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1.INTRODUCTION

OonM ay 13™, 1999, the U S. Environm ental Protection Agency EPA) published an A dvanced
Notice of Proposed Rulem aking conceming new requirem ents for diesel fuel'. W hile EPA
solicited comm ents on all agpects of diesel fiiel quality, the focus of EPA ‘s interest is on the
est@blishm ent of new and much stricter lim its on the fuel’s sulfur content. A cocording to the
ANPRM ,EPA 'sprincipalm otivation forproposing to tighten fuel sulfiir Iim itsw as to enable the
deploym ent of advanced diesel em ission contiol technologies. These technologies are estim ated
to have the potential to reduce dieseINO x em issionsby 75% and em issions of particulate m atter
(PM ) by 80% ormore compared to present em ission sandards. Such tedhmologies would be
required In oder for diesel lightduty vehicles to meet EPA 5 proposed Tier 2 eam ission
sendards, and for heavy-duty diesel engines to m ect the new em ission sandards now being
considered for2007 and laterm odel years.

Prom ising diesel em ission contxol technologies identified by EPA in isANPRM mnclude:
o Cooled exhaustgas recirculation EGR);

e O xidation catalytic converters;

e Dartculate filters;

e LeanNOx catalysts;

e Selective caalytic reduction ; and

e NOX storage caalystsystem s.

O £ the technologies on this list, one — cooled EGR - would reduce the am ountof NO x form ed in
the diesel engine. The other five are aftertreatment tedmologies. These arr Intended t©
elimn nate NOx and PM after they are produced by the engine, but before they are em ited fiom
the exhaustpipe. Ltisthese lattertechnologies thatare the subjects of this report.

11 DIESEL AFTERTREATM ENT TECHNOLOGIES

A flertreatm ent technologies t© reduce diesel NOx and PM  em issions have been the subjcts of
ntense research and developm ent efforts form ore than tw o decades, but have seen only 1im ited
application on vehicles up t© the present tine. Because diesel engines typically operate w ith
very lean air-filel ratios, the three-w ay catalytic converter system s used t© contzolN O X em issions
from goark-ignition engmes are neffective. Lean NOx cat@lysts w ok to r=duce NO x despite the
overall oxidizing nature of diesel exhaust by reacting the NOx w ith unbumed hydmocatbons
HC), which serve as the rductent. NOx adsorbers capture NOx chem ically under lean
conditions, and m ustbe regenerated periodically under rich conditions to r=m ove and r=duce the
trapped NOx. Selective caalytic reduction (SCR) system s r2actNO x w ith am m onia to produce
nitogen and w ater.
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A flertreatm ent technologies ntended for control of diesel PM  am issions include oxidation
caalytic converters and diesel particulate filters or “aagps”. O xidation catalysts w ork prin arily
by buming part of the organic vapors that w ould otherw ise condense and add t© the partculate
matter. Because they have little effect on the carbon com ponent of the PM , they are typically
only aoout 20 t© 30% effective In reducing PM em issions. The catalysts used In SCR system s
also fimction as oxidation ca@lysts forthispurpose.

Particulate filters or “xaps” do collect carbon PM  and other solid particles 1 the exhaust, and
can achieve PM contiol efficiencies of 90% ormore. The catbon PM quickly plugs the filter,
how ever, requiring that som e system be put In place to clean the filler by buming or otherw ise
rm oving the catbon PM - a pmocess known as “regeneration”. M ost regeneration system s
nclude a caalyst to promote catbon PM  oxidation. One of the m ost prom ising regeneration
technologies uses an oxidation catalystto convert NO in the exhaust to NO ,, which then r=acts
w ith and oxidizes the collected particulate m atter.

O xidation ca@alytic converters and aftertreatm ent devices that lnclude oxidation ca@lysts (such
as taps and SCR system s) are also effective In reducing HC, CO, and toxic em issions from
diesel engines.

12 EFFECTSOF FUEL SULFUR LEVEL ON AFTERTREATM ENT SYSTEM S

The levels of sulfur found in diesel filel pose a subsantal barder to aftertreatm ent technologies.
Sulfirbinds t© and poisons N O x adsorbers, and tem porarily reduces the efficiency of platinum
group me@l PGM ) cadlysts used In oxidation catalyst system s. Even worse, the presence of
SO, lim its the am ount and activity of PGM catalysts that can be used In diesel system s. This is
because the PGM catalysts also oxidize SO, to SO, which can then react with water n the
exhaust to form sulfuric acid - H,S0,. The resulting acid droplets are a health hazard, and also
contrbute t© m easured particulate em issions.

Because of these effects, the M anufacturers of Em ission Controls A ssociation M ECA) has
uged EPA to reduce the levels of sulfurpem ited In diesel fuel from the present 500 parts per
m illion @heady a 10-fold rduction fiom uncontolled levels) to no m ore than 30 ppm”. Some
analysts believe that sulfur levels as Iow as 10 ppm may be r=quired for NOx aftertreatm ent
System s o be practical.

EPA isnow I the process of developing a “N otice of Proposed Rulem aking” (NPRM ) on diesel
fuel sulfiir, based on nform ation received In regponse to its ANPRM . As part of this
developm ent, EPA assigned ICF Consultng and its subcontractor, Engine, Fuel, and Em issions
Engneering, hc. to study the effects of greatly-reduced fuel sulfur levels on engine durability
and m aintenance costs and on the costs and efficiency of diesel aftertzeatm ent system s. This
latter issue was assigned t© EF& EE, and the results are presented In this report. A separate
1=porton engine durability and m aintenance costs has also been prepared.

13 GUDDE TO THE REMAINDER OF THE REPORT

The rem ainder of this report com prises seven chapters. Chapter 2 presents the assum ptions and
analytical m ethodology used 1 the study. Chapters 3 thmough 7 each deal with one diesel
afftertreatm ent technology: Chapter 3 w ith oxidation catalysts, Chapter 4 w ith diesel particulate
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filters, Chapter 5 with lean NOx ca@alysts, Chapter 6 w ith NOx storage catalyst system s, and
Chapter 7 w ith selective catalytic r=duction system s. Chapter8 sum m arizes the study results.
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2.METHODOLOGY AND ASSUM PTIONS

21 METHODOLOGY FOR COST ESTIM ATION

To bring som e oxder and reproducibility to cost estim ates of em ission control system s, EPA has
developed a sandard retail price equivalent R PE) tedmique’. W e applied this tedhnique, along
w ith availBble cost data and estm ates, to estin ate the naem ental cost of an EHC 1n a typical
vehicle. EPA 5RPE m ethodsw ere firstoutlined by Lindgren® 1 a study done forEPA i 1978, and
efined by Putnam , Hayes, and Bartlett PHB)®. The present study utilizes an adapted version of
PHB & method that elin nates the use of assumed “markup” perxcentages in favor of goecific
estim ates of the effects of each technology on ndirect costs. Thism odified approach w as adopted
on the basis of Industyy com m ents, and is considered t© better reflect actual pricing practices 1 the
Industry than the L indgren m ethod.

Cost estim atbon  for heavy-duty diesel em ission control system s is com plicated by the fact the
num ber of m anufacturers ivolved. Catalytic substrates and traps are produced by one set of
suppliers, and arr washooated and canned by another set. The engine m anufacturer certifies is
enges w ith a specific afftertreatm ent system  1n place, but generally does not s=1l the aftertreatm ent
system as part of the engine. Tnstead, the vehick m anufacturer oders the afftertreatm ent system
directly. This commonly nvolves sspamate price negotiations w ih the sibstate supplier and
w ashaoater/canner, and som e vehicle m anufacturers go o faras to purchase theirown PGM m etal
Supplies.

The basic equation used in this sudy for the r=t&ail price equivalent RPE) of an affertreatm ent
system In a heavy-duty vehicle reflects this stimicture. TheRPE isgiven by

RPE= (DM +DL+LO)x L+MC)+MW )x L+DC)
where:RPE  isthe retail price equivalent;
DM istheditectcostof m aterials and com ponents to the vehicle m anufacturer
DL isthedirectcostofassam bly Hoorto the vehicle m anufacturer
LO isthem anufacturer's laboroverhead

MW is the present value of the projected future cost of w ananty repairs o the am ission
contxol system

M C is the hcrem ental change I the vehicle m anufacturer's indirect costs due to the
am ission contol systEm |, expressad as a percentage of the direct costs. This Includes
capial charges and insurance for ncreased nventory and w ork-n-progress, asw ellas
storage and handling

DC is the Incram ental change I the truck orbus dealer’s Indirect costs, expressed as a
percentage of the direct costs.
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D frect com ponent cogts are technology-goecific, and are discussed in the sections on each
technology. D irect lJaborcosts w ere estim ated at 17 50 perhour, consistent w ith past studies. The
num ber of lbor hours required t© assamblk and ns@ll each system was estam etd based on
engineering judgem ent, and @wnged friom 05 t© about 25 hours. For the Jabor overhead, PHB
estim ated roughly 40% of direct lHoor costs. This percentage appears reasonable, and isused 1n the
presentreport.

Future wananty costs were calculated by m ultplying an estim ated failire mte Gom 2 © 10% ,
depending on the system ) by an estim ate of the parts and Jabor costper Incident. Laborcosts w ers
caloulated assum ing that the m anufacturerw ould rein burse the dealerata 1ate of $50 perhour for
m echanic labor. Parts costs were calculated by m ulbplying the OEM component costby 25 t©
reflect typicalm arkups on retailparts sold t© the dealer.

Them anufacturer's carrying costw as estin ated at4%  of the directcosts. This reflects prim ardly the
costs of capial ted up I extra Iventory, and sscondarily the increm ental costs of nsurance,
handling, and storage. The dealer’s carrying costw as estim ated at3%  of the ncrem ental cost, again
reflecting prin ardly the costof capital ted up 1n extra nventory'.

A majprpmoblan In estn ating the costs of am ission contol system s is that the tue costs of auto-
motive com ponents and system s are difficult to determ ne for anyone not directly involved I
autom cbile production. For com petitive reasons, auto m anufacturers do notnom ally disclose their
Intemal costs and overhead rates, and suppliers do notnom ally publish the prices atw hich they sel
their components. W hik i would theorstically be possible to estm ate these costs fiom first
prnciples ills of materials, m anufacturing operations, etc.), this approach is far too time-
consum Ing and uncerain o be practical. The estin ates shown here r=flect a m ix of gpproaches,
com bining cost inform ation fiom engine and am ission control system m anufacturers wih “best
estin ates” basad on enginesring judgem entand analogy to sin Jlar system s already In producton.

22 DATA SOURCES

Dat@ sources used in this analysis ncluded a mview of the applicable technical liematire,
together w ith industry subom issions to EPA . Subm issions by the M anufacturers of Em ission
Contols A ssociation”'® w ere particularly valusble. A satem ent by the Engine M anufacturers
A ssociation® supported and ncorporated theM ECA statem ent, lending itadditional credibility .

h additon to the technical literature, EF& EE engineers participated along w ith EPA and ICF
Consulting personnel n conference calls w ith diesel engine m anufacturers, and hitbated separate
telephone conversations w ith ca@lyst suppliers. Prior to initating the conference calls, the
profctteam developed a list of questions to be addressed. A copy of this questionnaire is given
In Appendix A. ICF then contacted the Engne M anufacturers A ssociation, which provided
contacts w ith Individual m anufacturer members. Through these contacts, it was possible t©
arnange conference calls w ith tw o engine m anufacturers, and © receive w rten answ ers t© the
questionnaire from a third. Unforumately, as of the tim e of preparation of this dwaft, thad not
been possible to anange conference calls w ith several of the leading engine m anufacturers in the
U S. - companies that acoount for virtually 100% of the m arkets for heavy-heavy duty and
transit bus engines. Ik is hoped to ncormpomate mfom ation firom these com panies 1 the final
report.
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23 ASSUM PTIONSUSED IN THE ANALYSIS

Th developing our cost estim ates, itw as necessary to m ake a num ber of assum ptions. The m ost
In portant set of assum ptions concemed the possible range of fuel sulfur levels to be pem ited in
diesel fuel. Based on discussions with EPA saff, we decided t© exam e three different
regulatory lin its for fuel sulfur content: 500 ppm , 30 ppm , and 10 ppm . The first of these
conesponds t© the existing regulation for on-highw ay diesel fuels, while the 30 and 10 PPM
levels are considered representative of the lkely range of future sulfur lim its. For com parison,
m ost Swedish diesel fuel and a substantial fraction of diesel fuel sold n Califomia already
contains 10 ppm sulfur or less. The Eurmpean Union has adopted r=gulations that w ill 1im it
diesel fuel sulfiir content o 50 pom begining in 2005, and Japan is also considering a 50 ppm
Iim it. The M anufacturers of Em ission Controls A ssociation M ECA ) has recom m ended a diesel
fizel sulfir lim it “oelow ” 30 ppm %, butnote that it is presently uncertan how farbelow 30 ppm
w illbe necessary. The Engine M anufacturer's A ssociation has stated® that firel sulfiur content of
5 ppm orless is required for light-duty vehicles w ith diese]l engines to m est EPA ‘s proposed Tier
2 em ission standards.

W e were also requested t© develop cost estim ates for different heavy-duty vehicle classes. Th
this study, w e developed costestim ates for three heavy-duty vehicle classes: nam ely light heavy-
duty vehicles L-HDVs), mediim heavy-duty vehicles M HDVs) and heavy heavy-duty
vehicles H -HDV g). Estm ates of average engne digplacem ent and annual production volum e
for these vehicle classes are shown In Table 1. These estin ates were the sam e ones used by
M ECA In a suwvey of aftertreatm ent system costs among its members. Average vehicle life
estim ates w ere t@ken as equal o the engine’s “useful life” for com pliance purposes, as defined
by EPA regulations.

Table 1: Estm ated engine digplacem ent and annualproduction

V ehicle C lasses
L-HDVs M -HDVs H-HDVs
A verage Engine D isplacem ent ([ iter) 6 8 13
A nnual Production V olum e perEngne M odel 75,000 30,000 26,000
Total hdustry W ide Production V olum e 280,000 140,000 220,000
Average V ehicle Life m iles) 110,000 185,000 400,000
A verage Fuel Economy (mpg)® 126 81 64

A ssum ptions and estim ates for the technical characteristics of the aftertreatm ent technologies

(such as catalyst and trap sizes, catalyst and w ashcoat m aterials, catalyst and carder loadings,
m aterial costs etr.) w ere developed basad on regponses and confidential subm issions from engne
and aftertreatm ent system  m anufacturers, as well as from data found In the public lieature.
E stim ated catalyst and trap sizes, as w ell as catalyst and carder loadings foreach aftertreatm ent
technology are discussed separately foreach technology. Estm ated m aterial costs are comm on
to all technologies, and are tEbulated I Table 2.

Table 2: Estn ated m aterial costs for diesel aftertreatm ent system s

M aterial C osts
$/b.

$Miter $/gal $/oy oz $/g

Ceram ic Substate® 10
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W ashcoatM aterials® 55

Platinum ¢ 37182 1196
Rhodim ¢ 553 67 1780
D iesel Fuel Cost® 085

UreaW holesale Cost! 085

16 gauge stainless steel” 098 0.002

2 Estin ated based on data provided by engine m anufacturers and B rowning, 1997°

® Extracted from data found 1'1'1Brownj1'1g,199910
© Estin ated based on data found in B owning, 1997°
9 1998 average prices™

¢ Average resource costof diesel fizel in O ctober, 1999, based on retail price of $1 22, Jess federal fuel tax of 22 and
state fuel tax of 15 centspergallon. Taxes represent transferpaym ents, notactual resource costs to society, and are

therefore excluded from costeffectiveness calculations
f Urea costranges fiom $0.75 to $0 95 pergallon atwholesale.
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3.0XIDATION CATALYTIC CONVERTERS

31 TECHNOLOGY DESCRIPTION

Recent progress on n-cylinder diesel particulate control has greatly reduced particulate em ission
levels, especially the soluble organic fraction SO F), much of which isderived from the lubricating
oil. W idespread use of exhaust gas recirculation EGR) In future engines is lkely to ncrease the
so1id carbonaceous com ponent of the PM , m aking further SO F reductions necessary. D epending
on engine and operating conditions, the SOF w ill lkely account for 20 t© 40 percent of PM
am issions friom future engnes. A diesel oxidation ca@lytic converter OO C) can r=duce PM
am issions by oxidizing a large portion of the hydrocarbons present in the SOF. The r=duction In
SOF em issions is typically of the orderof 60 to 70% **, and thism ay tanslate nto a reduction of
10 t© 30 percent n overallPM em issions. DO C s can also desoy m ostem issions of gassous HC
(inhcluding toxic aircontam hants) and catbon m onoxide CO).

Pltnum and palladim oxidation catalysts have been used extensively on Iightheavy, m edium -
heavy, and ttansitbusenghes n the U S. Tn the 1994 and 1995 m odel years, m ostdiesel L-HDV s,
M HDVs, and ttansitbuses sold n the U S.were equipped w ith DO Cs In oderto m estthe 1994
PM sendard of 01 gBHP-hr". Theiruse has shee declined, as engine m anufacturers in proved
their abiliy to m est 1994 and 1998 am ission standards w ithout aftertreatm ent. They may come
Ito increasing use agadn, how ever, In 2004, as engine m anufacturers seek t© m est the com bined
NOx+NM HC em ission stendard of 2 5 gBHP-hrwhile sdll m aintaining PM an issions Jess than
01 gBHP-hr. The caalytic converterw ill provide a double benefit in this case — reducing both
PM andNMHC.

D iesel oxidation ca@lysts have been shown to exhibit good durability In certification testng,
lasting the regulatory life of the engine. D aa on theirdurability under real-w orld n-use conditions
are not availdble. Since the m ajpr cause of n-use cadlyst failure is overheating, which is very
unlkely n a dieselengine, n-use catalystdurability is expectad to be good.

32 EFFECTSOF FUEL SULFUR CONTENT

A t tem peratures higher than about 350 °C, the pladum and palladium used In diesel oxidation
catalysts also catalyze the oxidation of SO ; In the exhaustto SO ;. This then com binesw ih water
to form sulfuric acid and other sulfate species, which condense to form particulate m atter. The
percentage of fuel sulfir that is converted t© sulfates depends on the catalyst loading and the
substate m aterial, but can approach 100%  at tem peratures above 500 °C | If fuel sulfur levels are
significant, these com pounds can add considerably to particulate m ass — m ore than offsetting the
reduction Tn PM due to oxidation of the SOF. For this reason, catalyst form ulators m ust Iim it the
PGM loading @nd thus the efficiency of the catalyst if significant am ounts of sulfur will be
present. The use of zeolites In com bination w ith reduced levels of platinum catalyst can reportedly
achieve sin flaractivity levels to a platinum -only caalystw hile producing m uch less sulfate™ .
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Sulfur in fuel also binds o the active sites on PGM  caalysts, blocking access by otherm olecules
and rducihg caalyst efficiency. T prelin hary resuls fiom the ongoing DECSE study'®, tests
perfom ed on a heavy-heavy duty engine w ith an oxidation caalyst show ed that the green catalyst
was virtually 100% efficient for THC em issions on the H eavy D uty Federal Test Procedure using
fluelw ith 3 or30 ppm sulfur, butonly about 90% efficientusing fuelw ih 150 or350 ppm sulfur.
CO efficiency also declined slightly w ith Increasing sulfur. PM reduction efficiency was low w ith
at all sulfur levels, and becam e sharply negative under high tem perature conditions due o sulfate
form ation w ith the higheraulfiirfuels.

33 SysTEM CoOST ESTMM ATESVS FUEL SULFUR LEVEL

R etzil price equivalent - Tablk 3, Table 4, and Tablk 5 chow our estim ates of the retail price
equivalent cost for diesel oxidation catalyst system s at different fiuel sulfur levels. T developng
these estim ates, we assum ed that engine m anufacturers would seek the best possible catalyst
efficiency t© help them com ply w ith stringentNM HC+NOx and PM em ission standards. Thus,
we assumed that the PGM loading m the ca@lyst would be lim ied prmarly by sulfate
production.

h developing these estim ates, w e first established the technical characteristics of the catalysts
based on the Infom ation provided by OEM s and technical data found In the liemture. The
m ajor technical characteristics and specification of DOCs were the catalyst sizes, catalyst and
carderm aterials, and PGM and carder loading.

Based on Infom ation received fiom the engine m anufacturers and data In the technical lierature,
we estmate that preciousmetal type DOCs used with future diesel enghnes will have the
follow Ing characteristics:

e ThevolumeoftheDOC w illbe roughly equal to the engine digplacem ent;

o Typical catalyst diam eter w il range from 7 to 10 Inches, and typical catalyst length will
range from 5 t© 7 inches’;

e Calystm aterialsw illbe platinum on an alum Ina carder;

e Vanadim will be used t© suppress the activity of the platinum for the SO, conversion
reaction w ithout din nishing the rate of the SOF oxidation reaction for high sulfur diesel
fuel 8;

e Alum inaloading w illbe about2 g/’ (122 g/liter) ;

e Pltnum ladigw illrange from 05 to 60 gAY 0.02 to 2 65 g/liter) depending on the sulfir
level 1n the fiiel”’ ; Jow erpreciousm etal isused w ith high sulfur fuel to reduce sulfate m ade;

e Vanadim ladingw illbe about012 g/’ (7 g/liten) °;

The canning m aterial forthe DO C system w as assum ed t© be 16 gauge stainless steel sheet. For
the LHDVs, we estin ated the DO C catalyst din ensions to be seven inches in diam eterby five
nches n length. FortheM -HDV g, the DO C catalystdin ensionsw ers estim ated to be 8 5 Inches
dizm eter by 72 inches long; and for the H- HDV s they were estimated to be 10 inches In
diameter by 84 inches long. These values gave cat@dlyst volmes equal t© the engine
displacem ent.
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To estim ate the size of the caalyst housing, w e added 20 percent to the catalyst length to allow

forentry and exit to the caalyst, and another 20 percent to account for scrap m aterials. U sing
the estim ated catalyst din ensions, we detemm Tned that the toal volum e of sainless steel sheet
rquired were 16, 23 and 32 in’ forDOC sysemsused 1 LHDVs, M HDVs,and HHDVs,
regpectively. Using the density of the sainless steel, the am ount of sanless steel required (n
gram s) w as then calculated foreach system .

For the catalyst loading, we estimated that a DOC system designed for 500 ppm sulfur fuel
would have a loading of 5 g/t platinum , together w ith 207 g/ of vanadim . The platnum

Joading was based on Industty responses to our questionnaire and comments from catalyst
suppliers. For30 and 10 ppm sulfur in the fuel, the estim ated platnum loadings w ere 30 and 50
g/ft, respectively. These estin ates w ere also based on Industry responses. V anadim would not
be required to suppress sulfate form ation In these Iattercases.

The projected costs of w ashcoating and canning w ere estim ated by “scaling down” estim ates of
w ashcoating costs forD PF system s. The Jatter estim ates w ere provided by M ECA mem bers in
comm ents on our draft report, and ranged from 150 to 250 dollars per substrate, depending on
size. ForDOC system s, w e estin ated that the costs would be 125 to 175 dollars — r=flecting the
am aller substrate and sin plerperform ance requirem ents.

W e estm ated that it would rquire about 30 m nutes t© prepare the catalyst and assem ble and
nsallthe DOC system , on am ass production scale.

W ananty costs forDO Cs were estin ated to be low , as these system s are sim ple and offer few
opportunites for failure. W e estim ated the 1ate of w ananty cidents at 2% of production, and
that each ncident would r=quire three hours of labor t diagnose, remove the old catalytic
converter, and nsallanew one.

O perating Costs — Based on Inform ation from engine m anufacturers and experience w ith the
present generation of DO C g, w e do not expect that these units w ould have a m easurable in pact
on fuel econom v or other operating costs. Thus, the lifecycle costw ould be equal t© the nidal
costto the buyer.
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Table 3: Cost estin ate for diesel oxidation catalystsw ith estim ated 10% PM reduction and
50% HC reduction using 500 ppm sulfir in fiel

D iesel O xidation Catalysts V ehicle C lasses
500 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

CatalystVolme [Lire) 6 8 13

Substrate S 52 S 70 S 113

W ashooating and Canning S 125 S 150 S 175

Platnum S 13 S 17 S 27

CatalystCan Housing S 4 S 6 S 9
D frectLabor Costs

E stim ated Laborhours 05 05 05

LaborRate ($/hr) 175 175 175

LaborCost S 9 S 9 S 9
LaborOverhead @ 40% S 4 S 4 S 4
TotalD rectCoststo M fr. S 207 S 263 S 350
W ananty Cost €% fail) 12 14 18
M fr.Carrying Cost 8 S 11 S 14
TotalCostto D ealer S 227 S 288 S 382
D ealer Canrying Cost 7 9 11
TotalCostto Buyer S 233 S 297 S 393
Lifecycle Cost S 233 S 297 S 393

Table 4: Costestin ate for diesel oxidation catalystsw ith estim ated 25% PM reduction and
80% HC reduction using 30 ppm sulfur in fuel

D el O xidation C atalysts Vehicle Classes
30 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent (L iter) 6 8 13
M aterialand Com ponent Costs

CatalystVolme [ire) 6 8 13

Substrate S 52 S 70 S 113

W ashooating and Canning S 125 S 150 S 175

Platinum S 76 S 101 S 165

CatalystCan H ousing S 4 S 6 S 9
D frectLaborCosts

Estim ated Laborhours 05 05 05

LaborRate ($/hr) 175 175 175

LaborCost $ 9 $ 9 $ 9
LaborOverhead @ 40% S 4 S 4 S 4
To@alD rectCoststo M fr. S 270 S 348 S 487
W ananty Cost 2% fail) 15 18 25
M fr.Carrying Cost 11 S 14 S 19
ToalCostto D ealer S 296 S 380 S 532
D ealer Carrying Cost 9 11 16
TotalCostto Buyer S 304 S 391 S 548
L ifecycle Cost S 304 $ 391 $ 548
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Table 5: Cost estin ate for diesel oxidation catalystsw ith estim ated 30% PM reduction and
85% HC reduction using 10 ppm sulfir in fiel

D iesel O xidation Catalysts V ehicle C lasses
10 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterialand Com ponentCosts

CatalystVolme [Lire) 6 8 13

Substrate S 52 S 70 S 113

W ashooating and Canning S 125 S 150 S 175

Platnum S 127 S 169 S 274

CatalystCan H ousing S 4 S 6 S 9
D frectLabor Costs

E stim ated Laborhours 05 05 05

LaborRate ($/hr) 175 175 175

LaborCost S 9 S 9 S 9
LaborOverhead @ 40% S 4 S 4 S 4
To@alD rectCoststo M fr. S 321 S 415 S 597
W ananty Cost % fail) 17 22 31
M fr.Carrying Cost 13 S 17 S 24
To@lCostto D ealer $ 351 S 454 S 651
D ealer Canrying Cost 11 14 20
To@mlCostto Buyer S 361 S 467 S 671
Lifecycle Cost S 361 S 467 S 671

34 CONCLUSIONS

D jesel oxidation catalytic converters can help to r=duce PM and HC eam issions, incliding
am issions toxic air contam nants. A t high exhaust tem peratures, how ever, PGM Jased DOCs
can Increase PM e issions due to “sulfate make” - the conversion of SO, In the exhaust t©
sulfuric acid and other sulfates. To reduce sulfate m ake under high loads, m anufacturers w ill
have to rduce caalyst Joading and orposition the catalytic converter further dow nsteam I the
exhaust. Both of these m easures w ould r=duce its efficiency. Sulfuralso inhibits the activity of
the PGM ca@lystitself. W ith 500 ppm sulfiir in the fizel, w e estim ate that the efficiency for PM
reduction w ould be Iim ied to around 10% , and that forH C reduction around 50% .

I fuel sulfir levelswere lin ited t 30 or10 ppm , engine m anufacturers could use higher catalyst
Joading, and the catalyst would suffer less from sulfur poisoning. DOCs would thersfore be
much m o effective n reducing PM SOF and HC, including toxic em issions. Based on very
Iin ited data, we estim ate thata DO C designed for 30 ppm fuel could attamn 25% efficiency for
PM and 80% efficiency forH C, while one designed for10 ppm fuel could attain 30% efficiency
forPM and 85% forHC. Since the platnum catalyst accounts for a large fraction of the total
cost, these m ore-efficient converters w ould also be m ore expensive — about 12% m ore expensive
for caalytic converters designed for 30 ppm fuel, and about 48% more expensive for those
designed for10 ppm fuel.

The diesel oxidation catalyst is estin ated to have no m easurable effect on fuel economy or
operating costs, and this w ould notbe affected by the fuel sulfur level.
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4 DIESEL PARTICULATE FILTERS

41 TECHNOLOGY DESCRIPTION

A diesel particulate filler O PF) system com prises a pardoulate filler to rem ove the PM fiom  the
enghne exhaust stoeam , together w ith som e m eans for regenerating the filler by rem oving the
partdculate m atter. R egeneration is accom plished by buming or otherw ise oxidizing the collected
material. M anufacturing a filter capable of collecting soot and other particulate m atter from  the
exhaust steam is staightforward, and effective tapping media have been developed and
dem onstrated. The problem of D PF system developm ent is In effectively r=m oving the soot and
regenerating the filter. D iesel PM  consists of solid carbon coated w ith heavy hydrocarbons. This
m xture gnites at 500 t© 600 °C, which is w ell above the nom al range of diesel engine exhaust
tem peratures. Special m eans are therefore needed t© ensure Igniton. Once Ignied, how ever, the
PM bums at tem peratures that can m elt or crack the partculate filter unless designed against.
Thitating and contolling regeneration w ithout dam aging the filter is the central problem of D PF

system developm ent.

A num ber of filration m edia have been tested successfully, mcluding cellular ceram ic m onoliths,
woven ceram ic-fber coils, ceram ic foam s, comugated mulb-foer felts, and ca@lystcoated
samnlkessgeelwirr mesh. Cellular ceram ic m onoliths are the type m ost comm only used. These
are sin ilar In constuction t© the cellular ceram ic m onoliths used In caalytic converters, exospt
that the ends of altemate cells are blocked, forcing the exhaust gases to flow through the porous
caram icw allsof the cells. The PM  is fillered outon the upstteam w allof the cell.

M any regeneration system s have been proposed forD PFs, and m uch developm ent effort has been
Tvested. Regeneration tedmigques can be divided Into passive and active approaches. Passive
System s attain the conditions required for regeneration as a result of nom al vehicle operation.
G ven the 1ange of vehicle operating pattems, is it difficult t© assure that regeneration can be
achieved underall conditions. Passive regeneration system s generally rely on a caalyst @seithera
coating on the trap ora fuel additive) o reduce the ignition tem perature of the collected particulate
mater. A novel passive regeneration system that is now seeing much gpplication is the
“continuously regenerating” DPF system . T this system , a pladnum  catalyst ocated upstream
from the D PF isusad to oxidize nitric oxide N0 ) t© nirogen dioxide NO,). TheNO , then =acts
wih the PM 1 the DPF, oxidizihg it to CO and CO,. This occurs even at Iow exhaust
tem peratures, thus preventng the accum ulation of significantam ounts of soot In the filer.

O ther types of passive regeneration system s rly on catalytic coatings applied t© the partculate
filter i=elf, or ca@alytic additves In the fuel. By applying a platinum cat@lyst to the filter, it is
possble to low erthe PM  Ignition tem perature and ncrease the oxidation mte by m eansofthe sam e
NO t NO, rmaction used In continuously regenerating DPFs. W ih cunent fuel sulfur levels,
how ever, the usable PGM loading and activity are lin ied by the potential for sulfate production at
high mmpemtures. The resultng sulfuric acid passes through the ttap I vapor fom , then
condenses dow nstream  Into particles — thus offestting the PM  reduction due to the filter.
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Active D PF regeneration system sm onitorparticulate m atter n the trap and trigger soecific actions
to 1egenerate itw hen needed . A variety of approaches to trigger regeneration have been developed,
hcluding diesel-fuel bumers, electric heaters, and caalyst Injection system s. Catalytic coatings
have a number of advantages In active system s as well, and are often clided. The r=duced
Igniton tem perature and hcreased com buston mate resulting from the ca@lyst inply that less
energy isneeded fiom the regeneration system . R egeneration w i1l also occur spontanecusly under
m ost duty cycles - greatly reducing the num ber of tim es the regeneration system m ust operate.
Spontaneous regeneration also provides nsurance against regeneration system failure. The catalyst
helps t© ncrease the efficiency of the system by destroying SO F com pounds thatw ould otherw ise
pass through the filter as vapors, then condense downstream Into particles again. Finally, the
caalystsused m ay also help by reducing H C and toxic em issions.

42 EFFECTSOF FUEL SULFUR CONTENT

The effects of fuel sulfur content on D PF system s are sin ilar t© those on oxidation catalysts.
The problem of sulfate production fiom SO, In the exhaust Iin its the am ount and activity of the
preciousm etal catalysts that can be used. Sulfiiralso binds to and inhibits the activity of PGM

caalysts, reducing their effectiveness In prom oting particulate regeneration. Sulfiir is especially
effective n inhibitng the NO t© NO, raction. Because of this lin imton, it has not been
possible to develop a purely passive trap 1egeneration system that w ill work elidbly n most
types of vehicles w ith fuel sulfur levels of 500 ppm . W e believe that such a system would be
vidble, how ever, at fuel sulfur levels n the 10 to 30 ppm 1@nge. A tthese sulfiir levels, the PGM

caalyst is effective In promoting the oxidation of NO to NO,, which then oxidizes the
carbonaceous m aterial — faciliating regeneration. This is also the basis for the continuously
regenerating tap system . Sulfate form ation at high tem peratures is also a problem w ith this

System .
43 SYSTEM COST ESTIM ATESVS.FUEL SULFUR LEVEL

Retailprice equivalent -W e estin ated the RPE of tw o differentD PF system s. The first system

was a conventional “ca@lyzed” D PF, w ith the platinum ca@lyst applied on the tap substate.
Table 6, Table 7, and Table 8 show the estim ated RPE forthis type of system at fuel sulfur levels
0of500,30,and 10 ppm , respectively. The second type of system considered w as a “contnuoushy
regenerating” D PF, which uses NO, produced fiom NO on a plhthum ca@lyst upstream t©
oxidize the soot collected on the filter. Contnuously regenerating D PF system s require low -
sulfur fuel forthe NO t© N O, oxidation, o w e did notestin ate the costs of this system w ith 500
pem fuel. Table 9 show s the estim ated costs of continuously regenerating D PF system sw ith 30
pem sulfur n the fuel, while Table 10 show s the estim ated costs w ith sulfurat10 pom .

Catalyzed DPF Systems — W e assumed a ceram ic monolith type D PF. Regponses fiom the
engine m anufacturers to our questionnaire indicated that typical D PF volum e w ould range fiom

150 t© 250% of engine digplacement. W e estim ated that the DPF volum e r=quired to lin it
backpressure t© acceptable levels w ould be tw ice the engine disgplacem ent. W e assum ed that the
proportons of the DPF would be sin ilar o those of a diesel oxidation catalyst, wih all
din ensions being Increased m ore-or-less In proporton © provide the additional volme. W e
therefore m ultiplied our estim ates of the diam eters and lengths forthe DO C system by the cube
oot of two to obtain com parable estim ates for the DPF. This yielded din ensions of about 9
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Tnches I diam eterby 8 nches in length forL-HDV s, 11 Inches in diam eterby 9 inches n length
forM HDVs, and 13 Inches In diameter and 11 inches in length for H-HDVs. W ih these
din ensions, the toal volim e of samnless steel required for the containm ent system s on the
catealyzed DPF system s were calculated as 25, 36 and 50 n’ for LHDVSs, M HDVs, and H -
HDVs, regpectively. For com parison, the ca@lyzed DPF used in the DECSE study has a
din ension of 10 5 inches in diam eterand 12 iches 11 length fora 8 5 lierengne

Based on Industry responses to our questionnatie, the typical PGM  loading for a catalyzed D PF
system mnges fiom 05 t© 50 g/, depending on the sulfir content in the fiel. W e estin ated
that a catalyzed D PF system designed for 500 ppm sulfir fiiel w ould have a loading of 0 5 g/
platium , togetherw ith 207 gAY of vanadim . W e also assum ed that tw ould require an active
tiEp regeneration system , w ith an estin ated costof $300°°.

For 30 and 10 ppm sulfur in the fuel, the estin ated platium  oadings were 20 and 30 gAY,
regpectively. These estin ates w ere based on the m iddle of the range that the Industyy provided
n response to our questionnaire, as w ell as subequent comm ents fiom M ECA m am bers on our
draftanalysis. T these cases, w e assum ed that the caalyst w ould be active encugh t© elim nate
the need foran active regeneration system |, thus saving the associated costs and com plexity .

The projected costs of washooating and canning w ere based on estim ates provided by M ECA
m em bers In comm ents on our draft report. These ranged from 150 t© 250 dollars per substate,
depending on size.

W e estmated that it would r=quire about 15 m nutes t© prEpare, assemble, and nsall a
catalyzed D PF system on am ass production scale.

Contnuously Regenerating DPF Systems — A s indicated earlier, a contnuously regenerating
DPF system consists of an upsteam catalytic converter and a DPF. W e estimated that the
volim e of the DPF would be the same as that rquired for a catalyzed DPF system . The
upstzeam cat@lyst forNO t© NO, conversion w as estim ated t© have volum e sim ilar to thatof a
diesel oxidation catalyst. The total volmes of samnless steel required for the complete
contanm ent system w ere calculated as 37, 55 and 75 n’ forL-HDVs,M HDVs,and H HDVs,
regpectively. For com parison, the continuously regenerating D PF system used In the DECSE
study has the sim ilar arrangem ent but slightly different in configuration; it has a upste=am
catalyst w ith a din ension of 10 5 inches In diam eter and 6 inches in length, and a DPF wih a
din ension of 10 5 inches in diam eterand 12 iches 11 length fora 8 5 lierengne

W e assum ed the sam e preciousm etal Joading In the continuously regenerating D PF system sas in
the cat@lyzed D PF system discussed earlier. W ashcoating costs for the upsteam ca@lystw ere
assum ed to e equal to those forD O Cs, w hich w ould have the sam e volim e.

W e estmated that it would r=quire about 15 hours t© assem bl and ins@all a contnuously
regenerating D PF system .
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Table 6: Cost estin ate for catalytic D PF w ith estim ated 70% PM reduction and 50% HC

reduction usng 500 PPM sulfur in fuel

Catalyzed DPFs V ehicle C lasses
500 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

FilterVolme (Lier) 12 16 26

Filter Trap S 250 S 350 $ 510

W ashcoating and Canning 150 S 2001 $ 250

Platinum $ 3 ¢ 3] 8 5

FilterCan H ousing S 7 S 10 S 14

D ifferential Pressure Sensor S 45 S 45 S 45

A ctive R egeneration System S 300 S 300 S 350
D frectLabor Costs

E stim ated Laborhours 15 15 2

LaborRate ($/hr) 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% 11 S 11 S 14
To@alD rectCoststo M fr. S 791 S 945| S 1,223
W ananty Cost (103 fail) 209 247 314
M fr.Canying Cost 32| ¢ 38| s 49
ToalCostto D ealer S 1,031 S 1230 S 1,586
D ealer Canrying Cost 31 37 48
TotalCostto Buyer S 1,062 S 1267 S 1,633
L ifecycle Cost S 1,228 S 1,700 $ 2,822
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Table 7: Cost estim ate for catalytic D PF w ith estim ated 80%
reduction usng 30 PPM sulfur in fuel

Catalyzed DPFs V ehicle C lasses
30 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

FilterVolme (Lier) 12 16 26

Filter Trap S 250 S 350 $ 510

W ashooating and Canning S 150 S 200 S 250

Platnum S 101 $ 135 S 220

FilterCan H ousing S 7 S 10 S 14

D ifferential Pressure Sensor S 45 S 45 S 45
D frectLabor Costs

E stim ated Laborhours 15 15 2

LaborRate ($/hr) 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% S 11 S 11 S 14
To@alD rectCoststo M fr. 602 S 793 S 1113
W ananty Cost 6% fail) 74 98 135
M fr.Carrying Cost S 24 S 32 S 45
ToalCostto D ealer S 700 S 922 S 1293
D ealer Canrying Cost 21 28 39
To@lCostto Buyer S 721 S 950 S 17331
L ifecycle Cost S 775 S 1,091 S 1,720

PM reduction and 80% HC
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Table 8: Cost estim ate for catalytic D PF w ith estim ated 95%
reduction usng 10 PPM sulfur in fuel

Catalyzed DPFs V ehicle C lasses
10 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

FilterVolme (Lier) 12 16 26

Filter Trap S 250 S 350 $ 510

W ashooating and Canning S 150 S 200 S 250

Platinum $ 152 S 203 S 329

Filter Can H ousing S 7 S 10 S 14

D ifferential Pressure Sensor S 45 S 45 S 45
D frectLabor Costs

E stim ated Laborhours 15 15 2

LaborRate ($/hr) 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% S 11 S 11 S 14
TotalD rectCoststo M fr. 653 S 860 S 1223
W anenty Cost (53 fail) 80 106 149
M fr.Carrying Cost S 26 S 34 S 49
ToalCostto D ealer S 759 $ 1,001 S 1421
D ealer Canrying Cost 23 30 43
To@lCostto Buyer S 782 $ 1,031 S 1463
L ifecycle Cost $ 836 $ 1172 $ 1851

PM reduction and 85% HC
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Table 9: Cost estimate for continuously regenerating DPF with estimated 80% PM
reduction and 80% H C reduction using 30 PPM sulfur in fuel

Continuously R egenerating D PFs V ehicle C lasses
30 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

FilterVolme (Lier) 12 16 26

CatalystVolme (ien 6 8 13

Substrate S 52 S 70 S 113

Filter T1ap $ 250 $ 350 $ 510

W ashcoating and Canning $ 125 $ 150 S 175

Platnum S 76 S 101 S 165

FilterCan H ousing S 10 $ 15 S 21

D ifferential Pressure Sensor S 45 $ 45 S 45
D frectLabor Costs

Estim ated Laborhours 15 15 2

LaborRate ($/An 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% S 11 S 11 S 14
To@alD rectCoststo M fr. S 595 S 768 S 1,078
W ananty Cost 6% fail) 80 101 139
M fr.Carrying Cost 24 S 31 S 43
TotalCostto D ealer S 699 S 900 S 1259
D ealer Canrying Cost 21 27 38
TotalCostto Buyer S 720 S 927 S 1297
Lifecycle Cost S 774 $ 1,069 S 1,685
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Table 10: Cost estm ate for continuously-regenerating DPF with estmated 95% PM
reduction and 85% H C reduction using 10 PPM sulfur in fuel

Continuously R egenerating D PFs V ehicle C lasses
10 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

FilterVolme (Lier) 12 16 26

CatalystVolme (ien 6 8 13

Substrate S 52 S 70 S 113

Filter T1zp $ 250 $ 350 $ 510

W ashcoating and Canning $ 125 $ 150 $ 175

Platnum S 127 S 169 S 274

FilterCan H ousing S 10 S 15 S 21

D ifferential Pressure Sensor S 45 S 45 S 45
D frectLabor Costs

Estim ated Laborhours 15 15 2

LaborRate ($/hr) 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% S 11 S 11 S 14
To@alD rectCoststo M fr. S 646 S 835 S 1,188
W ananty Cost 6% fail) 86 110 152
M fr.Canying Cost 26 s 33 S 48
ToalCostto D ealer S 758 S 979 S 1387
D ealer Canrying Cost 23 29 42
To@alCostto Buyer S 781 S 1,008 S 1429
Lifecycle Cost S 835 $ 1150 S 1,817

O perating Costs — Tablke 11 show s the estim ated operating cost ncrease due t the DPF. The
presence of a loaded DPF in the exhaust line would Increase fuel consum ption, due t© the
ncrease In engine backpressure. Based on infomm ation from engine m anufacturers, w e estin ate
that this increase would be only about 1% for D PFs used with low -sulfiir fiel, as the NO,
produced by the catalyst would keep the soot Joadings low atall times. W ih high-sulfur fuel,
thism echanian would be neffective, and average soot loading w ould be considerably higher. Tn
this case, w e estin ate that the fixel consum ption penalty w ould be about 3% *°.

44 CONCLUSIONS

D jeselparticulate filler system sw ith PGM  catalysts can drastically reduce PM and HC em issions

(ncluding toxic air contam nants), and m ay slightly r=duce NOx. The efficiency and cost of
these system s w ould be stongly affected by the sulfiir content of the filel. Like diesel oxidation
caalysts, catalytic D PF system s used w ith 500 ppm  sulfur fizel could ncrease PM  am issions at
high exhaust tem pemtures due t© sulfate make. To rduce sulfate m ake under high loads,
m anufacturers have had reduce catalyst loading andr positon the DPF system further
downstream In the exhaust. Both of these m easures also reduce its ability to regenerate unaided.
Sulfur also nhibits the activity of the caalyst it=elf, especially affecting the production of NO,
from nitric oxide.
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Table11l:Estn ated fizel consum ption penalty dueto C D PFsand CR D PFs.

DPFs V ehicle C Jasses
O perating C osts LHDVs M HDVs HHDVs
V ehicle Lifetim e n i.) 110,000 185,000 400,000
Baseline FuelEconomy mpg) 126 81 64
Average D lesel FuelCost ($4al) 085 085 085
D iesel Fuel Sulfiir 500 ppm
Fuel Penalty Due to D PF 3% 3% 3%
Lifetim e Fuel Cost (§) $ 230 $ 600 $ 1646
N et PresentV alue of Fuel Cost (§) $ 166 $ 433 $ 1,189
D iesel Fuel Sulfiir10 -30 ppm
Fuel Penalty Due to DPF ($) 1% 1% 1%
Lifetim e Fuel Cost (§) $ 75 $ 196 $ 538
N et PresentV alue of Fuel Cost () $ 54 0§ 142 ¢ 388

I fuel sulfiir levels w ere 1 ited t© 30 or10 ppm , engine m anufacturers could use higher catalyst
lJoading, and the caalyst would suffer less from sulfiir mhibiton. SOF and sulfate em issions
would thus be r=duced, and backpressure would be Iowered. W e estin ate thata DO C designed
for30 ppm fuelocould attain 80% efficiency forboth PM and HC , w hile one designed for 10 ppm
fuel could attain 95% efficiency forPM and 85% forHC . NOx em issionsw ould also be reduced
slightly. Low ered backpressure and the elin nation of the active regeneration system would
reduce the fuel penalty due to the trap t© around 1% .

W ih 500 ppm sulfur n the fuel, we estimate that a DPF sysem would require active
regeneration to for rliable rrgeneration. Catalyst Joading would have t© be lim ited, so thata
significant am ount of SO F would escape through the filter n vapor form . This, plus produced
sulfateswould 1m itthe PM reduction efficiency of the trap to around 70% , and the HC reduction
to around 50% . The exta backpressure and fuel required for regeneration w ould result increase
fulel consum ption by about 3% .
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5.LEAN NOy CATALYSTS

51 TECHNOLOGY DESCRIPTION

Lean NOx caalysts for diesel and lean-doum gasoline engines have been one of the m ain subjects
of research and developm ent In am ission contol system s during the last decade. The three-way
catalytic converters used In gasoline engines use PGM  catalysts to prom ote the reduction of NOx
by reacting itwih CO and unbumed HC in the exhaust. These catlysts are neffective 1n the
presence of significant excess oxygen, since the oxygen and NOx compete for the =ductant
Soecies availlble. Sohce diessl engines alw ays operate w ith airfuel mtios much leaner than
stoichiom etric, three-w ay catalytic converters are neffective w ith such engines.

C atalysts have been developed that can prom ote the reduction of NOx by HC even in the presence
of excess oxygen. These caalysts are generally based on zeolites. The cryst@al soucture of the
zeolite provides a large num ber of an all enclosed gpaces mito which HC and NOx can diffuse
while being mostly shielded fiom the excess oxygen present” Even wih zeolie camlysts,
however, about six tines as much HC is rquirrd as NOx In orer to achieve good NOx
reductions. Since HC em issions fiom m odem heavy-duty diesel engines are generally less than
one-tenth the N O x em issions this requires that hydrocarbons be added to the exhaust.

Two lean NOx catalyst types have been developed: a platinum dased system effective betw een
about 200 and 300 °C , and system s using base-m etal catalysts effective betw een about 350 and 500
°C . A comm ercial production system w ould Ikely com bine these tw o types in orderto achieve the
best possible efficiency across a w ide 1ange of tem peratires. Even in this case, how ever;, typical
efficienciesw ih 30 ppm sulfurdiesel fuel are In the 1ange of 20 t© 30% .

Possible m easures to ncrease the HC contentof the exhaust include injecting additional diesel firel
nto the cylinder during the exhaust sooke, or mectng fuel nto the exhaust pipe. The fomer
would be latively easy to arrange 1 electrohydraulic orcom m on-1ail type fiiel njection system s,
which are expected t© be usad extensively in lightheavy and m edium -heavy duty engines in
com Ing years. Tn discussions w ith engine m anufacturers, how ever, they hdicated that such post-
Tnjection was unlkely t© be in plem ented 1n production, due to concems about effects on engine
durability due oil diluton. Postinjection would also be difficult to anange w ih the types of
electronic unit inectorsystem s comm on n heavy-heavy duty engines.

For these reagons, w e assum ed that post-injection system s would notbe used t© provide the extra
HC flow rquirrd. Tstead, we assum ed that a ssparate exhaust fuel Injection system would be
used. This system would com prise a fuel booster pum p, pressure regulator; and electronically-
contolled fuel njpctor — sim ilar t© those used n throttdedoody flel injection system s for gasoline
engines. To prevent coking and deposit form ation In the injector nozzle from the heat of the
exhaust, it would be necessary t© provide cooling fiom the engine cooling pcket. Thus, coolant
hoses and connectionsw ould also be required.
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52 EFFECTSOF FUEL SULFUR CONTENT

Platnum is a key elem ent of the low -tEm perature lean NOx caalyst system . A s w ith platnum
caalysts In other aftertreatm ent technologies, the efficiency of the deN O x ca@alyst is adversely
affected by sulfur n the exhaust - r=ducing the aleady low efficiency of the system . The
platnum caalystalso tends to convert SO , to sulfates athigh tem peratures, thus hcreasing PM
an issions. I prelin mary results from the DECSE program , convererout PM  em issions
creased asmuch as 54%  In the high-tem perature O ITA m ode 2 using fuelw ith 150 ppm sulfur.
The am ountof increase at 350 pom sulfurw as less than at 150 ppm , but stll substantial at33% .
For fuelw ith 3 ppm sulfiur, the PM Increase n OICA mode 2 was only 6% , and the catalyst
actually gave a PM  reduction under lighter oads'™® .

53 SysTeEM CoOST ESTIM ATES VS FUEL SULFUR LEVEL

Rewmil Price Equivalent - Table 12 and Table 13 show the estm ated RPE costs for leanNOx
caalyst system s wih 30 and 10 ppm sulfur n the fuel, respectively. Cunent lean NOx
technology r=quires low sulfur filel, and w ill not work w ith fuel containing significant sulfur.
For this reason, w e did not estin ate a cost for these system s w ith filel m esting the present 500
pom sulfur lim it.

R esponses to our questionnaire from the engine m anufacturers Indicated that the catalyst size for
a leanNOx catalyst system chould be about twice the engine disgplacement. W e used this
assum ption In the cost analysis. Thus, the din ensions assum ed fora lean-N O x catalyst system
w ere the sam e as forthe D PF system .

Based on ndustry responses to our questionnaire, the typical platihum loading fora leanNOx
catalyst system ranges from 50 t 90 gAY . For30 and 10 ppm sulfur in the fel, the estim ated
platium Joadingsw ere 50 and 90 g/, respectively. These estin ates w ere based on the Iow end
and high end of the 1ange that the Industry provided. Specific estin ates of w achcoating costs for
lean NOx catalysts were not availbble from ndustry. W e therefore assum ed that these costs
would be s ilarto those for caalytic trap-oxidizers, forw hich such estin atesw ere available.

The cost for the fuel supply and Injection system was estim ated at $100 t© $150, depending on
the vehicle class. This estin ate w as based on comm ents fiom  the engine m anufacturers n our
conference calls'®, asw ell as a previous cost analysis fora throttle-body filel Injection system for
autility engine® . W e estim ated that itw ould require about one hourto assem ble and sl the

lean N O x catalystsystem .

O perating Costs — The extra filel Injected nto the exhaust to serve as a reductentw ould add t©
vehicle fixel consum ption. Based on infom ation fiom  the engine m anufacturers, w e estim ate the
ncrem ental fuel consumption at about 2% of ol fuel use. The effects of this added
consum ption on life-cycle costs are shown In Table 14.
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Table 12: Cost estin ate for lean NO x catalyst system w ith estin ated 25% NO x reduction

using 30 ppm sulfur in fuel

Lean NO x Catalysts Vehicle C lasses
30 ppm Sulfur Content LHDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterialand Com ponent Costs

CaalystVolme Lixe) 12 16 26

Substrate S 105 S 140 S 227

W ashooating and Canning S 250 S 300 S 350

Platnum S 253 S 338 S 549

CatalystCan Housing S 7 S 10 S 14

Fuel Supply and Injection A ssy $ 100 $ 110 $ 150
D frectLaborCosts

Estim ated Laborhours 1 1 1

LaborRate ($/hr) 175 175 175

LaborCost S 18 S 18 S 18
LaborOverhead @ 40% S 7 S 7 S 7
To@lD rectCoststo M fr. S 739 S 922 S 1314
W ananty Cost 6% fail) 94 117 166
M fr.Canying Cost 30 s 37 $ 53
To@lCostto D ealer S 863 S 1,076 S 1533
D ealer Canrying Cost 26 32 46
TotalCostto Buyer S 889 S 17108 S 1579
Lifecycle Cost S 999 S 1394 S 2363
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Table 13: Cost estim ate for lean NO X catalyst system w ith estim ated 30% NO x reduction
using 10 ppm sulfur in fuel

Lean NO x Catalysts Vehicle C lasses
10 ppm Sulfur Content LHDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterialand Com ponent Costs

CaalystVolme Lixe) 12 16 26

Substrate S 105 S 140 S 227

W ashooating and Canning S 250 S 300 S 350

Platnum S 456 S 608 S 988

CatalystCan Housing S 7 S 10 S 14

Fuel Tnjection A ssem bly $ 100 $ 110 g 150
D frectLaborCosts

Estim ated Laborhours 1 1 1

LaborRate (/) 175 175 175

LaborCost S 18 S 18 S 18
LaborOverhead @ 40% S 7 S 7 S 7
To@lD rectCoststo M fr. S 942 S 1,192 S 1,753
W ananty Cost 5% fail) 120 151 221
M fr.Canying Cost 38 $ 48 $ 70
To@lCostto D ealer S 1,099 S 1391 S 2,044
D ealer Canrying Cost 33 42 61
To@mlCostto Buyer S 1132 S 1432 S 2,106
Lifecycle Cost S 1242 S 1,718 S 2,890
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Table 14 : Estn ated lifetin e reductant cost for lean-NO x catalyst system s

Lean NO x Catalysts Vehicle Classes

O perating C osts L-HDVs M HDVs| H-HDVs
V ehicle Lifetime m i) 110,000 185,000 400,000
Fuel Consum ption

Baseline FuelEconomy mpg) 126 81 64

Extra FuelN eeded asR eductant 2% 2% 2%

Average D desel Fuel Cost (6/4a)) 085 085 085
Lifetim e ReductantCost ($) $ 152 S 396 $ 1,086
N et PresentV alue of R eductant Cost ($) 110 286 784

54 CONCLUSIONS

Lean NOx catalyst system s can reduce can r=duce NOx em issions by 20 t© 30% , butw ill have
little effecton PM . HC eam issions are lkely to Increase, due to the effect of adding extra fuel to
the exhaust thisw as dem onstrated in the DECSE study) . The effectiveness of lean NO x catalyst
system s w ould be stongly affected by the sulfur contentof the filel. A sw ith other PGM  catalytic
system s, these cat@lysts would Increase PM - em issions if operated on 500 PPM  sulfur fuelathigh
exhaust tem peratures. Sulfur also nterferes w ith the operation of the catalyst itself, especially
affecting the N O x r=duction reaction. Forthis reason, practical lean N O x catalyst system sw ould
only be possible w ith fuel sulfur levels less than 50 ppm .

I fuel sulfiur levels w ere 1 ited t© 30 or10 ppm , engine m anufacturers could use higher catalyst
Joading, and the caalystw ould suffer less from sulfurpoisoning. NOx efficiency would thusbe
ncreased, and sulfate em issions would be reduced . W e estim ate thata Jean NO x catalyst system
designed for 30 ppm fuel could attain 25% efficiency for NO x, while one designed for 10 ppm
fuel could attain 30% efficiency. The need to add fuel to the exhaust to serve as a reductant for
the N O x would add about 2% to fzel consum ption. Basaed on results of the DECSE study’®, HC
em issions w ould Increase about three tin es.
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6.NOx STORAGE CATALYST SYSTEM S

61 TECHNOLOGY DESCRIPTION

NOx storage catalyst system s or "W O x traps” use a cyclic process to capture and r=duce NOx in
Jean exhaust stream s. A s discussed In Chapter 5, the presence of excess oxygen nterferes w ith
NOx reduction under lean conditions. I this tedhnology, the NOx is ca@alytically oxidized t©
N O, under lean conditions, then chem ically captured by reaction w ith an akaline earth m eal
such asbarim . The resultng barium nitate is sable under Jean conditions, “apping” the NO x.

Once the NOx storage m ediim nears sattration, the system m ustbe regenerated by subjecting it
to a short period of rich operation. Under rich conditions, the barim nitate reacts to fom

barim carbonate and rlease the NO 5, which is then reduced to nitrogen using a catalyst such as
thodiim .

To achieve rich conditions n a diesel engine is difficult, as the engines are designed to operate
alw ays w ith substantial excess air. W hile it would be possble t© do so under m ost operating
conditions by throttling the air ntgke or ntroducing an extrem ely high rmate of exhaust gas
recirculation, this probably w ould not suffice at idle orvery light loads. T addition, the presence
of nadequate oxygen In the cylinder would greatly increase am issions of soot and particulate
m atter.

To achieve rich conditions for NOx trap regeneration, we assum ed that the NOx trap system
would be tem porarily bypassed, allow ing the use of a ssparate diesel filel bumer system t©
produce the hot, rich m Ixture needed for regeneration. The costs of this diesel fuel bumer system
would be s ilarto those of an active regeneration system fora diesel particulate filter.

62 EFFECTSOF FUEL SULFUR CONTENT

Sulfur in diesel fizel has an extrem ely detrim ental effecton N O x storage cat@lystsystem s. SO, is
chem ically sin flar to NO,, and binds stongly t© the bariim NOx storage m edim , form ng
sable barim sulfate. UnlkeNO ,, the sulfiiris notdesorbed during regeneration at tem peratures
typical of diesel operation, o itgradually accum ulates, reducing the NO X storage capacity. To
rem ove the sulfurand recover tiap efficiency, it is necessary o heat the catalystto around 700 °C

for about 90 seconds In the presence of a rich airfuel m Xture. W e assum ed that this catalyst
desulfation step would also be perform ed by the diesel fuel bumer w ith the catalyst bypassed.
For fuel w ith sulfir levels as high as 500 ppm , this desulfation would have to be perform ed so
often as t© be In practical. W e therefore considered only the 30 and 10 ppm sulfiir cases forthis
tedmology.

63 SYSTEM COST ESTIMATES VS FUEL SULFUR LEVEL

Retril Price Equivalent -A NOx storage catalyst system w ould have preciousm etal catalysts to
oxidize NO t© NO ,, akaline earth oxide to store the NO x, and precious m eal caalysts to r=duce
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the stored NOx after a rich m xture is ntroduced. Based on hdustyy regoonses and technical
Iiterature, one of the prom ising NOx storage cat@lyst system s uses phtnum to perfom the
oxidation process, barim Ba) as the sorage medim , and thodim Rh) to perform the
r=duction process. Our cost estin ates w ere developed for this type of NOX storage catalyst
System .

R egoonses to our questionnaire from the engine m anufacturers indicated that the catalyst size for
aNOx sorage system would range from 150 to 250% of the engine displacement. W e assum ed
a toal volum e equal to 200% of engine digplacem ent, divided betw een two ssparate catalytic
converters. Thiswould allow one to be regenerated ordesulfated while the otherw as collecting
NOx. Thus, the dim ensions and substrate cost for each of the NO x storage catalyst units w ere
assum ed to be the sam e as those of a diesel oxidation catalyst. Table 15 and Tablk 16 chow the
RPE cost estim ates for NOx storage caalyst system s for the 30 ppm and 10 ppm  fuel sulfur
levels.

Table 15: Cost estimate for NOx storage catalyst system with estmated 70% NOX
reduction using 30 ppm sulfur in fuel

NO x Storage C atalyst Vehicle Classes
30 ppm Sulfur Content L-HDVs M HDVs H-HDVs

A verage Engine D igplacem ent (L iter) 6 8 13
M aterial and C om ponent Costs

CaalystVolme @Lier) 12 16 26

Substrates S 105 $ 140 S 227

W ashcoating and Canning S 250 S 300 $ 350

Platnum S 137 S 182 S 296

Rhodim S 23 S 30 S 49

A kaline Earth O xide, B arium S 1 S 1 S 1

CatalystCan H ousing S 9 $ 13 S 17

R egeneration System S 300 S 300 S 350
D frectLaborCosts

E stim ated Laborhours 15 15 2

LaborRate ($/hr) 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% S 11 S 11 S 14
To@lD rectCoststo M fr. S 861 $ 1,003 $1,340
W ananty Cost 6% fail) 113 131 171
M fr. Carrying Cost S 26 S 30 S 40
TotalCostto Dealer S 999 $1,163 $1,551
D ealer Carrying Cost 30 35 47
TotalCostto Buyer S 1,029 $1,198 $1,598
Lifecycle Cost $ 1167 $ 1,557 $2 583
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Table 16: Cost estimate for NOx storage catalyst system with estmated 80% NOX
reduction usng 10 ppm sulfur n fuel

NO x Storage C atalyst V ehicle C lasses
10 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

CatalystVolme (ier 12 16 26

Substrate $ 105 S 140 S 227

W ashooating and Canning S 250 S 300 S 350

Platinum S 228 S 304 S 494

Rhodium S 38 S 50 S 82

A kaline Earth O xide, B arim S 1 S 1 S 1

CatalystCan H ousing S 9 S 13 S 17

R egeneration System $ 300 $ 300 $ 350
D frectLabor Costs

Estim ated Laborhours 15 15 2

LaborRate ($/An 175 175 175

LaborCost S 26 S 26 S 35
LaborOverhead @ 40% S 11 S 11 S 14
To@alD rectCoststo M fr. S 967 S 1,144 $1,570
W ananty Cost 6% fail) 126 148 200
M fr.Carrying Cost S 29 S 34 S 47
To@lCostto D ealer $1,122 S 1327 $1,817
D ealer Canrying Cost 34 40 55
TotalCostto Buyer $ 1,156 S 1367 $1,872
Lifecycle Cost $ 1293 S 1,726 $2,857

A s forcatalyst loading, the typical platinum loading fora N O x storage catalyst system w as sated
by engine m anufacturers as being fiom 50 to 90 g/At’, and the PtRh mato istypically 10 o 1. T
subsequent com m ents, how ever; M ECA m em bers stated that these Joadings w ere too high, and
that only part of the catglyst volm e w ould e loaded w ith PGM . W e therefore used an average
PGM loading of 30 g/‘ft:3 forthe 30 ppm fuel case and 50 g/‘ft:3 forthe 10 pom sulfurlevel. The
PGM wereassumed to be 90% Ptand 10% Rh.

W e estim ated the cost fora regeneration system for the N O x storage system o be $300 to $350,
depending on the vehicle class. These estin ates were the sam e as those for the active D PF
regeneration system , which was assum ed o use a sin ilarbumer technology. W e estim ated that
itwould require about 1.5 © 2 hour of Jabor to assem ble and insall a NOX storage caalyst
System Inm ass production.

O perating Costs - The NOx storage caalyst system would require diesel fuel to be bumed t©
provide the rich m ixture needed for regeneration, as w ell as the high tem perature rich m xture
needed for desulfation of the caalyst. For regeneration, we estim ated that the bumer would
opemate about three seconds every 45 seconds (egenerating each catalyst once every 90
seconds), w ith to@lair flow aboutone tenth thatof the average forthe engine, and total fuel flow
about three tenths that of the engine. Thus, fuel consum ption for regeneration would add up to

% of the o@l. The higher tem peratures and longer bumer min tim es required for desulfation
w ere estin ated t add another 0 5% to the fueluse, fora toalof2 5% .
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Table 17: Estn ated diesel fuel consum ption for NO x storage system s.

NO x Storage C atalyst V ehicle C lasses

O perating C osts L-HDVs M HDVs| HHDVs
V ehicle Lifetime fm i) 110,000 185,000 400,000
Fuel Consum ption

Baseline FuelEconomy mpg) 126 81 64

ReductantR equired forR egeneration & D esulfation 2 5% 2 5% 2 5%

Average D lesel FuelCost ($4al) 085 085 085
Lifetim e Reductant Cost $) S 191 S 498 S 1365
N et PresentV alue of R eductant Cost ($) 138 359 985

64 CONCLUSIONS

NOx storage catalyst system s could potentially reduce NO x em issions by 70 to 90% . CO and
HC eam issions would be lkely to Increase, how ever, due to em issions from the regeneration and
desulfation processes. PM am issions w ould be little affected, except forthe possioility of sulfate
m ake athigh tem peratures and fuel sulfurlevels.

The practicality of N O x storage catalyst system s w ould be soongly affected by the sulfur content
of the fuel. A sw it otherpreciousm e@l catalytic system s, the thodim caalysts used forNOx
r=duction w ould increase PM  em issions athigh exhaust tem peratures due o sulfate m ake. Sulfur
also nhibits the activity of the catalyst it=elf (egpecially affecting the NOx reduction reaction)
and the NOx storage medium . For this reason, practical NO X storage catalyst system s would
only be possble w ith fuel sulfur levels less than about 50 ppm .

If fuel sulfiur levels w ere 1 ited t© 30 or10 ppm , engine m anufacturers could use higher catalyst
Joading, the catalystwould suffer less from sulfiir inhibition, and would require desulfation less
often. NOx efficiency would thus be increased, sulfate em issions would be rduced, and the
energy consum ed In the bumer would be r=duced. W e estimate that a NOx storage caalyst
system designed for30 ppm fuel could attain 70%  efficiency fHrN O x, w hile one designed for10
pem fuel could attain 80% efficiency. The need to for a diesel filel bumer to regenerate and
desulfate the catalystw ould add about2 5% to fuel consum ption.
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7.SELECTIVE CATALYTIC REDUCTION SYSTEM S

71 TECHNOLOGY DESCRIPTION

Selective catalytic reduction (SCR) is another technigque for reducing N O x t© nitrogen and w ater
by catalytic means. T this approach, the required chem ical reduction potential is supplied by
ammonia NH,) In the exhaust. The amm onia can be Injected directly into the exhaust, but for
m obile applications it ism ore practical to Injecta related com pound, urea H,NCONH,) Inwater
solution. In the heat of the exhaust, the urea hydmwlyzes t© produce tw o amm onia m olecules,
w hich then proceed t© reactw ith the NO x.

SCR has been the most effective method of controlling NOx em issions from s@tionary
hsallatons smee the m id-19708, w ih dem onstrated effectveness n excess of 95% . SCR

system s based on platinum , on non-precious m etal-oxide foase m etal) catalysts, and on zeolie
caalysts are now being offered com m excially for sationary diesel engines, and a num ber have
been nstalled -m ostly In Europe. Production SCR units using am m onia and urea are operatng
successfully on offshore oil platform s, sationary reciprocating and tutbine pow er plants, diesel
m otorships and boats, and In 1ail vehicles. A substantial num ber of heavy duty diesel tucks are
also operating w ith SCR system s aspartof a large-scale dem onstration program .

The PGM and TiVn ca@lysts used In SCR system s also finction as oxidation catalysts, and can
therefore help t© r=duce PM , HC, CO, and toxic em issions as well as NOx. Platinum SCR
system s fimction at low er tem peratures than m ost com peting types (in portant for autom otive
applications, since average loads and exhaust tem peratures tend to be low ). Platium catalysts
have the disadvantages that they are sensitive to sulfur in the fuel, and that they have a narow
tem perature range. R ecentdem onstrations have focused on the use of Ti-V n ca@lysts, which are
m ore efficient than Ptat tem peratures typical of loaded diesel operation. These system s are also
com petitive w ith Ptat low er tem peratuires.

E fficient operation of SCR system s r=quires that the exhaust tem perature be w ithin the nom al
SCR opemtng mnge. For TiVn ca@lysts, this range is 200 to 550 °C . Zeolie catalysts can
tolerate higher tem peratures than those using m etals. At low er tem peratures, the presence of
sulfur n the fuel can result n ammonim sulfate form ation — ncreasing PM  and plugging
caalyst pores. Plathum ca@lysts are effectve at tempemtures below 200 °C, but lose
effectiveness athigher tem peratures.

The urea Injection rate n an SCR system m ustbe controlled t© m atch the N O x production mate.
Too little reductantm eans that som e N O x escapes unreacted, and too m uch results n significant
amm onia em ission In the exhaust, called "slp". A s the caalyst efficiency increases ordecreases
due to tem perature changes, reductant injection m ustbe trim m ed accordingly, com plicating the
contxol system . Contolling rductant feed mates is especially difficult during transients; the
Iim ited transient response of m ost existing SCR system designs has com plicated attem pts t©
apply this technology to highw ay vehicles. Cunenttmuck SCR system s rely on a detailed m ap of
engine NOx am issions vs. gpeed and load; future designs m ay use an exhaust NOX sensor for
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feedback control. The latter would help greatly to in prove efficiency: w ith open-loop control
system s, the m axin um N O X Injection rate m ustbe lim ird t© avoid excessive amm onia slip, and
this lin its the efficiency possible w ith the system .

The D anish com pany Technik Themm ische M aschinen (I'TM ) has successfully ins@alled an SCR
caalytic converter system on a 24 MW (3200 HP) diesel ferry, using urea as the r=ductant.
Overa com bined steady-sate and partload duty cycle @verage 371 % load), w ith extrem e Joad
change rates, the open-loop system reportedly achieved 95% NO reduction at less than 2 ppm

ammoni slip™. A fier 6000 hours of service, itw as reported that there had been no detectzble
degradation of perfom ance, no soot or ash deposition, and no m echanical breakdowns. This
system used a vanadia-ttania catalyst. A sim ilar system isnow being dem onstrated in vehicles
by Siemens™, and has rportedly achieved NOx reduction efficiencies of 60 t 80% w ith no
deterioration after 80 to 110,000 m iles of sexvice. The system is also effective In r=ducing
hydrocarbons by around 80% , and PM eamissions by 15 to 40% depending on the PM

72 BEFFECTSOF FUEL SULFUR CONTENT

Existng SCR technology is tolerant of fuel sulfur levels of 500 ppm . The taniavanadia
caalysts used by Siem ensand TTM  are notaffected by sulfiir, and have been dem onstrated t© be
able © r=duce NOx by 60 t© 80% 1n autom otive service. To achieve higher efficiencies m ay
require rducig fuel sulfur, however. Existing base-m el ca@lysts have low efficiency at
tem peratures below 200 °C, and the problam of ammonim sulfate form ation means that
amm onia feed isnom ally cut off at low tem pemmtures. T road vehicles, how evey, a significant
portion of engine operation takes place at Iight load, resulting In exhaust tem peratures often less
than 200°C . Reducing the fuel sulfur levelw ould help to reduce this problem .

hcreasing SCR system efficiency m ay require the addition of a platinum catalyst. This caalysts
would help t© Increase efficiency at low -tEm perature operation a nd would also be usefiil at
higher tempemtures for oxidizihg unracted ammonia, thus allow g greater ammonia
concentrations to be usaed w ithout excessive “slip”. Such a ca@alyst would also help to further
r=duce PM , HC, and toxic em issions. Unless low -sulfur fuel is provided, how ever, the catalyst
Joading w ould have to be strictly 1in ited t© avoid sulfate production athigh tem peratures.

73 SYSTEM COST ESTIMATES VS FUEL SULFUR LEVEL

Retail Price Equivalent - W e estim ated the costs of SCR system s under each of the three fiel
sulfur levels: 500, 30, and 10 ppm . The conegponding platnum Jloadings w ere assum ed o be
1im ited by sulfate production to zer forthe 500 ppm sulfurfiiel. For30 and 10 ppm sulfurfiels
the estim ated platinum Joadings were 10 and 20 g/t , respectively, based on infom ation from

the an SCR system supplier.

Regoonses t© our questionnatire by the engine m anufacturers indicated that the catalyst size fora
urea-SCR system should be tw ice the engne digplacem ent. W e used this assum ption in the cost
analysis. Thus, the din ensions of a urea-SCR system assum ed In the costanalysisw ere the sam e
as those forthe D PF system .

The cost forthe urea fiel supply and nection assem bly w as estin ated to be about $250™ *, and
the cost fora 3040 gallon urea-solution tank w as estim ated to range from $40 t© $60, depending
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on the vehicle class. W e estim ated that itw ould require about tw o hours to assem ble and insall
aurea-SCR system .

O perating C osts — The only significant operating cost forthe SCR system  is expected to be the
cost of the urea used as a reductant. These costs are shown In Table 21. W holesale costs of
urea are about $0 85 per gallon I ttuckload lots. W e assum ed that Iightheavy and m edim -
heavy duty vehicles would pay a 50% =t@ilm arkup at the sexvice sation, on average. This is
higher than the typicalm arkup percentage on m otor fuels, butm uch less than the typicalm arkup
on ncidental autom otive fluids such as coolant and lubricating oil. This reflect the fact that - at

% of diesel filel consum ption - the volum es of urea sold would be much less than typical fuel
volum eg, but m ore than the volum es of other, higherprofit fluids such as lubricating oil. For
heavy-heavy duty vehicles, we assum ed that m ost fleets w ould have their own urea tank, and
purchase it in wholesale quanttes. The costs of ownership and operation of the tank and
dispensing system  olus retail purchases at truck stops and servvice sations w here fleet facilites
are notavailable) w ere estin ated to add 30%  t© the wholesale cost, on average.

Table 18: Cost estim ate for SCR system w ith estim ated 80% NO x reduction and 20% PM
reduction usng 500 ppm sulfiir n fiel

Urea-SCR System s V ehicle C lasses
500 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent (L iter) 6 8 13
M aterialand Com ponentCosts

CatalystVolme (ier 12 16 26

Substrate S 105 S 140 S 227
W ashooating and Canning S 350 S 500 S 600

Platinum S . S . S .

CatalystCan H ousing S 7 $ 10 S 14
U rea Fuel Tnection A ssem bly w /ECU $ 250 $ 250 $ 300
U rea-Solution Tank+B rackets S 40 S 50 S 60
D frectLabor Costs

Estim ated Laborhours 2 2 2

LaborRate ($/hr) 175 175 175

LaborCost $ 35 $ 35 $ 35
LaborOverhead @ 40% S 14 S 14 S 14
To@alD rectCoststo M fr. S 801 S 999 S 1250
W ananty Cost 6% fail) 104 129 160
M fr.Canying Cost s 24 $ 30 s 37
To@lCostto D ealer 929 $ 1,157 S 1447
D ealer Canrying Cost 28 35 43
To@alCostto Buyer S 956 $ 1,192 S 1491
L ifecycle Cost S 1279 S 2,033 S 3489
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Table 19: Costestim ate for SCR systam w ith estim ated 90% NO x reduction and 25% PM
reduction using 30 ppm sulfur in fuel

Urea-SCR System s Vehicle Classes
30 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent (L iter) 6 8 13
M aterial and C om ponent Costs

CaalystVolme @ier) 12 16 26

Substate S 105 S 140 S 227

W ashcoating and Canning $ 350 S 500 S 600

Platinum S 51 S 68 S 110

CatalystCan H ousing S 7 S 10 S 14

U rea Fuel Injection A ssembly w /ECU S 250 S 250 S 300

U rea-Solution Tank+B rackets $ 40 S 50 S 60
D frect LaborCosts

E stim ated Laborhours 2 2 2

LaborRate ($/hr) 175 175 175

LaborCost $ 35 S 35 S 35
LaborOverthead @ 40% S 14 S 14 S 14
TotalD irectCoststo M fir. S 851 S 1,066 S 1,359
W ananty Cost 6% fail) 110 137 174
M fr.Carrying Cost S 26 S 32 S 41
To@lCostto Dealer S 987 S 1235 S 1,574
D ealer Carrying Cost 30 37 47
TotalCostto Buyer S 1,017 S 1272 S 1,621
Lifecycle Cost S 1339 S 2,113 S 3,620
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Table 20: Cost estim ate for SCR system estim ated 95% NOXx reduction and 30% PM
reduction usng 10 ppm sulfur n fuel

Urea-SCR System s V ehicle C lasses
10 ppm Sulfur Content L-HDVs M -HDVs H-HDVs

A verage Engine D igplacem ent ([ iter) 6 8 13
M aterial and Com ponentCosts

CatalystVolme (ier 12 16 26

Substrate S 105 S 140 S 227

W ashooating and Canning S 350 S 500 S 600

Platinum S 101 S 135 S 220

CatalystCan H ousing S 7 S 10 S 14

U rea Fuel Tnection A ssem bly w /ECU $ 250 & 250 $ 300

U rea-Solution Tank+B rackets S 40 S 50 S 60
D frectLabor Costs

E stim ated Laborhours 2 2 2

LaborRate ($/hr) 175 175 175

LaborCost S 35 S 35 S 35
LaborOverhead @ 40% S 14 S 14 S 14
To@alD rectCoststo M fr. S 902 S 1,134 $S1,/469
W ananty Cost 6% fail) 117 146 188
M fr.Carrying Cost S 27 S 34 S 44
ToalCostto D ealer S 1,046 S 1313 $1,701
D ealer Canrying Cost 31 39 51
TotalCostto Buyer S 1,077 S 1353 $1,752
L ifecycle Cost S 1,399 S 2,193 $3,750

Table 21: Estn ated urea consum ption and cost for urea-SCR system s.

Urea-SCR System s Vehicle Classes

O perating C osts LHDVs M -HDVs H-HDVs
V ehicle Lifetim e (n i) 110,000 185,000 400,000
Baseline FuelEconomy mpg) 126 81 64
U rea Cost
U rea C onsum ption 4% 4% 4%
& of Fuel Consum ption)

Lifetim e U rea Consum ption (gallon) 350 913 2,505
Average U rea Cost ($4al) 1275 1275 1105
Lifetim e Urea Cost ($) 446 1164 2,768
1. ifetin e D dscounted U rea Cost ) 322 841 1,998

74 CONCLUSIONS

An SCR sysEm using a com bination of base m eal and precious-m e@l catalyst could drastically
duce NOx and HC em issions (ncluding toxic air contam nants), and w ould help t r=duce the
SOF contentof the PM aswell. The efficiency these system s w ould be m oderately affected by
the sulfur contentof the fuel. Like diesel oxidation ca@lysts, preciousm etal SCR system s could
ncrease PM am issions at high exhaust tem peratures due t© sulfate make. To reduce sulfate
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m ake under high loads, m anufacturers w ould have to reduce catalyst loading and orposition the
SCR catalyst further downstream In the exhaust. Both of these m easures would r=duce is
efficiency. Sulfir also poisons the precious metal ca@lyst i=elf, and may combine wih
ammoniaatlow tem pematures to form ammonim sulfate particles.

W ih 500 ppm sulfur In the fuel, we estim ate that an SCR system would be 1im ied to 70%
efficiency for NOx, and 50% forHC, wih no net PM rduction. I fuel sulfir levels were
Iim ited t© 30 or10 ppm , SCR system m anufacturers could use higher precious catalyst loading,
and the catalyst would suffer less from sulfur poisoning. This would increase low -tEm pemature
N O x performm ance, aswellas reducing PM SOF,HC, and sulfate em issions.W e estin ate thatan
SCR system designed for30 pom fuel could attain 90% efficiency forN O x, w hile m atching the
perform ance of a DOC for PM and HC reduction. An SCR system designed for 10 ppm fuel
could attadn 95% efficiency forNOx,30% forPM ,and 85% forHC.
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8.SUMM ARY AND CONCLUSIONS

Feagible aftertreatm ent technologies foreach fuel sulfur level are summ arized n Table 22. The
costs shown In this @ble are ol lifecycle costs — the sum of re@&il price equivalent and
discounted operating costs. Som e rough estim ates of the em ission control efficiency lkely t© be
achievable by each technology ateach fuel sulfur level are also given. These estim ates are based
on the fragm entary em ission data availble fotably the DECSE progress report’), togetherw ith
engineering judgm ent. Baged on ourestm ates, reductions In diesel fiiel sulfur levels should help
to ncrease the 1ange of aftertreatm ent system s that are feasible, as well as Increasing the
efficiency of sulfurtolerant aftertreatm ent system s. A m ajor benefit of low ering fuel sulfur
would be for PM em issions, as this would m ake passively-regenerating trap-oxidizer system s
possible, w ith an Increase in reliability and considerable saving In com plexity com pared to other
PM aftertreatm entsystem s.

Table 22: Summ ary of estin ated lifecycle costs and efficiency of diesel aftertreatm ent
System s

Lifecycle Cost | E stim ated E fficiency

Technologies LHDV | MHDV | HHDV | Nox | PM | HC

500 ppm Sulfur n Fuel
D iese]l O xidation Catalyst $233 $297 $393 0% 10% 50%
Catalytic D PF $1,228 $1,700 $2,822 5% 70% 50%
Selective Catalytic R eduction $1.279 $2,033 $3 /489 80% 20% 70%

30 ppm Sulfur in Fuel
D iese]l O xidation Catalyst $304 $391 $548 0% 25% 80%
Catalytic D PF $775 $1,091 $1,720 5% 80% 80%
Continuously R egenerating D PF $774 $1,069 $1,685 5% 80% 80%
LeanNOx Caalyst $999 $1,.394 $2,363 25% 0% 200%
N O x Adsorption Catalyst $1,167 $1,557 $2,583 70% 0% ??
Selective Caalytic R eduction $1,.339 $2,113 $3,620 90% 25% 80%

10 ppm Sulfur in Fuel
D fese10 xidation Catalyst $361 $467 $671 0% 30% 85%
Catalytic D PF $836 $1,172 $1,851 5% 95% 85%
Continuously R egenerating D PF $835 $1,150 $1,817 5% 95% 85%
LeanNOx Catalyst $1,.242 $1,718 $2,890 30% 10% 200%
N O x A dsorption Catalyst $1,156 $1,367 $1,872 80% 0% ??
Selective Caalytic R eduction $1,399 $2,193 $3,750 95% 30% 85%

Low sulfurfuelwould also have i portantbenefits forN O x control. Reducing fuel sulfiir levels
t© 10 or30 ppem would m ake possible the use of lean NO x caalysts and N O x adsorption catalyst
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system s, neitherof w hich w ould be practical at 500 ppm sulfiir. A though SCR system s could be
used at 500 ppom sulfur to rduce NO x, low ering fuel sulfiirm ake possible an ncrease In low -
tem perature effectiveness and precious-m eal caalyst loading for these system , and would thus
To m eet future em ission standards, diesel vehicles w ill likely have to em ploy both NO x and PM
affertreatm ent system s. STnce these system s have m any elem ents In comm on, it is lkely that
considerable savings could be achieved by combining them . An SCR sysem w ih precious-
m e@l catalystw ould itself finction as a diesel oxidation ca@lystto r=duce PM and HC em issions
as well. Another prom ising combiation would include a continuously regenerating D PF
upstzeam from an SCR system  (the SCR system could not com e first, as the D PF requires NO X
to achieve regeneration). W ih low -sulfur fuel, this system should be capable of achieving 95%
contxol of engine-cut PM , and 90% control of engine-out HC and NOx em issions from diesel
enghnes. Yet another potentially prom isihg tedmology would be the combiation of a
continuously regenerating D PF upstream from a NOx adsorption ca@lyst system . Finally, a
recent SA E paper’> describes a com bined caalytic D PF and Jean NOx system . The authors have
clain ed 95% efficiency forHC and CO , 90% efficiency forPM ,and 46% efficiency forNOx.
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