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manuf acturers and has been a focus of our ongoi ng di esel engine
progress review. There we have |l earned that substantial progress is
bei ng nade to broaden the operating tenperature w ndow of catal yst
technol ogies while at the same tinme engi ne systens are being designed
to better control exhaust tenperatures. Hi ghway di esel engine

manuf acturers are working to address this need through nodifications to
engi ne design, nodifications to engine control strategies and
nodi fi cati ons to exhaust system desi gns. Engi ne desi gn changes,
including the ability for multiple late fuel injections and the ability
to control total air flow into the engine, give controls engi neers
additional flexibility to change exhaust tenperature characteristics.
Modi fications to the exhaust system including the use of insulated
exhaust mani fol ds and exhaust tubing, can help to preserve the
tenperature of the exhaust gases. New engi ne control strategies

desi gned to take advantage of engi ne and exhaust system nodifications
can then be used to manage exhaust tenperatures across a broad range of
engi ne operation. The technol ogy sol utions being devel oped for hi ghway
engi nes to better nmanage exhaust tenperature are built upon the sane
em ssion control technologies (i.e., advanced air handling systens and
el ectronic fuel injection systens) that we expect nonroad engi ne

manuf acturers to use in order to conply with the Tier 3 enission

st andar ds.

Mat chi ng the operating tenperature wi ndow of the broad range of
nonroad equi pnent may be sonmewhat nore chal |l engi ng for nonroad engines
than for many hi ghway di esel engines sinply because of the diversity in
equi prrent desi gn and equi pnent use. Nonet hel ess, the probl em has been
successfully solved in highway applications facing | ow tenperature
performance situations as difficult to address as any encountered by
nonroad applications. The nost chall enging tenperature reginme for
hi ghway engi nes are encountered at very light-loads as typified by
congest ed urban driving. Under congested urban driving conditions
exhaust tenperatures nay be too | ow for effective NOx
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reduction with a NOx adsorber catalyst. Simlarly, exhaust

tenperatures may be too |l ow to ensure passive CDPF regeneration. To
address these concerns, light-duty diesel engine manufacturers have
devel oped active tenperature managenent strategies that provide
effective enm ssions control even under these difficult |ight-Ioad
conditions. Toyota has shown with their prototype DPNR vehicles that
changes to EGR and fuel injection strategies can realize an increase in
exhaust tenperatures of nore than 100[ deg] F under even very |ight-1|oad
conditions allow ng the NOx adsorber catalyst to function

under these normally cold exhaust conditions.\165\ Simlarly, PSA has
denonstrated effective CDPF regenerati on under demandi ng |ight-1oad
taxi cab conditions with current production technol ogi es.\166\ Both of
these are exanpl es of technol ogy paths avail able to nonroad engi ne
manuf acturers to increase tenperatures under |ight-load conditions.

\165\ Sasaki, S., Ito, T., and lguchi, S., "Snpoke-less Rich
Combustion by Low Tenperature Oxidation in Diesel Engines,'' 9th
Aachener Kol | oqui m Fahr zeug--und Mot orent echni k 2000. Copy avail abl e
in EPA Air Docket A-2001-28.

\166\ Jeul and, N., et al, "Performances and Durability of DPF
|Diesel Particulate Filter) Tested on a Fleet of Peugeot 607 Taxis
First and Second Test Phases Results,'' Cctober 2002, SAE 2002-01-
2790.

We are not aware of any nonroad equi prent in-use operating cycles
whi ch woul d be nore demandi ng of | ow tenperature performance than
passenger car urban driving. Both the Toyota and PSA systens are
designed to function even with extended idle operation as would be
typified by a taxi waiting to pick up a fare. By actively managi ng
exhaust tenperatures engi ne manufacturers can ensure highly effective
catal yst based eni ssion control perfornmance (i.e., conpliance with the
em ssion standards) and reliable filter regeneration (failsafe
operation) across a w de range of engine operation as would be typified
by the broad range of in-use nonroad duty cycles and the new nonroad
transi ent test proposed today.

The systens described here from Toyota and PSA are exanpl es of
hi ghly integrated engi ne and exhaust em ssion control systens based
upon active engi ne managenent designed to facilitate catal yst function.
Because these systens are based upon the same engine contro
technologies likely to be used to conply with the Tier 3 standards and
because they allow great flexibility to trade-off engine control and
catal yst control approaches dependi ng on operating node and need, we
bel i eve nbst nonroad engi ne manufacturers will use simlar approaches
to comply with the em ssion standards proposed today. However, there
are other technol ogi es avail able that are designed to be added to
exi sting engines without the need for extensive integration and engine
managenent strategies. One exanple of such a systemis an active DPF
system devel oped by Deutz for use on a wi de range on nonroad equi prment.
The Deutz system has been sold as an CEMretrofit technol ogy that does
not require changes to the base engi ne technol ogy. The systemis
el ectronically controlled and uses suppl enental in-exhaust fuel
injection to raise exhaust tenperatures periodically to regenerate the
DPF. Deutz has sold over 2,000 of these units and reports that the
systenms have been reliable and effective. Sonme manufacturers may choose
to use this approach for conpliance with the PM standard proposed
today, especially in the case of engines which may be able to conply
with the proposed NOx standards w th engi ne-out em ssion
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control technologies (i.e., engines rated between 25 and 75
hor sepower) .

H gh tenperature operating-regi nes such as a heavy heavy-duty
di esel truck at full payload driving up a grade are al so chal |l engi ng
for the NOx catal yst technol ogy. Al though |ess conmon,
simlar high tenperature conditions of full engine | oad operation can
be i magi ned for nonroad equi pnent. However, because hi ghway engi nes
typically have hi gher power density (defined as rated power divided by
engi ne di spl acenent), the highest operating conditions would be
expected to be encountered with highway vehicles. H gh exhaust
tenperatures (in excess of 500[deg]C) are challenging for the
NO«x adsor ber catal yst technol ogy because the stored
NOX eni ssions can be released thernmally w thout going
through a reduction step, leading to increased NOy

em ssions. In the absence of a reductant (normally provided by the
standard NOx regeneration function) the thermally rel eased

NOx is enmitted fromthe exhaust systemw thout treatnent. To
address this issue, NOx storage catal yst technologies with

hi gher levels of thermal stability are being devel oped, but these
technol ogi es trade-of f i nproved high tenperature perfornmance for even
greater sensitivity to fuel sulfur. Beyond catal yst inprovenents, the
exhaust tenperature fromthe engi ne can be controlled prior to the
NOx adsorber catal yst sinply through heat | oss in the

exhaust system (i.e. by locating the catalyst further fromthe engine).
Anot her approach bei ng considered for GDl vehicle applications which
operate at nmuch hi gher tenperatures than would be encountered by a
diesel engine is to use a relatively sinple exhaust |ayout design to
i ncrease heat loss at high tenperatures while still providing
acceptabl e | ow tenperature

[[ Page 28378]]

performance.\ 167\ Additionally, exhaust tenperatures well in excess of
500[ deg] C are not frequently experienced by nonroad engi nes. Higher
exhaust tenperatures woul d be expected fromnaturally aspirated engi nes
due to their lower air flow (for the sanme power/heat input, naturally
aspirated engi nes have less air to heat up and thus the exhaust reaches
a higher tenperature). Today, |ess than ten percent of nonroad diese
engines with rated power greater than 100 horsepower are naturally
aspirated and we have projected that an even greater percentage of
nonroad engi nes neeting the Tier 3 em ssion standards will be

t ur bochar ged.

\'167\ Danson, B., "Exhaust Cooling for NOy-Traps for
Lean Spark-lgnition Engines,'' SAE 2002-01-0737

We have conducted an anal ysis of various nonroad equi pnment
operating cycles and various nonroad engi ne power density levels to
better understand the matchi ng of nonroad engi ne exhaust tenperatures,
catalyst installation |ocations and catal yst technol ogies. This
anal ysi s, docunented in the draft RIA showed that for nmany engi ne
power density levels and equi pnent operating cycles, exhaust
tenperatures are quite well matched to catal yst tenperature w ndow
characteristics. In particular, the nonroad transient cycle (NRTC), the
cycle we are proposing to use for certification, was shown to be well
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mat ched to the NO; adsorber characteristics with estimted

performance in excess of 90 percent for a turbocharged diesel engine
tested under a range of power density levels. The analysis al so

i ndi cated that the exhaust tenperatures experienced over the NRTC are
better matched to the NOx adsorber catal yst tenperature

wi ndow t han the tenperatures that woul d be expected over the highway
FTP test cycle. This suggests that conpliance with the proposed NRTC
wi Il be sonmewhat easier, using simlar technology, than conplying with
t he hi ghway 2007 em ssion standards on the FTP

For engines with | ow power density (e.g., <25 hp per liter of
engi ne di spl acenent) the anal ysis showed that, absent actions to
i ncrease exhaust tenperatures (e.g., increased use of EGR a |light
| oads), conpliance with the NRTC cycle will be nore difficult than for
engi nes with higher power density |levels. Specifically, the analysis
predi cted 92% control for the high power density engine and 86% contro
for the | ow power density engine.

Note that this analysis approach is only effective to predict
differences in performance, but not effective to predict absolute
performance. The sanme anal ysis approach predicted 83% control for the
hi gh power density engi ne on the heavy-duty FTP, although testing at
EPA has shown for this engine (a different exanple of this sane engine)
greater than 90% NOy control.\168\ Neverthel ess, the

anal ysi s suggests that additional attention nmust be nade to designing
system for | ow power density applications, and that technol ogy changes
may be necessary to ensure adequate performance (e.g., the use of EGR
or other control nethods to raise exhaust tenperatures). One change,

whi ch is occurring i ndependent of EPA' s regulation, is increasing power
density for nonroad engi nes. EPA has docunented in the draft RIA a
clear trend of certified engine ratings that indicates manufacturers
are increasing engi ne power w thout increasing engine displacenent.
Engi ne manufacturers are notivated to increase engi ne power density
because engine pricing is largely done on a power basis, while the cost
of manufacturing is nore closely related to engi ne displ acenent.
Therefore, increasing engi ne power |evels w thout increasing

di spl acenent nmay increase the sale price of the engine nore than it

i ncreases the cost of manufacturing. Increasing power density typically
results in higher exhaust tenperatures and, in this case, better

mat ching to catal yst operating requirenents. Alternatively, nonroad
engi ne manufacturers can apply the sanme tenperature nanagenent
strategi es previously described for highway engi nes.

\168\ Schenk, C., MDonald, J. and dson, B. "High Efficiency
NOx and PM Exhaust Em ssion Control for Heavy-Duty On-

H ghway Di esel Engines,'' SAE 2001-01-1351

The anal ysis al so suggests that the tenperature chall enge for
nonroad equi pnment will be greater with regard to the NTE provisions of
this proposal than for the nonroad transient test (NRTC) provisions. In
fact as discussed previously, the NRTC cycle appears to be a better
match to the characteristics of the NOx adsorber catal yst
than the FTP cycle used for heavy-duty highway truck certification.

This is due to the higher average engi ne | oad experienced over the NRTC
and thus the higher average tenperature. Therefore, we believe that
conmplying with the NOx standard over the transient test

cycl e proposed today for nonroad engines will not be significantly nore
difficult than conplying with the HD2007 NOx emni ssion
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standard over the FTP. The anal ysis al so shows that many nonroad

engi nes may operate in-use in a way different fromthe NRTC (i.e. even
the NRTC is not an all-enconpassing test; no single test realistically
could be), and that NTE standards are therefore needed to assure that
nonroad engi ne em ssions are controlled for the full range of possible
i n-use operating conditions.\169\ The techni cal chall enge of
controlling NOx em ssions, even under these diverse

conditions, is no nore difficult on a per engine basis than for highway
di esel engi nes which nmust conply with simlar NTE test provisions. This
i s because both hi ghway and nonroad engi ne manufacturers nust address
control at the same high | oad and | ow | oad conditions (m ni nrum power
fromboth are the sane, 0 hp, and naxi mrum power is typically higher for
hi ghway engi nes, due to higher power density). Al so, both engine

manuf acturers nust be able to respond to changes in user demanded
torque (transient conditions) that are simlarly unpredictable.

However, given the sheer nunber of different nonroad equi pnent types
and engine ratings, this represents a real challenge for the nonroad

i ndustry which is one of the prinmary considerations given by the Agency
in determning the appropriate timng for the em ssion standards
proposed today.

\169\ The fact that devel opi ng conpliant engines for the NTE
provi sions may be nore difficult than devel oping for the transient
test cycle does not dimnish the value of the transient test as a
means to evaluate the overall effectiveness of the em ssion contro
system under transient conditions. There is no doubt that
controlling average eni ssions under transient conditions will be an
i nportant part of the em ssion control system and that eval uating
overal | performance under transient conditions is needed.

We bel i eve, based on our anal ysis of nonroad engi nes and equi pnent
operating characteristics, that in-use some nonroad engines wll
experience conditions that require the use of tenperature managenent
strategies in order to effectively use the NOx adsorber and

CDPF systens needed to neet the proposed standards. W have assuned in
our cost analysis that all nonroad engi nes conplying with a PM standard
of 0.02 g/ bhp-hr or lower will have an active neans to contro
tenperature (i.e. we have costed a backup regeneration system although
sone applications likely may not need one). W have nade this
assunption believing that manufacturers will not be able to accurately
predict in-use conditions for every piece of equipnent and will thus
choose to provide the technol ogi es on a back-up basis. As expl ai ned
earlier, the technol ogi es necessary to acconplish this tenperature
managenent are enhancenents of the Tier 3 em ssion control technol ogies
that will formthe

([ Page 2837911

baseline for Tier 4 engines, and the control strategies being devel oped
for highway di esel engines. W do not believe that there are any
nonroad engi ne applications above 25 horsepower for which these hi ghway

engi ne approaches will not work. However, given the diversity in
nonr oad equi pnent design and application, we believe that additional
time will be needed in order to match the engi ne performance

characteristics to the full range of nonroad equi pnent.
We believe that given the timng of the em ssions standards
proposed today, and the availability and continui ng devel opnent of
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technol ogi es to address tenperature nmanagenent for hi ghway engi nes
whi ch technol ogies are transferrable to all nonroad engines with
greater than 25 hp power rating, that nonroad engi nes can be desi gned
to neet the proposed standards in the lead tine provided in this
proposal
b. Nonroad Operating Conditions and Durability
Nonr oad equi pnent is designed to be used in a wi de range of tasks
in some of the harshest operating environments imagi nable, from m ning
equi pment to crop cultivation and harvesting to excavation and | oadi ng.
In the normal course of equi pnent operation the engine and its
associ ated hardware wi Il experience |levels of vibration, inpacts, and
dust that may exceed conditions typical of highway di esel vehicles.
Specific efforts to design for the nonroad operating conditions
will be required in order to ensure that the benefits of these new
enm ssion control technol ogies are realized for the life of nonroad
equi prent. Much of the engi neering know edge and experience to address
these issues already exists with the nonroad equi pment manufacturers.
Vi bration and inpact issues are fundanmental |y mechanical durability
concerns (rather than issues of technical feasibility of achieving
em ssi ons reductions) for any conponent nmounted on a piece of

desi gn nmounting hardware such as flanges, brackets, and bolts to
support the new conmponent without failure. Further, the catal yst
substrate material itself nust be able to withstand the conditions
encountered on nonroad equi pnent without itself cracking or failing.
There is a large body of real world testing with retrofit em ssion
control technol ogi es that denpnstrates the durability of the catal yst
conponents thensel ves even in the harshest of nonroad equi prent
applications.

Deut z, a nonroad engi ne manufacturer, sold approximately 2,000
diesel particulate filter systens for nonroad equi pment in the period
from 1994 through 2000. Many of these systens were sold for use in
m ni ng equi prent. No other applications are |likely to be nore demandi ng
than this. Mning equipnent is exposed to extraordinarily high |levels
of vibration, experiences inpacts with the mne walls and face, and
high I evels of dust. Yet in neetings with the Agency, Deutz shared
their experience that no system had failed due to nechanical failure of
the catal yst or catal yst housing.\170\ The Deutz systemutilized a
conventional cordierite PMfilter substrate as is comonly used for
heavy-duty hi ghway truck CDPF systens. The canning and nounting of the
systemwas a Deutz design. Deutz- was able to design the catal yst
housi ng and nmounting in such a way as to protect the catalyst fromthe
har sh envi ronnent as evidenced by its excellent record of reliable
function

\170\ "Sunmmary of Conference Call between U S. EPA and Deutz
Cor poration on Septenber 19, 2002 regarding Deutz Diesel Particulate
Filter System', EPA Menorandumto Air Docket A-2001-28

O her nonroad equi prent nmanufacturers have al so of fered OEM di ese
particulate filter systens in order to conply with requirenments of sone
m ni ng and tunneling worksite standards. Liebherr, a nonroad engine and
equi prent manufacturer, offers diesel particulate filter systens as an
CEM option on its range of construction nachi ne nodels. As of January
2000, 340 Liebherr machines have been fitted with PMfilter
systenms.\ 171\ W believe that this experience shows that appropriate
desi gn consi derations, as are necessary with any conponent on a piece
of nonroad equi pnent, will be adequate to address concerns with the
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vi bration and inmpact conditions which can occur in sonme nonroad
applications. This experience applies equally well to the
NOx adsor ber catal yst technol ogi es as the nechani ca

properties of DOCs, CDPFs, and NOx adsorbers are al

simlar. W do not believe that any new or fundanentally different
solutions will need to be invented in order to address the vibration
and i npact constraints for nonroad equi pnent. Qur cost analysis

i ncludes the hardware costs for mounting and shroudi ng the
aftertreatnent equi pnent as well as the engineering cost for equipnent
redesi gn.

\171\ "Particulate Traps for Constructi on Machi nes: Properties
and Field Experience'' J. Czerwinski et. al., Society of Autonotive
Engi neers Techni cal Paper 2000-01-1923.

Certain nonroad applications, including sone forms of harvesting
equi prrent and mining equi pnent, may have specific limts on maxi num
surface tenperature for equi pment conponents in order to ensure that
the conponents do not serve as ignition sources for flanmmabl e dust
particles (e.g. coal dust or fine crop dust). Some have suggested that
these design constraints mght linmt the equi pnent manufacturers
ability to install advanced di esel catal yst technol ogi es such as
NOx adsorbers and CDPFs. This concern seens to be largely

based upon anecdotal experience with gasoline catal yst technol ogies
where under certain circunmstances catalyst tenperatures can exceed

1, 000[ deg] C and wi t hout appropriate design considerations could
concei vably serve as an ignition source. W do not believe that these
concerns are justified in the case of either the NOy

adsorber catal yst or the CDPF technol ogy. Catal yst tenperatures for
NOx adsorbers and CDPFs shoul d not exceed the maxi mum

exhaust manifol d tenperatures al ready conmonly experienced by diesel
engines (i.e, catalyst tenperatures are expected to be bel ow

800[ deg] ©) .\ 172\ CDPF tenperatures are not expected to exceed
approxi mtely 700(deg]C in normal use and are expected to only reach
the 650[ deg] C tenperature during periods of active regeneration.
Similarly, NOx adsorber catalyst tenperatures are not

expected to exceed 700[ deg] C and again only during periods of active
sul fur regeneration as described in Section II1l.F bel ow Under
condi ti ons where di esel exhaust tenperatures are naturally as high as
650[ deg] C, no suppl enental heat addition fromthe enission contro
systemw || be necessary and therefore exhaust tenperatures wll not
exceed their natural |evel. Wen natural exhaust tenperatures are too

| ow for effective emi ssion system function then supplenental heating as
descri bed earlier nmay be necessary but would not be expected to produce
tenperatures higher than the maxi mum |l evels normally encountered in

di esel exhaust. Furthernore, even if it were necessary to rai se exhaust
tenperatures to a higher level in order to pronpte effective en ssion
control, there are technol ogi es available to isolate the higher exhaust

[ [ Page 2838011

tenperatures fromflanmable materials such as dust...One approach woul d
be the use of air-gapped exhaust systens (i.e., an exhaust pipe inside
anot her concentric exhaust pipe separated by an air-gap) that serve to
insulate the inner high tenperature surface fromthe outer surface

whi ch could cone into contact with the dust. The use of such a system
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may be additionally desirable in order to nmintain higher exhaust
tenperatures inside the catalyst in order to pronbte better catalyst
function. Another technology to control surface tenperature already
used by sone nonroad equi prent manufacturers is water cool ed exhaust
systens.\ 173\ This approach is simlar to the air-gapped system but
uses engi ne cool ant water to actively cool the exhaust system W do
not believe that flanmabl e dust concerns will prevent the use of either
a NOx adsorber or a CDPF because catal yst tenperatures are

not expected to be unacceptably high and because renedi ati on
technol ogi es exi st to address these concerns. In fact, exhaust em ssion
control technologies (i.e., aftertreatnent) have al ready been applied
on both an OEM basis and for retrofit to nonroad equi pnment for use in
potentially explosive environnents. Many of these applications mnust
undergo Underwriters Laboratory (UL) approval before they can be
used. \ 174\

\172\ The hottest surface on a diesel engine is typically the
exhaust mani fold which connects the engi nes qfhaust ports to t he
inlet of the turbocharger. The hot exhaust exhaust-gases-feave- the-engine
a very high tenperature (800[deg] C at hi gh power conditions) and
then pass through the turbocharger where the gases expand dri ving
the turbocharger providing work. The process of extracting work from
the hot gases cools the exhaust gases. The exhaust |eaving the
turbocharger and entering the catal yst and the remai ni ng pi eces of
t he exhaust systemis cooler (as much as 200[deg)C at very high
| oads) than in the exhaust manifold.

\'173\ "Engi ne Technol ogy and Application Aspects for
Eart hnovi ng Machi nes and Mobil e Cranes, Dr. E. Brucker, Liebherr
Machi nes Bulle, SA, AVL International Conmmercial Powertrain
Conf erence, COctober 2001. Copy available in EPA Air Docket A-2001-

28, Docket ltem# I1-A-12.

\174\ Phone conversation with Manufacturers of Em ssion Contro
Associ ation (MECA), 9 April, 2003 confirm ng the use of em ssion
control technol ogi es on nonroad equi pment used in coal mnes,
refineries, and other |ocations where expl osion proofing may be
required

at -

Nonr oad engi nes greater than 750 hp are unique in that they do not
have direct highway equival ents. However, this does not nean that
uni que cat al yst based emi ssion control technol ogi es need to be
devel oped separately for these | arger applications. Rather, |arger
engi nes can, and do in retrofit applications today, use multiple
catal yst systens in a parallel configuration. As an exanple, a highway
12 liter displacenment in-line six cylinder engine mght use a single 18
liter CDPF, while a nonroad 24 liter displacenent V12 cylinder (a vee
engi ne has two rows of cylinders set at an angle to each other) engine
woul d use two 18 liter CDPFs, one for each bank of the vee engine.

Using two smal ler catalysts in place of one larger catal yst can be
easi er to package and nay allow for close coupling of the catal yst
technol ogy to the turbocharger exhaust outlet to inprove tenperature
managenent in some applications. Today, many passenger cars and |ight-
duty trucks with V6 or V8 engi nes use individual catalysts for each
engi ne bank to i nprove packagi ng and better manage tenperatures.

We agree that nonroad equi pnent nust be designed to address durable
performance for a wi de range of operating conditions and applications
that would not commonly be experienced by highway vehicles. W believe
further as denmonstrated by retrofit experiences around the world that
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techni cal solutions exist which allow catal yst-based em ssion contro
technol ogi es to be applied to nonroad equi prent.
3. Are the Standards Proposed for Engines of 75 hp or Hi gher Feasible?
There are three prinmary test provisions and associ ated standards in
the Tier 4 program we are proposing today. These are the proposed
Nonroad Transient Cycle (NRTC), the existing |1SO O steady-state cycle
and t he proposed hi ghway based Not-To-Exceed (NTE) provisions. A
nonroad di esel engine neeting the proposed standards for each of these
three test cycles would be lawful for use in any kind of nonroad
equi prrent. Additionally, we have alternative optional test cycles
i ncludi ng the proposed Constant Speed Variable Load (CSVL) cycle, the
existing | SO D2 steady-state cycle and the proposed Transportation
Refrigeration Unit (TRU) cycle which a manufacturer can choose to use
for certification provided that the nanufacturer can denpbnstrate to the
Agency that the engine will only be used in a |inmted range of nonroad
equi prrent with specifically defined operating conditions. Conpliance on
the proposed transient test cycles includes weighting the results from
a cold start and hot start test with the cold start em ssions wei ghted
at 1/10 and hot start emi ssions weighted at 9/10. A conplete discussion
of these various test cycles can be found in chapter 4.2 and 4.3 of the
draft RIA
The standards proposed today for nonroad engines with rated power
greater than or equal to 75 horsepower are based upon the technol ogi es
and standards for hi ghway di esel engines which go into effect in 2007.
As expl ai ned above, we believe these technol ogi es, nanely
NO, adsorbers and catal yzed diesel particulate filters

enabl ed by 15 ppm sul fur diesel fuel, can be applied to nonroad di ese
engines in a sinmlar manner as for highway diesel engines. W
acknow edge that there are additional constraints on nonroad diese
engi nes whi ch nust be considered in setting these standards, and we
have addressed those issues by allowing for additional |ead tine or,
slightly less stringent standards for nonroad diesel engines in
conmpari son to hi ghway di esel engines (and |ikew se have nade
appropriate cost estimates to account for the technol ogy and
engi neering needed to address these constraints).

We have proposed a PM standard for engines in this category of 0.01
g/ bhp- hr based upon the eni ssions reductions possible through the
application of a COPF and 15 ppm sul fur diesel fuel. This is the sane
em ssions |l evel as for highway diesel engines in the HD2007 program
Wi | e baseline soot (the solid carbon fraction of pwv) enission |levels
may be somewhat hi gher for sonme nonroad engi nes when conpared to
hi ghway engi nes, these enmissions are virtually elimnated (reduced by
99 percent) by the CDPF technol ogy. As discussed previously, the
basel i ne (engi ne-out) SOF enissions |levels may al so need to be reduced
t hrough the application of nodern piston ring pack designs and val ve
stem seals. Wth application of the CDPF technol ogy, the SOF portion of
diesel pv is predicted to be all but elimnated. The primary em ssions
froma CDPF equi pped engine, are sulfate pv emissions formed from sul fur
in diesel fuel. The emissions rate for sulfate PM is determ ned
primarily by the sulfur |evel of the diesel fuel and the rate of fuel
consunption.. Wth the 15 ppm sul fur diesel fuel the Pv em ssions |evel
froma CDPF equi pped nonroad diesel engine will be'simlar to the
en ssions rate of a conparabl e hi ghway di esel engine. Therefore, the
0.01 g/ bhp-hr emission level is feasible for nonroad engi nes tested on
the NRTC cycle and on the steady-state cycles, Cl and D2. Put another
way, control of Pvm using CDPF technology is essentially independent of
duty cycle given active catal yst technology (for reliable regeneration
and SOF oxidation), adequate control of tenperature (for reliable
regeneration) and | ow sul fur diesel fuel (for reliable regeneration and
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low PM eni ssions).

The nost challenging PM em ssions control conditions for a CDPF are
encount ered under high engine | oad operati on where hi gh exhaust
tenperatures pronote conversion of sulfur in diesel fuel to sulfate Puv
enm ssions. Under these high | oad conditions, soot and soF oxi dation
rates will be very high and control of those portions of PM enissions
will be highly effective. Sulfate PM em ssions, however, will be higher
than for other operating conditions. In a worst case scenario, where
all of the sulfur is

[[ Page 28381]]

converted to sulfate, it could be perhaps as high as 0.02 g/bhp-

hr.\ 175\ This level of PM enissions would conply with our proposed NTE
provi sions once consideration is given to the 1.5 tinmes nultiplier on
the em ssion standard for NTE test conditions.\176\ Since this estinmate
is made at a worst case condition (assum ng 100% conversi on of sul fur

to sulfate), we feel confident that the PM NTE provisions of this
proposal can be net.

\175\ An estimate of the maxinumsulfate PM emissions rate can
be made by assuning a fuel consunption rate (e.g., 0.5 |bnibhp-hr),
the fuel sulfur level (e.g., 15 ppm) and the sulfur to sulfate
conversion (e.g., 100% maxi mum resulting in a calculated sulfate PM
em ssions rate of 0.02 g/bhp-hr. This represents a worst case
anal ysis (100% sul fur conversion with 15 ppm sul fur fuel). In-use
em ssions would be significantly |ower.

\'176\ The PM standard is expressed to two significant digits
0.01 g/ bhp-hr, so when the 1.5 NTE nultiplier is applied, the NTE
limt becomes 0.015 which is rounded to two significant figures as
0. 02 g/ bhp-hr.

Under contract fromthe California Air Resources Board, two nonroad
di esel engines were recently tested for PM emissions performance with
the application of a cobpr over a nunber of transient and steady-state
test cycles.\177\ The first engine is a 1999 Caterpillar 3408 (480 hp,
18 liter displacerment) nonroad di esel engine certified to the Tier 1
standards. The engine was tested with and without a CDPF on 12 ppm
sul fur diesel fuel. The transient emi ssion results for this engine are
summari zed in Table Il1.E- 1 below. The steady-state em ssion results
are sunmarized in Table 111.1-2. The test results confirmthe excellent
PM control performance realized by a CDPF with | ow sul fur diesel fue
across a wi de range of nonroad operating cycles in spite of the
relatively high engine-out PM emssions fromthis Tier 1 engine. W
woul d expect engi ne-out PM emissions to be | ower for production Tier 3.
conpliant diesel engines that will formthe technol ogy baseline for
Tier 4 engines neeting the proposed standard. The engi ne denonstrat ed
PM em ssions of 0.009 g/ bhp-hr on the proposed Nonroad Transient Cycle
(NRTC) from an engine-out level of 0.256 g/bhp-hr, a reduction of 0.247
g/ bhp-hr. The engine al so denonstrated excellent PM performance on the
exi sting steady-state 1SO C cycle with Py em ssions of 0.010 g/ bhp-hr
from an engi ne-out |evel of 0.127, a reduction of 0.107 g/bhp-hr. Thus
this engine would be conpliant with the proposed PV enission standard

for <=75 hp variabl e speed nonroad engi nes.

se—Perticulate FilCers R

Report, January 2003. Copy available 'in EPA Air

im
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the application of a CDPF over a number of transient and steady-state
test™ycles.\177\ The first engine is a 1999 Caterpillar 3408 (480-fp,
18 liter~displacement) nonroad diesel engine certified to the T#er 1
standards. Th®~epgine was tested with and without a CDPF on 242 ppm
sulfur diesel fuel™She transient emission results for th#§ engine are
sulmmarized in Table III.E™~ below. The steady-state ep#Esion results
are summarized in Table III.1>3, The test results gefifirm the excellent

PM control performance realized by~a CDPF with lo# sulfur diesel fuel
across a wide range of nonrocad operat™g cyclee in spite of the
relatively high engine-out PM emissions Isef this Tier 1 engine. We

would expect engine-out PM emissions Le”be I'Syer for production Tier 3
compliant diesel engines that will-form the techsglogy baseline for
Tier 4 engines meeting the prop6sed standard. The etsine demonstrated
PM emissions of 0.009 g/blef-hr on the proposed Nonroad ™™ansient Cycle
(NRTC) from an engins~tut level of 0.256 g/bhp-hr, a reducthqn of 0.247
g/bhp-hr. The epefne also demonstrated excellent PM performancipon the
existing steedy-state IS0 Cl cycle with PM emissions of 0.010 g/bhw-hr
from ag~<nhgine-out level of 0.127, a reduction of 0.107 g/bhp-hr. Thh
thig~engine would be compliant with the proposed PM emission standard

dr <=75 hp variable speed nonroad engines.

\177\ Application of Diesel Particulate Filters to Three Nonroad
Engi nes--Interi m Report, January 2003. Copy available in EPA Air
Docket A-2001-28.

When tested on the proposed optional constant speed variable | oad
cycle (CSVL) (a test to which this engine would not be subject to under
this proposal) the engi ne-out PM enission |evels were 0.407 g/ bhp-hr
and were reduced to 0.016 g/ bhp-hr (a reduction of 0.391 g/bhp-hr) with
the addition of the PMfilter. As tested this engine would not be
conpliant with the proposed optional CSVL standard, but this is not
surprising given that this Tier 1 engine was designed for variable
speed engi ne operation and not for single speed operation. W have
great confidence given the substantial PMreduction realized in this
testing over the proposed CSVL cycle with a CDPF that a properly
desi gned nonroad di esel engine will be able to neet the standard of
0.01 g/ bhp-hr.

[ GRAPH C]
|TI FF OM TTED|
TP23MY03. 004

Table I'll.E-1 al so shows results over a |arge nunber of additional
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test cycles developed fromreal world in-use test data to represent
typi cal operating cycles for different nonroad equi pnent applications
(see chapter 4.2 of the draft RIA for infornmation on these test
cycles). These test cycles are not used for regulatory purposes,

al though the information fromthese cycles was used in devel opi ng the
proposed NRTC. The results show that the CDPF technology is highly
effective to control in-use PM em ssions over any nunber of disparate
operating conditions. Renmenbering that the base Tier 1 engine was not
designed to neet a transient pv standard, the CDPF em ssions
denonstrated here

[ | Page 2838211

show that very |low em ssion | evels are possi ble even when engi ne-out
eni ssions are exceedingly high (e.g., a reduction of 0.558 g/bhp-hr is
denonstrated on the AW2 cycle).

The results sumarized in the two tables are also indicative of the
feasibility of the proposed NTE provisions of this rulenmsking. In spite
of the Tier 1 baseline of this engine, there are only three test
results with em ssions higher than the pernissible limt for the
proposed NTE. The first in Table Ill.E-l shows Pv enissions of 0.031
over the AW2 cycle but froma very high baseline I evel of nearly 0.6 g/
bhp-hr. W believe that sinple inprovenments to the engi ne-out PM
en ssions as needed to conply with the Tier 2 em ssion standard woul d
reduce these em ssion bel ow the 0.02 | evel required by the standard.
There are two other test points in Table I1l.E-2 which are above the
proposed NTE em ssion |evel, both at 10 percent engi ne | oad. However,
both are outside the NTE zone whi ch excl udes eni ssions for engi ne | oads
bel ow 30 percent. It is inportant to note that although the engine
woul d not be constrained to neet the NTE under these conditions, the
resulting reductions at both points are still substantial in excess of
96 percent.

Table Il1.E-2--Steady-State PM Enmissions froma Tier 1 NR Di esel Engi ne w CDPF

1999 (Tier 1) Caterpillar 3408 ('480hp, 181)

PM | [g/ bhp- hr]

Engi ne speed % Engi ne | oad % Reducti on %
Engi ne out w' CDPF

100 100 0. 059 0.10 83

100 75 0. 103 0. 009 91

100 50 0. 247 0.012 95
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100 25 0.247 0. 000
100 10 0.925 0.031
60 100 0.028 0.011
60 75 0.138 0.009
60 50 0.180 0.010
60 25 0.370 0.007
60 10 0. 801 0.018
91 82 0. 091 0. 006
80 63 0.195 0.008
63 40 0. 240 0. 008
0 0
1) 0.127 0.011

| SO C1 Conposite.

The second engi ne tested was a prototype engi ne devel oped at

Sout hwest Research Institute (SwWRl) under contract to EPA.\178\ The
engi ne, dubbed Deere Devel opnent Engi ne 4045 ( DDE-4045) because the
prot ot ype engi ne was based on a John Deere 4045 production engi ne, was
also tested with a CDOPF froma different manufacturer on the same 12
ppm di esel fuel. The engine is very nmuch a prototype and experienced a
nunmber of part failures during testing, including to the turbocharger
actuator. Nevertheless, the transient em ssion results summarized in

Table I11.E-3 and the steady-state results summarized in Table I11.E-4
show t hat substantial PMreductions are realized on this engine as
well. The emi ssion levels on the NRTC and the I SO C1 cycle would be

conmpliant with the proposed PM standard of 0.01 g/bhp-hr once the
appropriate roundi ng convention was applied.\179\ It is also
interesting to note that the highway FTP transi ent emni ssions are higher
than for either of the proposed nonroad transient tests. This suggests
t hat devel opi ng PM conpliant engines on the proposed nonroad transient
cycles may not be substantially different from devel opi ng conpli ant
technol ogi es for highway engi nes. Qur anal ysis of exhaust tenperature
characteristics for NOx adsorber catal ysts di scussed in the

precedi ng section, noted a simlar trend for NOyx

technol ogies (i.e., that the exhaust tenperature characteristics of the
NRTC may be better natched catal yst technol ogies than the HD FTP).

\178\ "Nonroad Di esel Em ssion Standards--Staff Technica
Paper'', EPA Publication EPA420-R-01-052, Cctober 2001. Copy
avai l able in EPA Air Docket A-2001-28.

\179\ The roundi ng procedures in ASTM E29-90 are applied to the
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en ssion standard, therefore, the enission results are rounded to
the sane nunber of significant digits as the specified standard,
i.e., 0.014 g/ bhp-hr is rounded to 0.01 g/bhp-hr, while 0.015 g/ bhp-
hr woul d be rounded to 0.02 g/ bhp-hr.

[ [ Page 28383]]
[ GRAPHI C]

[TI FF OM TTED]
TP23MY03. 005

As with the results fromthe Caterpillar engine, the two | ow | oad
[10 percent | oad) steady-state em ssions points have sone of the
hi ghest brake specific emi ssion rates. These rates are not hi gh enough,
however, to preclude conpliance with the steady-state enission cycle,

are not within the proposed NTE zone, and still show substantial PM
reduction | evel s.
[ GRAPHI C]

[ TI FF OM TTED]
TP23MY03. 006

| [Page 28384]]

While the resulting PM enission |evels for nonroad di esel engines
are simlar to the |levels for highway di esel engines, the challenge of
ensuring soot regeneration of the CDPF may be nore difficult for some
nonroad equi pnent types. As explained earlier, effective regeneration
occurs when the aggregate soot rate into the CDPF over an extended
period is less than or equal to the soot oxidation rate over the same
peri od. Because the baseline PMsoot rate into the CDPF | evel may be
hi gher for sone nonroad engi nes and because the average exhaust
tenperature may be |l ower for sone operating cycles, additional engine
and aftertreatnment system devel opnent will be needed for some nonroad
engi nes. These additional devel opnents include inproved therna
managenent and i nproved active back-up systens which can periodically
rai se exhaust tenperatures in order to initiate regenerati on. W expect
these systenms to be evol utionary advancenents based primarily on the
core technol ogi es used by nonroad manufacturers to conply with the Tier
3 em ssion standards with enhancenments fromthe hi ghway technol ogi es
devel oped to comply with the HD2007 standards. The inplenentation dates
for the standards proposed today were selected in part based upon the
time we believe will be necessary to transfer and further devel op these
hi ghway technol ogi es to nonroad di esel engi nes and equi prent.
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