price duethe proposed
emission standards. Projected cost increases are $258, $397, $467, and $406 for light, medium, and
heavy heavy-duty vehicles, and urban buses, respectively.

To test the sensitivity ahese estimates, EPA calculated ¢lostincrease assuming that
heavy heavy-duty vehicles would need high-flow EGR systems. This would increase hardware costs
by about $8(Qretail price equivalent) and operatiogsts by about $800 (net presealue at the
point of sale). The affect of increasifuggl consumption, in this case by 1 percent, is clearly great
enoughthat manufacturers would seek alternative engineering solutioosrply with emission
standards to minimize the cost impacts.
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B. Operating Costs

EGR has the potential, ifot developed and implementg@doperly, to increase operating
costs, either by increasing fuel consumption or requiring additional maintenance to avoid accelerated
engine or component weakVhile it is possible to develop scenarios and estirtfagempact on
operating costs of curremiesel EGR conceptsthis is of minimal value due to the expected
continuing development of these technologies. One major focus of the R&D conducted over the next
seven years will be to resolpetential operatingostimpacts related tthe use of EGR; thus the
current state of the technology is not representative of what is expected for 2004. Furthermore, for
the degree of cooled EGR expected for the proposed 2004 model year standards, even current data
shows very little impact on operating costs. EPA has nevertheless assessed the potential for increased
operating costs, as described below, first for EGR-related maintenance, then for fuel economy.

While engine-out particulatemissionsare dramaticallylower thanonly a few years ago,
recirculating even a small amount of particulate matter through an engine introduces a concern for
engine durability. Te@revent wear, manufacturers might specify more frequent oil change intervals
or a greater oil sump volume to accommodate any effects of acidity or particulate agglomeration in
the oil. However, EPA expects manufacturers to make a great effort to minimize any potential new
maintenance burden for the end user. Alternatively, changing fuel or oil formulations may be the most
cost-effective way to reduce the potential for particulate-related wear. EPA therefore believes that
manufacturers will b@ble tokeepenginecosts lowest bynvesting in research taddress these
concerns—an expenditure of $tdlion to $15million industry-wide, or about $25 per engine when
amortizedover the fleet, should providsufficient developmenpotential to preventurability
problems in a wayhat is transparent to the user. iholudethe affect of improved materials
resulting from the R&D effort, the analysis incorporates a 2 percent increase in the cost of engine oil.
The increased expense of oil changes over the lifetime of vehicles ranges from $10 to $50 per engine
(net present value at the point of sale).

In addition, EPA hascluded acost forpreventive maintenance, thie time of rebuild, to
ensurethat EGRsystems vl not malfunction. EPA data show thatearly allengines from heavy
heavy-duty vehiclesand 65 percent of those fromedium heavy-duty vehicleare rebuilt3
Rebuilding engines from light heavy-duty vehicles is rare. EPA estimates that engine rebuild occurs
at 240,000milesfor medium heavy-duty vehicles, at 500,000 miles for heavy heavy-duty vehicles,
and at 300,00eiles for urban buses. These mileage figures represamqip@oximate average across
the various applications within each service clagsich experiencevidely differing mileage
accumulation rates. Foraxple, garbage trucks have much different operating characteristics than
line-haul trucks. According to the MOBILE model, these mileage figures translate into a rebuild in
the eleventh year for both truck categories and in the ninth year for urban buses. EPA expects that
rebuild procedures for EGR systems will include solvezarghg of the EGR tubing and replacement
of the electronic controlalve. Removal, cleaning, and replacement of the tubing are estimated to
take 30 minutes at a $65 per hour labor rate. Replacing the control valve on an aftermarket basis is
expected to cost three times the manufacturers' long-term direct cost, or $65 and $95 for medium and
heavy heavy-duty vehicles, respectively. Calculated in terms of net present value at the point of sale,
the neteffect of EGR servicing comes tabout $50 fomedium heavy-duty vehiclesd $100 for
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heavy heavy-duty vehicles and urban buses.

With respect to fuel economy, several secondary technologies described below may lead to
costsavings, whilEGR hasthe potential tancur a fuel economy penalty. Agth potential new
maintenance cosburdens, EPAbelieves manufacturers will focus their research efforts on
overcoming any negative impact on fuel economy caused by EGR. In any case, it is not clear at this
stage of development that the set of changes resulting from the proposed emission standards will have
any net negative impact on fuel economy; additional fuel costs are therefore not included in the cost
analysis.

While EPA believesthat sufficient R&D and the use of cooled EGR will address operating
cost concerns, one can determihesensitivity of thisposition by assessirthe potential burden
associated with increased operating costs. Acurex estimated the burden of increasing the oil sump
volume by ten percent to address maintenance concerns with EGR. Oil sump volumes currently range
from 4 gallons for light heavy-duty diesel vehicles to 11 gallons for heavy heavy-duty vehicles, so the
cost impact varies greatly by vehidategory. Calculating acost at eacloil change asehicles
accumulatenileage and discounting the life-cycle costs to the point of sale results in a cost estimate
of $25, $55, $145, and $95 fdight, medium, ancheavy heavy-duty vehicleand urban buses,
respectively.

The cost sensitivity tpotential increases iinel consumption is even more dependent on
vehicle category because of thiglely differing mileageaccumulatiorrates fordifferent vehicles.
For each one percent increasefurl consumption, Acurex has estimatdtit life-cycle costs,
calculated as a net present value at the point of sale, are $85, $210, and $720 for light, medium, and
heavy heavy-duty vehicles, respectively.

C. Secondary Technologies

The set osecondary technologies is dividedad two categories. Technologies in the first
category have a minor role in controlling NOx emissions, itritng primarily to engine power, fuel
efficiency, or more cost-effective control of particulate emissions. Most of these technologies would
be incorporated for reasons unrelated to the proposed emission standards, but it is possible that the
emission benefits would be a consideratiodasigning 2004 model year engines.tHa second
category are thosemission-control technologi¢isat are undetievelopment for controlling NOx
emissionsput maynot beready by the 2004 model year. EPA's analysis is based on the view that
the primary technologies described above will be sufficient to meet the proposed standards.

Meeting the propose#iOx + NMHC standard W increasethe challenge tocontrol
particulate emissions. Manufacturers might use several different technologies to maintain control of
particulate emissions; however, EPA believes that the fuel system improvements described above will
be sufficient topreventany potential increase in particulate emissionsfabt, manufacturers are
attempting to lessen the cost of meeting current particulate emission standards over the next several
years by decreasing their reliance on catalysts. This underscores EPA's belief that 2004 model year
engines could control particulate emissions without major technological innovation. The following
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paragraphs provide cost estimates for several secondary technology developments.

Manufacturers are expected to reduce the contributionboicating oil to engine-out
particulate emissions for light and medium heavy-duty engines. Heavy heavy-duty engines already
have very little oil-related particulate emissions. Hardware costs for improved piston rings and valve
guide seals are estimated at $2.50 per cylinder. R&D and retooling costs are expected to approach
$1.2 million per engine line. The resultingsts, with appropriate markups, come to $35 per engine.

For several years research has focused on improving turbocharger designs to reduce response
time and increase compressdficiency. One such design, thariable-geometry turbocharger, is
more complex than existirtgrbochargers, budfferstwo primary operating enhancementsost
pressure is maintained over a wider range of engine operation and response time is reduced. These
improvements contribute to lower exhaestissions angbrovide control ofairflow needed for
engines WitHEGR. Variable-geometry turbochargers require muaiets andnore assembly time,
resulting in a variable cost to manufacturers ranging from about $280@cp®r engine. Fixed costs
for R&D and retooling are estimated at $3.5 million per engine line. Combining the costs with the
appropriate markups resultsdosts of$271, $349, and $436 for light, medium, and heavy heavy-
duty engines, respectively, for those engines that switch to variable-geometry turbochargers.

Oxidation catalysts are currently in widespread use in light and medium heavy-duty engines.
Acurex developed cost estimates for a next generation of catalysts that may be used in the future to
meet emission standards. Projected catalyst upgiagdse variations of catalystnd washcoat
materials. The projected increase in retail-price-equivalent costs for the new catalysts are $125 and
$165 for light and mediutneavy-duty engines, respectively. For urban buses, the new catalysts are
estimated to cost $185 more than current models.

Lean NOx catalyst technology is currently the focus of extensive research. Reducing NOx
from diesel exhaust is difficult because of the abuod of oxygen in the exhaust stream. Lean NOXx
catalysts, when coupled with oxidation catalysts, would provide effeefivegtreatment for
particulate, HC, and CO in addition to reduced NOx emissions. The principle drawback of lean NOx
catalysts is their dependence oreductant for reaction with the NOx molecules. The most likely
reductant igliesel fuel, based on its readyailability more than its effectiveness with the catalyst.
Diverting fuel to a lean NOx catalyst can be domast eaily by injecting fuel intoone or more
cylinders at the end of a combustion event. Supplying diesel fuel as a reductant carries with it a fuel
penalty, though somsmaller fuel efficiency gainmay bepossiblethroughinjection timing or
removal of other technologies that would otherwise be needed to control NOx emissions. Calculated
fuel penalties include an estimatadt penalty offour percent. Fotight heavy-dutyvehicles,
purchase price is estimated to increase by nearly £#806an NOXx catalysts, with a discounted
lifetime fuelcost of about $350. Fonedium heavy-duty vehiclepurchase price would increase
approximately $1,200 with fuel costs of $900. Heawawgieduty vehicles would have costs of about
$1,900 and $3,000 for purchase price and fuel costs, respectively.
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IV. Summary of Costs

The per-vehicleostfigures presented abowse used in Chapter 7 to calculate tlost-
effectiveness of the program by comparing to emission reductions over the lifetime of each vehicle
category for thosenginescovered by the new standards. Includedhat calculationare the
following modifications for later model year production.

First, manufacturers recover their initial fixed costs for tooling, R&D, and certification over
a five-year period. Fixed costs are therefore applied only to the first five model years of production.

The secondnodification is related to the effects of the manufacturing learning curve. This
is a welldocumented and accepted phenomenon dating back to the 1930s. The general concept is
that unit costs decrease as cumulative production increases. Learning curves are often characterized
in terms of a progress ratio, where each doubling in cumulative pimdigzads to a reduction in unit
cost to a percentage "p" of its former value (referred to as a "p cycle"). The organizational learning
which brings about a reduction in totalst iscaused by improvements in several areas. Areas
involving direct labor and material are usually the source of the greatest savings. These include, but
are not limited to, a reduction in the number or complexigoofiponent parts, improved component
production, improvedassembly speed and processes, reducemlor rates,and improved
manufacturing process. These all result in higher overall production, less scrappage of materials and
products, and better overall quality.

Companies and industry sectors learn differently. In a 1984 publication, Dutton and Thomas
reviewed the progress ratios for 108 manufactured items from 22 separate field studies representing
a variety of products and servides. As shown in Figure 5-1, of the 108 progress ratios observed, 8
were less than 70 percent, 39 were in the range of 71 to 80 percent, 54 were in the range of 81 to 90
percent, and 7 were above 90 percent. The average progress ratio for thelatdadefalls
between 81 and 82 percent. The lowest progress ratio of 55 percent shows the biggest improvement,
representing a remarkable 45 percent reduction in costs with every doubling of production volume.
At the other extreme, except for oc@mpanythat sawincreasingcosts as production continued,
every study showed cost savings of at least 5 percent for every doubling of production volume. This
data supports the commonly used p value of 8@&pérce., each doubling of cumulative production
reduces the formearostlevel by 20percent. As each successive p cycle takes longer to complete,
production proficiency generallyeaches aelatively stableplateau, beyondvhich increased
production does not necessarily lead to markedly decreased costs.
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EPA applied a p value of 20 percent beginning in 2004 in this analysis. That is, the variable
costs were reduced by 20 percent for each doubling of cumulative production. However, to avoid
overly optimistic projections, EPA included several additionaltcaimés. Using one year as the base
unit of production, the first doubling would occur at the start of the 2006 model year and the second
doubling atthe start of the 200810del year. To be conservative, EP®orporated the second
doubling at the start of the 200%0del year. Recognizintpat thelearningcurve effectmay not
continue indefinitely with ongoing production, EPA used only two p cycles.

EPA believeghe use of théearningcurve is appropriate to consideraasessinghe cost
impact of heavy-duty engine emission controls. The learning curve applies to new technology, new
manufacturing operations, new parts, and new assembly operations. Heavy-duty diesel engines do
not use EGR of any type today (hot, cooled, or cooled and filtered), nor is widespread use expected
before 2004. This is ¢énefore a new technology for heavy-duty diesel engines and will involve new
manufacturing operations, ngarts,and newassemblyoperations.Since this will be a new and
unique product, EPAelieves this is an optimaltuation for thdearningcurve concept to apply.
Opportunities to reduce unit labor and material costs and increase productivity (as discussed above)
will be great. EPA believes a similar opportunity exists fordystems on heavy-duty diesel engines.
While all diesel engines have high-pressure fuel injection systems, the changes envisioned for common
rail and unit injection systems require fundamental redesign of system hardware. These new parts and
new assemblies will involve new manufacturing operations. As manufacturers gain experience with
these new systems, comparable learning is expected to occur with respect to unit labor and material
costs. These changes require manufacturers to start new production procedures, which, over time,
will be improved with experience.

Table 5-4lists the projectedschedule otosts ovetime for each category of heavy-duty
diesel vehiclesThe estimated long-tercostsavingswould reduce the impact on the total cost of
heavy-duty vehicles by about half.

To demonstrate thsensitivity ofthe projectedearning curves omotal costs,Table 5-5
compares the estimated incremental purchase price over time using p values of 0.70 and 0.90 (or 30
and 10 percent savings with every doubling of production, respectively) instead of 0.80. Focusing
on heavy heavy-duty vehicles asextample, the incremental variable cost is projected to decrease
from $210 in the first year to $134 for 