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Diesel engines  i n  off-highway v e h i c l e s  and o t h e r  off-highway mobile 

equipment. while lees numerous than those i n  highway t r u c k s  and buses. a r e  

s t i l l  s i g n i f i c a n t  c o n t r i b u t o r s  t o  NO and p a r t i c u l a t e  i n v e n t o r i e s  i n  many 

urban a r e a s .  These engines  a r e  p r e s e n t l y  exempt from any emissions c o n t r o l  

requirements.  Consequently. they produce far  more p o l l u t i o n  (pe r  u n i t  of f u e l  

input  o r  work output )  than t h e  o t h e r v i s e  similar emission-controlled engines 

used i n  on-highway v e h i c l e s .  The recent promulgation of s t r i n g e n t  NO and 

p a r t i c u l a t e  emissions s tandards  f o r  d i e s e l  engines  in on-highway vehic les  has 

d r a m  a t t e n t i o n  t o  d i e s e l  emissions i n  general .  and haa r a i s e d  t h e  quest ion of 

whether s i m i l a r  emissions s t a n d a r d s  might not be  a p p r o p r i a t e  f o r  off-highway 

d i e s e l  e n g i n e s .  

X 

X 

Background 

Emissions from d i e s e l  engines  used i n  on-highway t r u c h  and b u s e s  

have been r e g u l a t e d  wich increas ing  s t r ingency  s i n c e  1972. New Federal  

r e g u l a t i o n s  adopted i n  1985 w i l l  l i m i t  p a r t i c u l a t e  n a t r e r  (PHI emissions from 

heavy-duty d i e s e l  engines  t o  0.6 grams per  brake horsepower-hour (g/BHP-hr). 

beginning i n  t h e  1988 model year .  The NO emissions l i m i t ,  c u r r e n t l y  a t  10.7 

g/BHP-hr. w i l l  be reduced t o  6.0 g/BHP-hr i n  1990. and t o  5.0 g/BHP-hr i n  

1991. A new PM l i m i t  of 0.25 g/BHP-hr (0.1 g/BHP-hr f o r  buses) is .also 

scheduled f o r  1991. and a PH limit of 0.1 g/BHP-hr for a l l  vehic les  i s  

scheduled f o r  1994. 

X 

Although they a r e  t e c h n i c a l l y  very s i m i l a r  t o  on-highway d ie se l  

engines ,  engines  used i n  off-highway mobile equipment such a s  locomotives. 

farm and c o n s t r u c t i o n  equipment. boats .  and s i m i l a r  a p p l i c a t i o n s  a r e  p r e s e n t l y  

exempt from any emissions c o n t r o l s .  The Clean Air Act g ives  EPA a u t h o r i t y  t o  

r e g u l a t e  " s t a t i o n a r y  sources"  of emissions.  and "motor vehicles" .  b&t t h e  term 

"motor vehic le"  has t r a d i t i o n a l l y  been i n t e r p r e t e d  t o  include on-highway 

v e h i c l e s  only.  Since off-highway mobile suurces  a r e  n e i t h e r  "s ta t ionary"  nor 
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"motor vehicles". EPA appears t o  have no a u t h o r i t y  t o  r e g u l a t e  then. 

If r e g u l a t i o n s  were conaidered d e a i r a b l e .  Congressional a c t i o n  would be needed 

t o  provide t h e  requi red  a u t h o r i t y .  

Scope of This  Report 

Radian Corporat ion vas commissioned by t h e  U.S. EPA. Office of 

Pol icy  Analysis  t o  srudy t h e  f e a s i b i l i t y  and cos t -e f fec t iveness  of emissions 

c o n t r o l s  i n  off-highway d i e s e l  v e h i c l e s .  This d o c m e n t  is t h e  f i n a l  r e p o r t  of 

that s tudy.  This r e p o r t  addresses  the  f o l l o v i n g  major ca tegor ies  of 

diesel-engined off-highway equipment: 

m i l r o a d  l o c o m t i v e s :  

a Marine v e s s e l s  (except l a r g e  oceangoing s h i p s ) ;  

a Farm equipment; 

a C o n s t r j c t i o n  and i n d u s t r i a l  equipment 

( inc luding  mining and f o r e s t r y  equipment); and 

a Mobile R e f r i g e r a t i o n  Uni t s .  

These c a t e g o r i e s  include the  most s i g n i f i c a n t  c l a s s e s  of mobile 

d i e s e l  engines except f o r  on-highvay v e h i c l e s  (vhich are a l ready  regula ted)  

and oceangoing motorships.  

Resul t s  and Conclusions 

Based on t h e  e s t i m a t e s  developed f o r  t h i s  repor t .  t o t a l  p o l l u t a n t  

emissions from off-highway d i e s e l  engines  a r e  large both i n  a b s o l u t e  terms and 

i n  propor t ion  t o  t h e i r  t o t a l  numbers. p w e r  output ,  and f u e l  consumption. 

Table E-1 smrrmrires  t h e  es t imated  populat ion.  annual f u e l  consumption. and 

emissions f o r  t h e  f i v e  c l a s s e s  of off-highway d i e s e l  engines  considered i n  

t h i s  r e p o r t .  Est imated p o l l u t a n t  emissions a r e  repor ted  b o t h  i n  t o n s  per year  

and a s  a percentage of t h e  es t imeted  t o t a l  emissionfi of t h a t  p o l l u t a n t  by a l l  

sources  na t ionvide .  Off-highvay diesel  engines  are es t imated  t o  produce about 

i f  
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2.75 m i l l i o n  toan of NO per  year.  187,000 t o n s  of p a r t i c u l a t e  mat ter .  232,000 
tons  of unburned HC. and 959.000 tons  of W. These va lues  a r e  about 12.6 
percent .  2.4 p e r c e n t ,  one percent ,  and 1.25 percent ,  respec t ive ly .  of 

eatimsced nationwide emission8 of these  p o l l u t m t s  from all sources  (=A. 

1986). 

X 

More s i g n i f i c a n t  than t h e  off-highvay d i e a e l  c o n t r i b u t i o n  t o  t h e  

t o t a l  emissions inventory  is t h e  off-highvay c o n t r i b u t i o n  t o  t h e  t o t a l  f o r  a l l  
mobile d i e s e l  engines.  both on sad off-highway. Table E-2 shovs t h i s  

c a l c u l a t i o n .  As t h i s  t a b l e  i n d i c a t e s .  off-highvay diesel  engines  a re  
respons ib le  f o r  a d i s p r o p o r t i o n a t e  f r a c t i o n  of t h e  t o t a l :  accounting f o r  56 

percent of the  NO emissions.  57 percent  of W emissions.  and 48 percent  of HC 
emissions from mobile diesel  engines .  but on ly  41 percent  of t h e  d i e s e l  f u e l  

burned. T h e i r  c o n t r i b u t i o n  t o  PM emissions is less than propor t iona te .  

however. at 36.5 percent of t h e  t o t a l .  Due t o  l i m i t e d  data, the nrrmbers i n  

Table E-2 a r e  samevhat crude. but t h e  conclusion is inescapable:  off-highvay 

d i e s e l  engines  a r e  c u r r e n t l y  an important source of emissions.  comparable i n  

magn i tude  t o  on-highvay diesels.  

X 

D i e s e l  engines i n  on-highway v e h i c l e s  have been s u b j e c t  t o  emission 

r e g u f a t i o n s  f o r  many years .  and have r e c e n t l y  received a g rea t  deal of 

regula tory  a t t e n t i o n .  which w i l l  l e a d  t o  s t i l l  lower emissions i n  t h e  fu tu re .  

Off-highway engines ,  s ince  they do not  fall under EPA's  s t a t u t o r y  a u t h o r i t y ,  

have not been regula ted .  For t h i s  reason, p o l l u t a n t  emissions p e r  un i t  of  

work produced or f u e l  consumed by an  average off-highway d i e s e l  a r e  much 

h igher  than those for an on-highvay engine. and the  p o t e n t i a l  f o r  fu tu re  

reduct ions  in emissions is correspondingly g ree t e r .  

As descr ibed  in g r e a t e r  d e t a i l  i n  Sec t ions  Three through E i g h t  of 

t h i s  r e p o r t .  emission c o n t r o l  technology f o r  on-highvay d i e s e l  engines  is vel1 

developed. and t h i s  technology could r e a d i l y  be t r a n s f e r r e d  K O  m a t  o f f -  

highvay engines .  Off-highway d i e s e l  engines  can be d iv ided  i n t o  high-speed 

and medium-speed c l a s s e s .  having r a t e d  opera t ing  speeds above o r  below 1300 

i v  



TABLK K-2. COXPARISON OF NATIOWmE NPL CONSUMPTION AM) 'EMISSIONS 
OFF-HIQWAY VS. ON-HIGXUAY DIESELS 

Fuel  
Consunption E ~ ~ i s s i o n s  ( tons /y r )  
(1,000 g a l )  HC CO No, PI4 

Off-Highway Diesels (mid-1980s)l 

Locomotives 3,409.47 6 30.999 308.558 901.645 37.041 

Marine Vessels 1.E33.278 33.462 140.278 444.158 20.164 

Farm Equipment 3.021.561 108.603 274.669 688.874 75,103 

Conot./Ind. Equipt .  3.279.661 47,820 191.064 590.372 50.021 

Hobi l e  Re f r  i ge ra  t ion  494.167 10.921 44,347 115.520 4.991 

T o t a l  Off-Highway 12.038.143 231.805 958.916 2.740.569 187.320 

2 On-Highvay-Diesels (ca lendar  1984) 

Heavy-Duty Ve h i c l e s  NA 242.290 693.832 2.136.563 297.357 

NA 8.820 28.634 44.052 20.634 Light-Duty Vehicles  

Tota l  On-Highway 17.279.650 251.110 722.466 2.180.615 325.991 

To ta l :  AI1 Mobile 29,317,793 482.915 1.681.382 4,921,184 513.311 
Diese l  Engines 

Off -Highway a8 
Percent of All 
Mobile Diesels 

41.12 48.0% 57.0% 5 5 . n  36.5% 

'Source: Radian es t ima tes .  

'Source: EPA (1986). 



RPM. r e s p e c t i v e l y .  Except f o r  ra i lway l o c o m t i v e s .  the  g r e a t  major i ty  of 

o f f - h i g h a y  d i e s e l  engines a r e  high-speed types.  These s h a r e  many design 

f e a t u r e s  with on-highway t ruck  and l i g h t d u t y  v e h i c l e  engines .  s o  t ha t  most 
emissions c o n t r o l  technologies  demonstrated in on-highway engines would be 

r e a d i l y  t r a n s f e r a b l e .  Medium-speed engines are used i n  ra i lway l o c o m t i v e s  

and s m e  marine v e s s e l s .  Emissions c o n t r o l  technology f o r  these  engines is  

less developed. but even the  l i t t l e  wok t h a t  ha# been done shows the  

p o t e n t i a l  f o r  major reduct iona i n  e m i s s i o n s .  

Sec t ions  Four through Eight  of t h i s  r e p o r t  inc lude  a case-by-case 

d iscuss ion  of a p p l i c a b l e  emission c o n t r o l  technologies  and achievable  

emissions s tandards  f o r  d i e s e l  engines  used in  each c l a s s  of off-highway 

equipment. Table E-3 summarizes the emissions s tandards  est imated t o  be 

achievable  by each class. as well as the  percentage reduct ion  from present  

l e v e l s  represented  by these  s t a n d a r d s .  In the  in te rmedia te  term. engines  i n  

a l l  c l a s s e s  except farm equipment and c o n s t r u c t i o n  equipment were e s t i m c e d  t o  

be capable of meeting emissions standards comparable t o  t h e  C a l i f o r n i a  ‘1988 

NOx and PH s tandards  f o r  on-highway v e h i c l e s .  us ing  e s s e n t i a l l y  ex i s t ing  

technology. Construct ion and farm equipment were est imated t o  r e q u i r e  a 

higher  NOx l i m i t .  due t o  t h e  l i m i t e d  p o t e n t i a l  f o r  turbocharging and 

a f  t e  rcool ing  . 
Given t ime  t o  develop advanced emission c o n t r o l  technology, i t  vas 

es t imated t h a t  engines  i n  ra i lway locomotives and marine v e s s e l s  would be able  

t o  comply v i t h  emissions s tandards  comparable t o  t h e  Federal  1991 s tandards  fo r  

on-highway v e h i c l e s ,  while  those  i n  mobile r e f r i g e r a t i o n  u n i t s  should be ab le  

t o  comply with s tandards  comparable t o  t h e  199L on-highway l i m i t s .  

Construct ion and farm equipment could meet PM s tandards  similar t o  the  1994 

levels, but--due t o  t h e i r  higher  load factors--might  not be ab le  t o  achieve 

the l e v e l  of 0.10 g/BHP-hr mandated f o r  on-highway engines .  As is a l s o  t r u e  

of on-highway engines.  a reduct ion  in d i e s e l  f u e l  s u l f u r  content  might be 

requi red  t o  achieve these  low p a r t i c u l a t e  levels. In a d d i t i o n ,  cons t luc t ion  

v i  
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and farm equipment vould a l s o  r e q u i r e  a s l i g h t l y  h ighe r  NOx l i m i t  than t h a t  

'mandated f o r  on-higbvay engines .  due t o  the  l i m i t e d  p o t e n t i a l  f o r  

l ov - t enpe ramre  charge cool ing.  

The reader is varned t h a t  t h e  emissions l i m i t s  shovn i n  Table E-3 
a r e  engineer ing  estimates only.  based on very  l i m i t e d  d a t a ,  and i n t e d c d  only 

t o  i n d i c a t e  t h e  p o t e n t i a l  b e n e f i t s  of r e g u l a t i o n  i n  t h i s  area. As discussed  

belov, a d d i t i o n a l  r e sea rch  t o  confirm these  e s t ima tes  vould be e s s e n t i a l  

before  t h e s e  o r  any o t h e r  emission s t anda rds  vere incornora ted  i n t o  l av .  

F igures  E-1 through E-3 shov t h e  p o t e n t i a l  e f f e c t s  of in t roducing  

the  emissions s t anda rds  l i s t e d  i n  Table E-3 on NO HC. and PM emissions from 

each c l a s s  of off-highway eng ines .  The leftmst bar f o r  each  c l a a s  r e p r e s e n t s  

t h e  cu r ren t  s i t u a t i o n .  v i t h  no emiss ions  con t ro l .  The middle b a r  r e p r e s e n t s  

t he  emissions that vould be experienced i f  a l l  e x i s t i n g  engines  mt t h e  

" in t enned i s t e "  emissions s tandards .  and t h e  r ightmost  b a r  t h e  emissions t h a t  

vould r e a u l t  i f  a l l  e x i s t i n g  engines  met  t h e  "advanced technology" s t anda rds .  

The net  r educ t ion  i f  every off-highvsy engine in  use rmt the "advanced 

technology" s t anda rds  vould be about 1.4 m i l l i o n  t o n s  of  NO 162.000 tons  of 

HC. and 146.000 tons  of PM per year. or 5 2  percent. 70 percent .  and 78 

percen t ,  r e s p e c t i v e l y .  of t h e  c u r r e n t  emissions of these p o l l u t a n t s  from 

off-highway d i e s e l s .  I n  r e a l i t y ,  of course t h i s  vould t a k e  a very long time 

t o  achieve ,  due t o  t h e  need t o  t u r n  ove r  t h e  existing engine  popula t ion .  

X'  

X *  

The cos t - e f f ec t iveness  of c o n t r o l l i n g  off-highvay diesel  emissions 

t o  a t  least t h e  intermediate- term s tandards  shown is escimated t o  he very 

favorable  compared t o  t h e  c o s t s  of o t h e r  a v a i l a b l e  emission c o n t r o l  masures 
of s i m i l a r  s i g n i f i c a n c e .  Estimaced c o s t - e f f e c t i v e n e s s  va lues  f o r  a n m b e r  of 

s p e c i f i c  equipment types  a r e  shown i n  Table E-4. While based on crude 

pre l iminary  c o s t  e s t ima tes .  t h e s e  values are  be l ieved  t o  s a e v h s t  c o n s e m a t i v e  

( i n  the  sense of =-s ta t ing  emissions c o n t r o l  cos t s .  and thus  t h e  c o s t s  p e r  

con  of p o l l u t a n t s  e l i m i n a t e d ) .  Desp i t e  t h i s .  t h e  c o s t - e f f e c t i v e n e s s  e s t ima tes  

f o r  c o n t r o l  of NOx and HC range from a f e w  hundred t o  about t h r e e  thousand 

d o l l a r s  per ton .  

v i i i  
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TABU E-4.  ESPIHATED WSP-EFEEtXIVENeSS OF "IKPERPIEDIATE LEVEL" 
D4ISSIONS 00"ROLS EDR DIFFF,REKP CLASSES OF OFF-HIGHWAY 
VEHICLES 

Cost E f f e c t i v e n e s s  ($ / ton) '  
NO + HC PU 

Locomotives 

New 
R e t r o f i t  

Marine Vessels 

Medium Speed 
High-speed Propuls ion 
High-speed Generator  

Farm E q u i p m e n t  

Large 4WD Trac tor  
Small T r a c t o r  
Combine 

Construct ion Equipment 

Hydraulic Excavator 
I n d u s t r i a l  T r a c t o r  
Concrete Paver 

Mobile R e f r i g e r a t o r  

$1.073 
1.332 

672 

616 
aaa 

a 4s 

a48 
2.960 

3.067 
7.607 
1.900 

748 8.969 
1.567 5,323 
2.045 3.961 

2 
2 

-- Railcar Unit 229 
TrucWContainer Unit  1,909 -- 

'Approximate e s t i m a t e s  based on engineer ing  judgement and l i m i t e d  da ta .  
t e x t  Chapters 4-0 f o r  assumptions and l imi t a t ions .  

See 

'PH reduct ions  a t  " i n c e m d i a t e "  c o n t r o l  level  are es t imated  as small or 
negat ive  f o r  t h e s e  c a t e g o r i e s .  This is due t o  Lou PM emissions t o  begin with. 
and t h e  e f f e c t s  of t h e  NO /PM t r a d e o f f .  
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For comparison. t h e  f u e l  cos t  a lone  f o r  reducing t h e  1991 NOx 
standard f o r  heavy-duty rn-highway engines from 5.0 t o  4.0 g/BW-hr (a  s t e p  

which is o f t e n  suggested)  is est imated a t  about $2.000 p e r  t o n  ( a s s m i n g  a 4 

percent f u e l  economy penal ty  end f u e l  a t  $0.80 per  g a l l o n  excluding t axes ) .  

The incremental  c o s t - e f f e c t i v e n e s s  o f  t h e  1994 PM s tandard  of 0.1 g/BHP-hr f o r  

heavy-duty on-highway engines  has been est imated a t  about seven t o  eleven 

thousand d o l l a r s  per  t o n  (Weaver and Klausmeier. 1987a). 

Recommendations 

1. The development of more a c c u r a t e  and representac ive  duty 

c y c l e s .  emission factors,  and emission i n v e n t o r i e s  f o r  

off-highvay d i e s e l  v e h i c l e s  would be h ighly  d e s i r a b l e ,  as vould 

t h e  development of s u i t a b l y  r e p r e s e n t a t i v e  emissions test 

procedures.  These data and procedures would he valuable  i n  

developing and e v a l u a t i n g  any fu tu re  r e g u l a t i o n s  i n  t h i s  a r e a .  

Hovever. EPA funding of emissions c o n t r o l  e x p e r i m n t a t i o n  is  

not  recommended beyond a vety prel iminary level. Experience 

has shown t h a t  t h i s  type of work is more a p p r o p r i a t e l y  l e f t  t o  

the engine manufacturers.  

2. Were emissions r e g u l a t i o n s  t o  be e s t a b l i s h e d  f o r  farm and 

c o n s t r u c t i o n  equipment engines ,  c a r e f u l  cons idersc ion  should be 

given t o  phase-in mechanisms i n  order  t o  avoid undue burden on 

the indus t ry .  An averaging, t rad ing .  and banking approach v i t h  

"crawling" t a r g e t  l e v e l s ,  such as t h a t  discussed i n  Sect ion 

6 . 5 .  would be one f a i r l y  s t r a i g h t f o r w a r d  way t o  do t h i s .  

3. I n  t h e  event t h a t  emissions r e g u l a t i o n s  a r e  e s t a b l i s h e d  f o r  nev  

medium-speed marine and locomotive engines .  cons idera t ion  

should a l s o  be given t o  e s t a b l i s h i n g  r e t r o f i t  requi renents  fo r  

o l d e r  engines  i n  these  c a t e g o r i e s .  These requirements could 

most convenient ly  apply a t  t h e  time of rebui ld .  
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Limi ta t ions  and Caveats 

Th i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a pre l iminary  i n v e s t i g a t i o n  of 

c o n t r o l l i n g  emissions from off-highway d i e s e l  veh ic l e s .  The p r i n c i p a l  purpose 
of t h i s  i n v e s t i g a t i o n  vas to determine whether t hese  v e h i c l e s  o f f e r  s u f f i c i e n t  

p o t e n t i a l  for  t e c h n i c a l l y  f e a s i b l e  and cos t - e f f ec t ive  emission reduct ions  t o  

j u s t i f y  f u r t h e r  a t t e n t i o n  from EPA. 

of off-highway emissions could p o t e n t i a l l y  r e s u l t  in l a r g e ,  Cost-effect ive 

emission reduct ions .  Thus. f u r t h e r  i n v e s t i g a t i o n  and poss ib l e  regula tory  

a c t i o n  are ind ica t ed .  However. t h i s  i n v e s t i g a t i o n  does not  conclus ive ly  

demonstrate.  and should no t  be i n t e r p r e t e d  a s  demonstrat inq that the  

l e v e l s  of emissions c o n t r o l  assumed here  a r e  t e c h n i c a l l y  f e a s i b l e ,  or 

achievable  w i t h i n  any p a r t i c u l a r  time frame, o r  a t  any p a r t i c u l a r  cos t .  Many 

i s sues  remain to be resolved be fo re  any realist ic emissions s tandards or  

compliance schedules  could be e s t a b l i s h e d .  

The s tudy  r e s u l t s  i n d i c a t e  t h a t  r egu la t ion  
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1.0 IHPRODUCPION 

Diesel engines i n  off-highvay vehic les  and o t h e r  off-highway mobile 

equipment. while  less numerars than those i n  highway t r u c k s  and buses. a r e  

s t i l l  s i g n i f i c a n t  c o n t r i b u t o r s  t o  NO and p a r t i c u l a t e  i n v e n t o r i e s  i n  many urban 

a reas .  These engines  a r e  p r e s e n t l y  exempt from any emissions cont ro l  require-  

ments. Consequently. they produce f a r  more p o l l u t i o n  ( p e r  u n i t  of f u e l  input  

o r  work output )  than t h e  otherwise similar emission-controlled engines used i n  

on-highway v e h i c l e s .  The recent  promulgation of s t r i n g e n t  NOx and p a r t i c u l a t e  

emis s ions  s tandards  f o r  d i e s e l  engines  i n  on-highway v e h i c l e s  h a s  d r a m  a t t e n -  

t i o n  t o  d i e s e l  emissions i n  genera l .  and has ra i sed  the  ques t ion  of whether 

s i m i l a r  emissions s tandards  migh t  not be appropr ia te  f o r  off-highway d i e s e l  

engines.  

X 

1.1 Background 

Emissions from d i e s e l  engines used in  on-highway t rucks and buses 

have been regula ted  w i t h  i n c r e a s i n g  s t r ingency  s i n c e  1972. New Federal  regula-  

t i o n s  adopted i n  1985 w i l l  l i m i t  p a r t i c u l a t e  m a t t e r  (PM) emissions from 

heavy-duty d i e s e l  engines  t o  0 .6  grams per brake horsepower-hour (g/BHP-hr). 

beginning i n  t h e  1988 model year .  The NOx emissions l i m i t .  c u r r e n t l y  a t  10.7 
g/BHP-hr. will be  reduced t o  6.0 g/BHP-hr i n  1990. and t o  5.0 g/BHP-hr i n  1991. 

A new PU l i m i t  of 0.25 g/BHP-hr (0.1 g/BHP-hr f o r  buses) is a l s o  scheduled fo r  

1991. and a PM limit of 0.1 g/BHP-hr f o r  a l l  v e h i c l e s  is scheduled fo r  1994. 

Although they a r e  t e c h n i c a l l y  very similar t o  on-highway d i e s e l  

engines ,  engines  used i n  off-highway mobile equipment such a s  l o c o m t i v e s .  farm 

and c o n s t r u c t i o n  equipment. boats .  and similar a p p l i c a t i o n s  a r e  present ly  

exempt from any emissions s tandards .  The Clean A i r  Act g ives  EPA a u t h o r i t y  t o  

r e g u l a t e  " s t a t i o n a r y  sources" of emissions.  and "motor vehicles" .  but €PA 

i n t e r p r e t s  the  term "motor v e h i c l e "  to include on-highway v e h i c l e s  only.  Since 

off-highway mobile sources a r e  n e i t h e r  "s ta t ionary"  nor "motor vehic les" .  CPA 
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considers  that it h a s  no a u t h o r i t y  t o  r e g u l a t e  them. EPA does have a u t h o r i t y  
t o  r e g u l a t e  emissions from s t a t i o n a r y  internal-combustion engines used for 
cogeneration. emergency genera tors .  i r r i g a t i o n  pmping.  and s o  f o r t h ,  b u t  New 
Source Performance Standards (NSPS) f o r  these  engines  have not been  

promulga red. 

1.2 Nature and Scope of This  Report 

Radian Corporat ion w a s  commissioned by t h e  U.S. EPA, Office of Poli,cy 

Analysis t o  s t u d y  t h e  f e a s i b i l i t y  and c o s t - e f f e c t i v e n e s s  of  e m h a i o n s  c o n t r o l s  

i n  off-highwsy diesel  v e h i c l e s .  T h i s  document is t h e  f i n a l  r e p o r t  of t h a t  

study. This r e p o r t  addresses  the  fol lowing major c a t e g o r i e s  of diesel-engined 

off-highway equipment: 

Rai l road locomotives;  

Marine v e s s e l s  (except large oceangoing s h i p s ) ;  

Farm equipment; 

C o n s t m c t i o n  and i n d u s t r i a l  equipment 

( inc luding  m i n i n g  and f o r e s t r y  equipment); and 

Mobile r e f r i g e r a t i o n  units. 

These c a t e g o r i e s  include a l l  l a r g e  groups of mobile d i e s e l  engines  ~ 

except f o r  on-highwsy v e h i c l e s  (which a r e  a l ready  r e g u l a t e d )  and oceangoing 

motorships. Engines used f o r  generators .  pwnps. and compressors and diesel 

lawn and garden equipment were also included i n  the o r i g i n a l  scope of the  

s tudy,  and t h e s e  (along wi th  a l l  t h e  c a t e g o r i e s  l i s t e d  above) were examined i n  
a prel iminary r e p o r t  (Weaver and Pugh. 1986). They were subsequent ly  dropped, 

due t o  t h e i r  i n s i g n i f i c a n t  c o n t r i b u t i o n  t o  t o t a l  emissions.  

Table 1-1 gives  an idea of t h e  r e l a t i v e  iarportance of on-highway and 

off-highway d i e s e l  engines.  T h i s  t a b l e  lists U.S .  Department of Energy 

es t imates  of the  amount of d i s t i l l a t e  d i e s e l  f u e l  consumed by each equipment 
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TABLE 1-1. DELIVERIES OF DIESEL NEL R)R ON- AND 
OFF-HIGHWAY VEHICLES AND EQUIPmNT 

Annual Deliveries 

Class 1000~ of ~ a l i o n s  

3,161,338 Farm 

Locomotive 3.209.729 

1.894.265 Marine Vessels 

Construction and 
Other Off-Highway 

Off-Highway T o t a l  

On-Highway Total 17,279.65 0 

Total  Mobile Diesel Engines 27,161,667 

Off-Highway a s  Percent of Total 

1.616.685 

9.8a2.017 

36.4% 

Source: E I A .  1985. 

1-3 



category i n  1985. AE t h i s  t a b l e  i n d i c a t e s ,  each of the i n d i v i d u a l  ca tegor ies  
f off-highway mobile scarces  considered in t h i s  repor t  is small compared t o  

on-highvay v e h i c l e s  ( t rucks .  buses. and d i e s e l  passenger cars). Col lec t ive ly .  

hovever. these  sources  are q u i t e  s i g n i f i c a n t .  As can be seen, total .  

off-highvay d i e s e l  f u e l  consumption is equal  t o  57 p e r c e n t  of the on-highvay 

t o t a l .  Furthermore, sane of the  f u e l  used i n  the  on-highvay category is used 

f o r  powering s o b i l e  r e f r i g e r a t i o n  u n i t s .  Emissions from these u n i t s  a r e  

unregulated.  and they are covered i n  t h i s  r epor t .  I t  is apparent  t h a t  

off-highway and o t h e r  unregulated d i e s e l  emissions sources  must account f o r  a 

very s i g n i f i c a n t  f r a c t i o n  of t o t a l  d iesel  engine emissions i n  the United 

S ta t e s .  

1.3 Guide t o  t h e  Remainder of t h e  Reoort 

This r e p o r t  is divided i n t o  n i n e  s e c t i o n s .  of which t h i s  In t roduct ion  

is the  f i r s t .  S e c t i o n  TWO. fol lowing,  provides  t h e  t e c h n i c a l  background f o r  

t h e  succeeding s e c t i o n s .  I t  d i s c u s s e r  t h e  c l a s s i f i c a t i o n  and general  charac- 

t e r i s t i c s  of off-highway d i e s e l  engines .  and the fundamentals of d i e s e l  

emissions.  Sec t ion  Three d i s c u s s e s  t h e  c u r r e n t  s t a t e  of t h e  art  i n  d i e s e l  

emissions c o n t r o l ,  based l a r g e l y  on on-highvay engine r e s u l t s .  Sec t ions  Four 

through Eight  each dea l  v ich  one of t h e  equipment c a t e g o r i e s  l i s t e d  i n  Sec t ion  

1.2 above. Engine c h a r a c t e r i s t i c s  and opera t ing  condi t ions .  es t imates  of 

c u r r e n t  emission f a c t o r s ,  and a d i s c u s s i o n  of a p p l i c a b l e  emission cont ro l  

technology a r e  given f o r  each category.  Estimates of t h e  t o t a l  engine popula- 

t i o n ,  f u e l  use .  and nationwide p o l l u t a n t  emissions f o r  each category a r e  a l s o  

presented i n  each s e c t i o n .  

P o l l a r i n g  t h e  f i v e  s e c t i o n s  deal ing with i n d i v i d u a l  engine 

ca tegor iea .  S e c t i o n  N i n e  summarizes the r e s u l t s  of the  s tudy  and our 

conclusions.  This s e c t i o n  a l s o  c o n t a i n s  OU? recommendations f o r  f u r t h e r  

research ,  and f o r  po l i cy .  a c t i o n .  
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1.4 L i n i t a t i o n s  and Caveats 

This r e p o r t  presents t h e  r e s u l t s  of a pre l iminary  i n v e s t i g a t i o n  of 

c o n t r o l l i n g  emissions from of f-highway d i e s e l  vehic les .  The p r i n c i p a l  purpose 

of t h i s  i n v e s t i g a t i o n  vas to determine whether these  v e h i c l e s  o f f e r  s u f f i c i e n t  

p o t e n t i a l  f o r  t e c h n i c a l l y  f e a s i b l e  and c o s t - e f f e c t i v e  emission reduct ions t o  

j u s t i f y  f u r t h e r  a t t e n t i o n  from EPA. The s tudy  r e s u l t s  i n d i c a t e  t h a t  r e g u l a t i o n  
of off-highway emissions could p o t e n t i a l l y  r e s u l t  i n  l a rge .  cos t -e f fec t ive  

emission reduct ions .  However. t h i s  i n v e s t i g a t i o n  does not d e m n s t r a t e .  and 

should not be i n t e r p r e t e d  a s  demonstrat ing tha t  any p a r t i c u l a r  l eve l  of 

emissions c o n t r o l  is t e c h n i c a l l y  f e a s i b l e ,  o r  achievable  wi th in  any p a r t i c u l a r  

time frame, o r  a t  any p a r t i c u l a r  cos t .  

While t h i s  r e p o r t  p r e s e n t s  scme a p p r o x i r a t e  estimates of t h e  emiss ion  

l e v e l s  achievable .  and t h e  c o s t s  of achieving them. the  reader is cautioned not  

t o  m i s i n t e r p r e t  these .  These a r e  pre l iminary  estimates only,  made fo r  t h e  

puxpose of a s s e s s i n g  what might be achieved through regulations-they a r e  nor 
d e f i n i t i v e .  Many issues renain t o  be resolved before  any r e a l i s t i c  emissions 

s tandards  could be s p e c i f i e d .  These i s sues  include:  r e p r e s e n t a t i v e  t e s t  

cyc les  for t h e  d i f f e r e n t  of f-highway a p p l i c a t i o n s ;  emissions levels from 

e x i s t i n g  engines  u s i n g  these r e p r e s e n t a t i v e  t e s t  cycles:  ef f e c t s  of a v a i l a b l e  

emission c o n t r o l  techniques on emissions measured Over these t e s t  cycles: 

a c t u a l  c o s t s  of v e h i c l e  redesign t o  accommodate emission c o n t r o l s :  f e a s i b i l i t y  

of same emission c o n t r o l  techniques i n  sane a p p l i c a t i o n s :  and t h e  p o t e n t i a l  f o r  

emissions compliance through use of a l ternat ive f u e l s  such a s  methanol and 

compressed n a t u r a l  gas .  F u r t h e r  r e s e a r c h  and much more d e t a i l e d  eva lua t ion  of 

each of these  i s s u e s  would be requi red  before  any r e g u l a t i o n s  could be adopted. 
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2.0 DIES= ENGINE CHAMCTERISTICS AND CLASSIFICATION 

This s e c t i o n  provides  an wetview of d i e s e l  engine  c h a r a c t e r i s t i c s  

and technology, d i e s e l  p o l l u t a n t  emissions.  and emission r egu la t ions .  I t  is 

intended t o  supply  background informat ion  for  t h o s e  p rev ious ly  unfami l ia r  v i t h  

d i e s e l  engines  and emissions c o n t r o l ,  and t o  e s t a b l i s h  d e f i n i t i o n s  f o r  t h e  more 

t e c h n i c a l  chap te r s  which fol low.  

2.1 Engine C l a s s i f i c a t i o n  

Diesel engines  a r e  conven t iona l ly  d iv ided  i n t o  t h r e e  major classes on 

t h e  b a s i s  of s i ze  and r o t a t i o n a l  speed  (L i l ly .  1984). These classes ere: 

1. Slow-speed engines  (0-600 WM) 

2.  Medium-speed eng ines  (600-1300 R P M )  

3. High-speed engines  (1300 RPM up) 

Slow-speed engines  a r e  used only i n  l a r g e  s h i p s  (where they a r e  

t y p i c a l l y  direct-coupled t o  t h e  p r o p e l l e r  d r ivesha f r ) .  and i n  a very few 

s t a t i o n a r y  a p p l i c a t i o n s .  They vi11 n o t  be cons idered  f u r t h e r  i n  t h i s  r epor t .  

Medium-speed e n g i n e s  a r e  used i n  ra i lway locomotives. s h i p s  and l a r g e  boats. a s  

well  a s  s t a t i o n a r y  genera t ing  and pumping app l i ca t ions .  High-speed engines  a r e  

by f a r  t h e  most numerous c lass ,  be ing  used i n  highway trucks and buses, con- 

s t r u c t i o n  machinery, boa ts ,  farm equipment, and numerous o t h e r  app l i ca t ions .  

Due t o  t h e  econcmics of mass production. d i e s e l  engines  used i n  

mobile off-highway a p p l i c a t i o n s  are  t y p i c a l l y  members of a family or ser ies  of 

engines  sha r ing  t h e  same b a s i c  c y l i n d e r  dimensions, bu t  w i t h  vary ing  types  of 

a s p i r a t i o n  ( n a t u r a l l y  a sp i r a t ed .  turbocharged. o r  turbocharged/aftercooled) and 

numbers of c y l i n d e r s .  Thus. a wide range of pcuer requirements  can be 

s a t i s f i e d  us ing  t h e  same b a s i c  combustion system. A s  an extreme example, t h e  
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venerable  D e t r o i t  Diesel-All ison 7 1  s e r i e s  engines  are a v a i l a b l e  i n  m o t s  blovn 

and turbocharged vers ions .  w i t h  a i r a i r  or a i w a t e r  a f t e r c o o l i n g .  and w i t h  2. 
3. 4 .  6. 8. 12. or 16 c y l i n d e r s .  

Table 2-1 l i s t s  a n m b e r  of t h e  more popular  engine  series. along 

wi th  some of t h e i r  key t e c h n i c a l  c h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  a r e  

d iscussed  i n  Sec t ion  2.2. 

As Table 2-1 i n d i c a t e s ,  off-highway d i e s e l  engines  can be grouped 

i n t o  s e v e r a l  genera l  groups. 

1. Medium-speed engines used i n  railway locomotives and marine 

v e s s e l s  . 

2. Medium-sized. high-speed engines s i m i l a r  t o  those  used i n  

heaw-duty t rucks .  Th i s  is t h e  l a r g e s t  group of off-highway 

d i e s e l  engines .  Four. 3ix. and e igh t - cy l inde r  engines  i n  t h i s  

c l a s s  a r e  capmonly used i n  a g r i c u l t u r a l  and cons t ruc t ion  machin- 

ery and ( i n  emission-control led v e r s i o n s )  f o r  highway t rucks .  

Larger  12 and 16-cyl inder  engines  i n  t h e  same series a r e  used i n  

marine and heavy c o n s t r u c t i o n  a p p l i c a t i o n s .  

3. Large high-speed engines .  having s i z e s  and pover l e v e l s  g r e a t e r  

than those  used i n  on-highway t ruck  a p p l i c a t i o n s .  Turbocharged 

and o f t e n  in te rcooled .  theae  engines  are used m s t l y  i n  marine 

and heavy e a r t h m v i n g  a p p l i c a t i o n s .  

4. Small high-speed engines  (o f t en  der ived from l igh t -du ty  automo- 

t ive  technology) .  and t y p i c a l l y  ranging from 10 t o  about 30 

horsepower. These engines  a r e  mostly na tu ra l ly -a sp i r a t ed .  and  

may use e i t h e r  d i r e c t  or i n d i r e c t  i n j e c t i o n .  
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TABLE 2-1. (3ULRACI'ERTSTICS OF S W  COMIQN OFF-HIGHWAY ENGINE SERIES 

~~ 

Engine Disp. Bore ASP. I n j .  Config. Horsepover 
Ser ie s  ( l / c y l )  ( i n . )  Types .System Offered Range Amlicat ion 

Class 1: Uedium-Speed 

GI4 Electromotive Div is ion 
567 9.3 8.5 B.TA UI V8.VI2.Vl6 600-2750 R 3 . G  
615 10.6 9.1 B.TA UI V8.VIZ.Vl6.VZO 800-3900 R.B.C.C 
710 11.7 9.1 TA UI V8.V12.V16.V20 1800-4800 . R.B.G 

General E l e c t r i c  
FDL N.TA UI V8.VI2.Vl6 1800-3600 R 

Cat  e rpil la r 
3 600 18.5 11.0 TA UI 6L.8L.VI2.Vl6 1300-4500 R.B.G 

Class 2: High-Sped. Truck Type 

Care r p i l  lar 
3200 1.31 4.5 N,T.TA IL 
3300 1.75 4.8 N.T.TA IL 4L. 6L 85-335 T.CIA;G 
3400 1.44 5.4 T.TA IL 6L.V8.V12 2 15-838 T. C.A.G , B 

clnnmins 
NH 2.33 5.5 T.TA UI 6L.Vl2 250-900 T.A.C.B.G . . .  
L10 1.67 4.9 T.TA UI 6L 250-290 T.A.C.G' 

B 0.98 4.0 N.T.TA n 3L. 4L. 6L 66-177 T.A.C 
C 1.38 4.5 N.T.TA IL 6L 150-234 T.A.C 

GM Detroit  Diese l -Al l i s ion  Divis ion 
92 1.51 B.T.TA UI V6.V8.Vl2.V16 270-960 T.A.C.B.G . .  ~ . . . .  
71 1.17 4.25 B.T.TA Uf 2Le3L.4L;6L, 64-760 T.A.C.B.G 

V6.VB.Vl2.Vl6 
John Deere 

3 00 0.98 4.19 N.T D P  3L. 4L. 6L 56-142 C.A. (TI: 
400 1.27 4.56 N,T.TA DP 6L 134-226 C.A. (TI 

Class Three: Large High-speed Engines 

Caterpi l lar 
3500 4.31 6.7 TA UI V8.VlZ.Vl6 600-2000 C.B.G 
300 4.03 6.3 TA ID1 V8.Vl2.VI6 500-1000 C;BiG 

(Cant h u e d )  
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This grouping h a s  important  impl ica t ions  f o r  emissions con t ro l .  

Engine series i n  Group 2 .  f o r  i n s t ance ,  t y p i c a l l y  have a t  l ea s t  one member used 

i n  on-highway t rucks .  As w i l l  be d iscussed  i n  Sec t ion  3.1. emission con t ro l  

development f o r  on-highway engines  i s  a l ready  h ighly  advanced. T rans fe r r ing  

t h i s  technology t o  t h e  off-highway engines  i n  t h e  same series would. i n ' m o s t  

cases .  be s t r a igh t fo rward .  S imi l a r ly ,  engine  technology i n  Group 3 resembles 

(except f o r  t h e  l a r g e r  number of c y l i n d e r s )  t h a t  used i n  t h e  h e a v i e s t  on-high- 

way t rucks .  The small high-speed eng ines  i n  Group 4 resemble. i n  many cases. 
those used or being developed f o r  l i gh t -du ty  automobiles. and could presumably 

u t i l i z e  s i m i l a r  emission con t ro l s .  Group 1 engines ,  on t h e  o t h e r  hand, have 

never been sub jec t  t o  s t r i n g e n t  emission con t ro l  requirements.  and have no 

c lose  analogs which have been. Development of emission c o n t r o l s  f o r  t h i s  group 

is l i k e l y  to be more time-consuming and expensive t h a n  f o r  t h e  o t h e r  groups. 

2 .2  ' Engine Technology 

From an emiss ions  c o n t r o l  s tandpoin t .  t h e  key t e c h n i c a l  features of a 

diesel engine a r e  t h e  fol lowing:  

combustion system; 

f u e l  i n j e c t i o n  system; and 

0 a s p i r a t i o n  ( a i r  supply)  system. 

This s e c t i o n  d i scusses  t h e  dif  f e r e n t  types  of .systems in u s e .  

Combustion Systems--Diesel engines  i n  off-highway a p p l i c a t i o n s  u s e  

s eve ra l  d i f f e r e n t  t ypes  of combustion systems. The most fundamental d i f f e r e n c e  

is berween d i r e c t  i n j e c t i o n  (DI) engines  and i n d i r e c t  i n j e c t i o n  (IDXI engines .  

Figure 2-1 s h o w  a t y p i c a l  combustion chamber of each type.  D I  engines  can 

a l s o  be d iv ided  i n t o  high-swirl  and low-swirl (qu iescent  chamber) des igns .  

In an i n d i r e c t - i n j e c t i o n  engine ,  f u e l  is i n j e c t e d  i n t o  a s e p a r a t e  

"prechamber." where it mixes and p a r t l y  burns before  j e t t i n g  i n t o  t h e  main 
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TABLE 2-1. (Continued) 

~ ~ ~- 
Engine Disp. Bore h P .  Inj. Config. Horsepwer  Applicat ion 
Ser ies  ( l / c y l )  ( i n . )  Types System Offered Range 

cummins 
K 3.14 6.25 T.TA UI 6L.lZV.16V 150-2000 C.B.G 

GM D e t r o i t  Diesel-All ison Div is ion  
149 2.45 5.75 B.T.TA UI 8V.l2V,16V 530-1800 

C l a s s  Four: S m a l l  High-Swed EnRhea 

Kubote 
3.23" S t .  .37-.46 v a r i o u s  N.T DP 3L. 4L. 6L 19-46 A.C.L 

Yanmar 
TN8 2 0.46 3.23 N. T DP 3L. 4L 3&47 A.C.L 
T95 0.70 3.74 N.T DP 3L. 4L 44-77 A.C.L 

Aspi ra t ion  
N - n a t u r a l l y  a s p i r a t e d  

T - turbocharged 
TA - turbochargedlaftercooled 
Combustion Sys tem 
UI -- D I  Y u n i t  i n j e c t o r s  
I L  -- D I  v i n - l i n e  pump 
DP -- D I  w d i s t r i b u t o r  pump 
ID1 - i n d i r e c t  i n j e c t i o n  

B - Roots-blown 

Appl ica t ions  
T - On-highvay trucks 
A - A g r i c u l t u r a l  Equipment 
C - Construction/Mining/ 

I n d u s t r i a l  equipment 
B - Boats 
L - Locomotive 
G - G e n e r a t o r s / s t a t i o n a r y  pover 
Rf - n o b i l e  r e f r i g e r a t i o n  

'Truck v e r s i o n s  of these  engines a r e  under d e v e l o p e n t .  
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(a) Indirect  i n j e c t i o n  

. 

(b) Direct in jec t ion  

Ffgure 2-1. Diesel Engine Combustfon Systems. 
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combustion chamber above t h e  p i s t o n .  I n  t h e  more cOmmOn d i r e c t - i n j e c t i o n  

engiae. f u e l  is i n j e c t e d  d i r e c t l y  i n t o  a combustion chamber holloved out of t h e  

t op  of t h e  p i s t o n .  Fuel-air  mixing i n  t h e  d i r e c t - i n j e c t i o n  engine  is l i m i t e d  

by t h e  f u e l  i n j e c t i o n  p r e s s u r e  and any motion imparted t o  t h e  a i r  i n  t h e  

chamber as i t  e n t e r e d .  

I n  h igh-sv i r l  D I  engines.  a s t r o n g  s v i r l i n g  motion i s  imparted t o  t h e  

a i r  e n t e r i n g  t h e  combustion chamber by t h e  design of t h e  i n t a k e  p o r t .  These 

engines t y p i c a l l y  use moderate-to-high i n j e c t i o n  pressurea.  and t h r e e  t o  f i v e  

spray  holes  per nozzle.  LEN svirl engines  r e l y  pr imar i ly  on t h e  f u e l  i n j e c t i o n  

process  t o  supply t h e  mixing. They t y p i c a l l y  have very high f u e l  i n j e c t i o n  

pressures  and s ix  t o  n ine  s p r a y  holes  per nozzle .  

I n  t h e  i n d i r e c t - i n j e c t i o n  engine,  much of t h e  f u e l - a i r  mixing i s  due 

t o  t h e  a i r  svir l  induced i n  t h e  prechamber a s  s ir  is  f o r c e d  into it dur ing  

compression. and t o  t h e  turbulence  induced by t h e  e rpans ion  ou t  of t h e  pre- 

chamber dur ing  combustion. These e n g i n e s  t y p i c a l l y  have better high-speed 

performance than d i r e c t - i n j e c t e d  engines.  and can use cheaper f u e l - i n j e c t i o n  

systems. H i s t o r i c a l l y .  I D 1  diesel e n g i n e s  have a l s o  e x h i b i t e d  lover emirsicn 

levels than D I  engines .  With recent d e v e l o p e n t s  i n  D I  engine  emission con- 

t r o l s ,  however. t h i s  is no longer  n e c e s s a r i l y  t h e  case.  

Disadvantages of t h e  I D 1  engine  a re  t h e  extra h e a t  and f r i c t i o n a l  

losses d u e  t o  t h e  prechamber. These r e s u l t  i n  a 5-10 percent  reduct ion  i n  f u e l  

e f f i c i e n c y  compared t o  s D I  engine,  and a correspondingly g r e a t e r  load  on t h e  

cool ing system. Because of t h e s e  disadvantages.  near ly  a l l  engines  i n  Groups 

1.2. and 3, n w  use d i r e c t  i n j e c t i o n .  as do an i n c r e a s i n g  number of those i n  

Group 4. 

Fuel I n j e c t i o n  Systems--The f u e l  i n j e c t i o n  system i n  a diesel engine 

inc ludes  t h e  machinery by vhich  t h e  f u e l  is t r a n s f e r r e d  from t h e  f u e l  tank t o  

t h e  engine. t h e n  i n j e c t e d  i n t o  t h e  c y l i n d e r s  a t  t h e  r i g h t  time for optimal 

combustion. and i n  t h e  c o r r e c t  amount t o  provide t h e  d e s i r e d  pover ou tpu t ,  The 
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q u a l i t y  and t iming of f u e l  i n j e c t i o n  dramat ica l ly  a f f e c t  the engine ' s  power.. 

f u e l  econany, and emissions c h a r a c t e r i s t i c s .  so t h a t  t h e  f u e l  i n j e c t i o n  system 

is one of t h e  mst important  components of the engine.  

The f u e l  i n j e c t i o n  system normally c o n s i s t s  of a low p r e s s u r e  pmp  to 

t r a n s f e r  f u e l  from t h e  tank  t o  the  system, one o r  more high-pressure f u e l  pumps 

t o  c r e a t e  t h e  p r e s s u r e  pu lses  t h a t  a c t u a l l y  send t h e  f u e l  i n t o  t h e  c y l i n d e r ,  

t h e  i n j e c t i o n  nozz les  through vhich f u e l  is i n j e c t e d  i n t o  t h e  c y l i n d e r ,  and a 

governor and f u e l  mster ing system. These determine how much f u e l  is t o  be 

i n j e c t e d  on each  s t r o k e .  and thus the power output  of t h e  engine.  

Three generic  types of fuel i n j e c t i o n  systems a r e -  i n  common use. 

These a r e :  

I. Systems w i t h  d i s t r i b u t o r - t y p e  f u e l  pmps. i n  vhich a s i n g l e  

pumping element is mechanically switched t o  connect t o  high- 

p r e s s u r e  f u e l  l i n e s  l e a d i n g  t o  each c y l i n d e r  i n  turn:  

2. Systems v i t h  u n i t a r y  f u e l  pumps having one pumping element per 

c y l i n d e r ,  connected t o  t h e  i n j e c t i o n  nozzle by high-pressure 

f u e l  lines (o f t en  c a l l e d  " in- l ine pumps"); and 

3. Systems u s i n g  u n i t  i n j e c t o r s .  i n  vhich t h e  i n d i v i d u a l  punping 

element f o r  each c y l i n d e r  i s  combined i n  t h e  same u n i t  v i t h  t h e  

i n j e c t i o n  nozzle ,  e l i m i n a t i n g  t h e  high-pressure l i n e s .  

D i s t r i b u t o r  pumps a r e  r e l a t i v e l y  inexpensive. but they a r e  l i m i t e d  i n  

t h e  i n j e c t i o n  pressures  they can achieve.  For t h i s  reason, they a r e  used 

mostly i n  i n d i r e c t - i n j e c t i o n  engines .  In- l ine  pumps a r e  capable  of much h igher  

i n j e c t i o n  p r e s s u r e s ,  and a r e  used i n  many Group 2 engines. e s p e c i a l l y  those  

produced by European and Japanese manufacturers.  U n i t  i n j e c t o r  systems a r e  

capable of t h e  h ighes t  i n j e c t i o n  p r e s s u r e s  (exceeding 25.000 PSI).  These a r e  

u s e d  i n  a l l  Group 1 and Group 3 engines.  and i n  an i n c r e a s i n g  p m p o r t i o n  of 
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Group 2 engines  a8 V d l .  The l a r g e r  Cummins engines. most Det ro i t  Diesel-  

A l l i s o n  (DDA) epgine i .  and s e v e r a l  recent ly- introduced C a t e r p i l l a r  engines u s e  

u n i t  i n j e c t o r s .  

D i s t r i b u t o r  and i n - l i n e  i n j e c t i o n  pumps a r e  t y p i c a l l y  dr iven by a 
s p e c i a l  d r i v e s h a f t  from t h e  engine t iming gears.  This a l l o v s  t h e  i n j e c t i o n  

t i m i n g  t o  be v a r i e d  by r o t a t i n g  t h e  pump v i t h  respec t  t o  its d r i v e s h a f t .  us ing 

a s l i d i n g  h e l i c a l  s p l i n e .  The pmping  elements in  u n i t  i n j e c t o r  s y s t e m  a r e  

dr iven  by t h e  engine camshaft. i n  t h e  same way a s  t h e  i n t a k e  and exhaust  

va lves .  U n t i l  r e c e n t l y ,  i n j e c t i o n  t iming i n  u n i t  i n j e c t o r  s y s t e m  v a s  f ixed by 

t h e  sys ten  g e m e t r y  (except f o r  t h e  e f f e c t s  of  v e a r ) .  With t h e  a d d i t i o n  of 

e l e c t r o n i c  c o n t r o l s ,  hovwer.  these  systems can provide very f l e x i b l e  c o n t r o l  

of i n j e c t i o n  t i m i n g .  a s  discussed i n  Sec t ion  3.1. 

A s p i r a t i o n  Systems--The a s p i r a t i o n  s y a t d  is  t h e  system by vhich  

combustion a i r  i s  provided t o  t h e  engine.  The f i r s t  four-s t roke d i e s e l  engines  

r e l i e d  on t h e  s u c t i o n  c r e a t e d  by t h e  i n t a k e  s t r o k e  t o  draw a i r  i n t o  t h e  c y l i n -  

der. T h i s  approach i s  k n w n  a s  n a t u r a l  a s p i r a t i o n ,  and it is s t i l l  used  on 

many s m a l l e r  and lover-pmered e n g i n e s  today. Since t h e  pressure  f o r c i n g  t h e  

a i r  i n t o  :he c y l i n d e r  is l i m i t e d  t o  t h a t  of t h e  atmosphere. t h e  a i r  a v a i l a b l e  

f o r  combustion (and t h u s  t h e  maximum pwer output)  from these engines is 

l imi ted .  

I n  t h e  e a r l y  tvo-stroke engines ,  a l s e p a r a t e  Roots-type blower. d r iven  

from t h e  c rankshaf t ,  provided combustion a i r  a t  pressures s l i g h t l y  over atmo- 

s p h e r i c .  This technique. again.  is s t i l l  used i n  many smal le r  and 

lover-powered No-s t roke  engines  today. Roots-blovn two-stroke engines.  l i k e  

four-cycle n a t u r a l l y - a s p i r a t e d  engines.  a r e  l imi ted  i n  t h e i r  pmer output by 

the  atmospheric pressure .  Although n o t  s t r i c t l y  accurate.  it is common t o  lump 

t h e s e  engines t o g e t h e r  v i t h  four-s t roke engines a s  " n a t u r a l l y  asp i ra ted" .  a 

p r a c t i c e  which w i l l  be followed here. 

To obta in  h igher  power output  from a given engine s ize  and displace-  

ment. manufacturers have adopted turbochargers .  A tu rbocharger  c o n s i s t s  of a 

2-9 



high-speed c e n t r i f u g a l  compressor f o r  t h e  i n t ake  a i r .  on t h e  same s h a f t  as  and 

d r i v e n  by a high-speed t u r b i n e  i n  t h e  e x h a u s t .  By compressing t h e  in t ake  a i r .  

t he  turbocharger  i nc reases  t h e  amount a v a i l a b l e  i n  t h e  c y l i n d e r ,  and thus the  

m a x i m u m  parer output .  

Compressing t h e  i n t a k e  a i r  i nc reases  i t s  temperature .  i nc reas ing  t h e  

thermal loading  on p i s t o n s  and o t h e r  components. Cooling t h e  compressed a i r  i n  
a hea t  exchanger or a f t e r c o o l e r  reduces t h e  the rma l  load. and decreases  t h e  a i r  

volume. f u r t h e r  i nc reas ing  t h e  a i r  mass a v a i l a b l e  i n  t h e  c y l i n d e r  and thus  t h e  

m a x i m u m  power output .  Most high-patered diesel  engines  now incorpora t e  turbo- 

charging and a f t e r c o o l i n g .  For most s u c h  engines .  t h e  hea t  s ink  f o r  t h e  

a f t e r c o o l e r  i s  t h e  engine  cool ing  v a t e r .  a t  a temperacure of 80-95 C. The need 

f o r  lower i n t ake  a i r  Temperatures i n  emission-control led and high-output 

engines  has  r e s u l t e d  i n  i nc reas ing  use of  low-temperature a f t e r c o o l i n g .  u s i n g  

e i t h e r  a i r - t o - a i r  o r  air-to-low-temperature-liquid hea t  exchangers. These 

developments a re  d iscussed  f u r t h e r  i n  Sec t ion  3.1. 

2.3 Diese l  Emission Fundamentals 

Diese l  engines emit s i g n i f i c a n t  q u a n t i t i e s  .of oxides of n i t rogen  

(NO 1, s u l f u r  oxides  (SOx) ,  p a r t i c u l a t e  ma t t e r  (PM), and unburned hydrocarbons 

(HC). The NOx. HC. and most of t h e  PM emissions from d i e s e l s  a r e  formed d u r i n g  

the combustion process .  and can be c o n t r o l l e d  by appropr i a t e  modi f ica t ions  t o  
t h a t  process .  The s u l f u r  ox ides ,  i n  c o n t r a s t .  a r e  der ived  d i r e c t l y  from s u l f u r  

i n  the f u e l ,  and t h e  on ly  f e a s i b l e  c o n t r o l  technology is t o  reduce f u e l  s u l f u r  

conten t .  Most SO is emi t ted  as gaseous SO but a small  f r a c t i o n  ( t y p i c a l l y  

2-3 percent )  occurs a s  p a r t i c u l a t e  s u l f a t e s .  

X 

X 2' 

Diesel p a r t i c u l a t e  mat te r  c o n s i s t s  mostly of three components: soot  

formed dur ing  combustion. heavy hydrocarbons condensed or adsorbed on t h e  s o o t ,  

and p a r t i c u l a t e  s u l f a t e s .  I n  older- technology d i e s e l s ,  soot  is t y p i c a l l y  40 to 
80 percent  of t he  t o t a l  p a r t i c u l a t e  mass. Developments i n  in-cyl inder  
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m i s s i o n s  c o n t r o l  f o r  on-highway engines  have reduced t h e  s o o t  con t r ibu t ion  t o  

p a r t i c u l a t e  emissions considerably,  however. Host of t h e  remaining p a r t i c u l a t e  

mws consis t .  of heavy hydrocarbons adaorbed or condensed on t h e  soot.  This i s  

r e f e r r e d  t o  as t h e  s o l u b l e  organic  f r a c t i o n  of t h e  p a r t i c u l a t e  matter, or SOF. 

The SOF i s  der ived  p a r t l y  from t h e  l u b r i c a t i n g  o i l .  p a r t l y  from unburned f u e l ,  
and p a r t l y  from compounds formed dur ing  combustion. 

The p a r t i c u l a t e  SOP and gaseous hydrocarbons from diesel  engines  

inc lude  many k n w n  or suspected carc inogens  and o t h e r  toric a i r  conteatinants.  

These inc lude  polynucles r  a romat ic  compounds (PNA) and ni t roaromacics .  form- 

aldehyde and o t h e r  oxygenated hydrocarbons. These l a s t  a r e  a l s o  respons ib le  

f o r  much of t h e  c h a r a c t e r i s t i c  diesel  odor. 

NO / P a r t i c u l a t e  Tradeoff--Diesel p a r t i c u l a t e  and NOx emissions r e s u l t  

from the  fundamental na tu re  of t h e  cornbustion process ,  making them e s p e c i a l l y  

d i f f i c u l t  t o  coacro l .  A s  opposed t o  spa rk - ign i t ion  engines  (vhich use a 

more-or-less homogenecus charge)  all d i e s e l  engines  r e l y  on h e t a r o p n e o u s  

combustion. During t h e  compression s t r o k e ,  a diesel engine  compresses only 

a i r .  F u e l  i s  i n j e c t e d  i n t o  t h e  combustion chamber i n  l i q u i d  form nea r  t he  t o p  

of t h e  compression s t r o k e .  The q u a n t i t y  of fue l  i n j e c t e d  v i t h  each s t roke  is 
determined by t h e  engine  pover output  requi red .  Af t e r  a b r i e f  per iod knovn as 

t h e  i g n i t i o n  delay.  t he  f u e l  is i g n i t e d  by t h e  hot  a i r  and burns.  I n  t h e  

premixed burning phase, t h e  f u e l / a i r  mixture  formed during t h e  i g n i t i o n  delay 

per iod burns r a p i d l y .  The subsequent r a t e  of  burning is c o n t r o l l e d  by t h e  r a t e  

of mixing b e w e e n  t h e  r m a i n i n g  f u e l  and a i r .  v i t h  combustion a lvays  occurr ing  

a t  t he  i n t e r f a c e  betveen t h e  NO. Most of t h e  fuel burned is burned i n  t h i s  

d i f f u s i o n  bu rn ing  s t a g e ,  except under ve ry  l i g h t  loads.  

The f a c t  t h a t  f u e l  and a i r  must  m i x  before  burning means t ha t  a 

s u b s t a n t i a l  amount of a c e s 8  a i r  i s  needed t o  ensure complete combustion of t h e  

f u e l  w i th in  t h e  l i m i t e d  time a l loved  by t h e  pover s t r o k e .  Diesel engines ,  

t h e r e f o r e ,  o p e r a t e  a t  overall a i r - f u e l  r a t i o s  v h i c h  a r e  cons iderably  lean of 
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s to i ch iomet r i c .  

engine power requi r imcnts .  which govern t h e  amount of f u e l  i n j e c t e d .  

The a i r - f u e l  r a t i o  dur ing  a given s t r o k e  is determined by t h e  

The minimum a i r f u e l  r a t i o  f o r  complete combustion i n  a d i e s e l  is 

about 21. corresponding t o  about 50  percent  excess a i r .  T h i s  r a t i o  is known a s  
the  smoke l i m i t ,  s i n c e  smoke i n c r e a s e s  d rama t i ca l ly  a t  r a t i o s  lover than t h i s .  

The smoke l i m i t  e s t a b l i s h e s  t h e  m a x i m u m  amount of f u e l  t h a t  can be burned per  

s t roke ,  and t h u s  t h e  maximum p a t e r  ou tput  of t h e  engine.  

NO i n  t h e  diesel  engine is p r imar i ly  NO, vhich  is formed a t  high 

temperstures  c l o s e  t o  t h e  flame fxunt  i n  t h e  presence of excess  oxygen. The 

r a t e  of NO formation i n  diesels is a func t ion  of oxygen a v a i l a b i l i t y .  and is 

exponent ia l ly  dependent on t h e  flame temperature .  In t h e  d i e s e l  engine,  most 

of t h e  NO emi t ted  is formed e a r l y  i n  t h e  combustion process ,  when t h e  p i s t o n  
is s t i l l  near  top-dead-center (TDC). This  t h i s  is when t h e  temperature  and 

p res su re  of t h e  charge Zre g r e a t e s t .  Recent vork by several manufacturers  and 

consu l t an t s  (Wade e t  a l . ,  1967; C a r t e l l i e r i  and Wachter. 1967; m f r s .  confiden- 

t i a l  d a t a )  i n d i c a t e s  t h a t  most of t h i s  NO is a c t u a l l y  formed d u r i n g  t h e  

prenixed burning phase. and t h a t  reducing t h e  amount of f u e l  burned i n  t h i s  

phase can s i g n i f i c s n t l y  reduce NO emissions.  NOx can a l s o  be reduced by 

a c t i o n s  which reduce t h e  flame temperature  dur ing  combustion. These a c t i o n s  

include:  de lay ing  combustion p a s t  TDC. coo l ing  t h e  a i r  charge going i n t o  t h e  

cy l inde r .  reducing t h e  a i r - f u e l  mixing rate near  TDC. and exhaust gas rec i rcu-  

l a t i o n  (ECR) . Since combustion always occur8 under near -s to ich iometr ic  condi- 

t i o n s ,  reducing t h e  f lame temperature  by "lean-burn" techniques.  a s  i n  spark-  

i g n i t i o n  engines.  i s  imprac t i ca l .  

S 

S 

X 

X 

Diesel soo t  is formed only  dur ing  t h e  d i f f u s i o n  burning phase of 

combustion. Host of the s o o t  formed is subsequent ly  burned d u r i n g  t he  l a t e r  ' 

p o r t i o n s  of t h e  =pansion s t roke .  Soot c a i d a t i o n  is much slover than soot  

formation. however, and t h e  amount of aoo t  ox id ized  is  h e a v i l y  dependent on t h e  

a v a i l a b i l i t y  of high temperatures  and adequate  oxygen during t h e  l a t e r  s t a g e s  

of combustion. Action6 vhich decrease the ammnt of f u e l  burned i n  the 
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d i f f u s i o n  burning s t a g e  tend  to decrease s o o t  m i s s i o n s  ( a t  t h e  cos t  of an 

inc rease  i n  NO.). Actions which reduce t h e  a v a i l a b i l i t y  02 oxygen (such aa 

ECR. or opera t ion  a t  low a i r - f u e l  r a t i o s ) .  o r  which reduce t h e  time a v a i l a b l e  

f o r  soot  m i d a t i o n  (such as r e t a r d i n g  t h e  combustion t iming or reducing t h e  

a i r - f u e l  mixing r a t e )  tend  t o  i n c r e a s e  s o o t  m i s s i o n s .  

Diesel HC emissions ( a s  w e l l  a s  t h e  unburned-fuel po r t ions  of t h e  
p a r t i c u l a t e  SOP) =cur  p r imar i ly  a t  l i g h t  loads.  a s  s r e s u l t  of excess ive  

f u e l - a i r  mixing. producing a mixture t o o  lean t o  burn. Other  HC sources  

include f u e l  depos i ted  on t h e  combustion chamber walls by the  i n j e c t i o n  pro- 

cess. f u e l  r e t a i n e d  i n  t h e  o r i f i c e s  of t h e  i n j e c t o r  which vapor izes  l a t e  i n  

combustion, and p a r t l y  r eac t ed  mixture  which is sub jec t ed  t o  bulk quenching by 

roo-rapid mixing wi th  a i r .  Advanced i n j e c t i o n  t iming ( e s p e c i a l l y  a t  l i g h t  

loads and h igh  speeds) .  h i g h e r  bulk gas temperatures.  and lower i n j e c t i o n  

pressures  tend t o  reduce HC emissions;  high a i r  auirl rat= end high i n j e c t i o n  
pressures  t e n d  t o  inc rease  them. 

It i s  apparent  from t h e  foregoing d i scuss ion  t h a t  t h e r e  is  an i n h e r  

e n t  c o n f l i c t  between some of t h e  most powerful diesel  NO c o n t r o l  techniques 

and p a r t i c u l a t e  emissions.  This  is t h e  b a s i s  f o r  t h e  much-discussed " t radeoff"  

r e l a t i o n s h i p  b e w e e n  d i e s e l  NO and p a r t i c u l a t e  emissions.  This "tradeof f "  i s  

not absolute--various NO c o n t r o l  techniques have vary ing  e f f e c t s  on soo t  and 

HC emissions.  and t h e  importance of these e f f e c t s  v a r i e s  a s  a funct ion of 

engine speed and load .  These t r a d e o f f s  do p lace  limits on t h e  e x t e n t  r o  which 

any one of t h e s e  p o l l u t w t s  can be reduced. however. To minimize emissions of 

a l l  t h r e e  p o l l u t a n t s  s imul taneous ly  r equ i r e s  c a r e f u l  op t imiza t ion  of t h e  f u e l  

i n j e c t i o n ,  f u e l - a i r  mixing, and combustion processes  over t h e  f u l l  range of 

engine  ope ra t ing  cond i t ions .  

X 

X 

X 

V i s i b l e  Smoke--Visible smoke is  due p r imar i ly  t o  t h e  s o o t  component 

of d i e s e l  p a r t i c u l a t e  matter. Under mst ope ra t ing  cond i t ions ,  t h e  exhaust 

plume from a p rope r ly  ad jus ted  d i e s e l  engine  is normally i n v i s i b l e ,  wi th  a 

t o t a l  opac i ty  (absorb tance  and r e f l e c t a n c e )  of two percent  o r  l e a s .  V i s ib l e  

, 
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smoke emissions frcm heavy-duty d i e s e l s  a r e  t y p i c a l l y  due t o  ope ra t ing  a t  

a i r - f u e l  r a t i o s  a t  o r  belov t h e  smoke l i m i t .  o r  t o  poor f u e l - a i r  mixing i n  t h e  

cy l inder .  Poor mir ing  may occur  du r ing  "lug-down" (high-torque ope ra t ion  a t  

lov engine speeds)  s i n c e  tu rbocha rge r  boost. a i r  svirl level, and f u e l  in jec-  

t i o n  p res su re  a r e  t y p i c a l l y  poorer  i n  these "of f-design" condi t ions .  Marginal 
a i r - f u e l  r a t i o s  also occur i n  f u l l - p a r e r  ope ra t ion  of na tura l ly-asp i ra ted  

engines .  r e s u l t i n g  i n  some v i s i b l e  smoke under these  cond i t ions .  

In turbocharged engines .  l o w  a i r f u e l  r a t i o s  can occur during tran- 
s i e n t  a c c e l e r a t i o n s .  s i n c e  t h e  i n e r t i a  of t h e  turbochargpr  r o t o r  means t h a t  t h e  

a i r  supply dur ing  t h e  f i r s t  fev  seconds of a f u l l - p a r e r  a c c e l e r a t i o n  is less 
than t h e  a i r  supply i n  s t e a d y - s t a t e  ope ra t ion .  To overcome t h i s  problem. 

turbocharged engines  i n  highway t r u c k s  inco rpora t e  an a c c e l e r a t i o n  smoke 

l i m i t e r .  which limits t h e  fue l  f l o v  t o  t h e  engine  u n t i l  the turbocharger  has  

t i m e  to respond. This reduces t h e  t r a n s i e n t  po re r  and torque a v a i l a b l e  from 

the  engine.  hovever. For t h i s  reason. smoke limiters a r e  n o t  ccmm~nly used i n  

most off-highway a p p l i c a t i o n s .  

2.4 Emission Regulat ions 

Emissions from diesel engines  used i n  on-highway t rucks  and buses 

have been r egu la t ed  s i n c e  1972. Due t o  t he  v a r i e t y  of heavy-duty t r u c k  s i z e s ,  

types.  and a p p l i c a t i o n s ,  i t  has  been considered imprac t i ca l  t o  spec i fy  

heavy-duty emissions limits i n  terms of p o l l u t i o n  per u n i t  of d i s t a n c e  t rav-  

e l l e d  (e.g.  grams per  mile). as is done f o r  l igh t -duty  v e h i c l e s .  Instead.  

heavy-duty emissions r e g u l a t i o n s  a r e  v r i t t e n  t o  apply t o  the  engine.  r a t h e r  

t h a n  t h e  veh ic l e .  The emiss ions  limits a r e  expressed i n  term of grams of 

p o l l u t i o n  per u n i t  of work oucput from t h e  engine,  a s  measured over  a s p e c i f i e d  

t e s t  cyc le  on an engine  dynamometer. The s p e c i f i c  u n i t s  of t h e  U.S. regula- 

t i o n s  a r e  grams of p o l l u t i o n  per brake  horsepover-hour (g/BHP-hr). 

Federal  and C a l i f o r n i a  emissions l imits e s t a b l i s h e d  f o r  heavy-duty 

on-highway diesel  engines  a r e  shown i n  Table 2-2. Regulated p o l l u t a n t s  include 
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carbon monoxide ('3). hydrocarbons ( H C ) ,  oxides of n i t rogen  ( N o r ) ,  and (begin- 

ning i n  model y e a r  1988) p a r t i c u l a t e  mat te r  (PM). ;.s a p r a c t i c a l  matter,  

however. only t h e  NOx and PM r e g u l a t i o n s  a r e  of much s i g n i f i c a n c e ,  s i n c e  d i e se l  

HC and CO m i s s i o n s  are much<lower than t h e  s t a n d a r d s  (which were w r i t t e n  f o r  
g a s o l i n e  engines) .  

A s e p a r a t e  r e g u l a t i o n  a l s o  l i m i t s  t h e  maximum smoke opac i ty  fo r  

on-highway d i e s e l  engines.  This had some e f f e c t  i n  l i m i t i n g  p a r t i c u l a t e  

emissions p r i o r  t o  t h e  es tab l i shment  of t h e  PM atandard.  However. compliance 

w i t h  f u t u r e  PN emissions limits w i l l  resul t  i n  smoke o p a c i t y  l e v e l s  f a r  below 

t h e  regula ted  values .  e s s e n t i a l l y  rendering t h e  opac i ty  r e g u l a t i o n  i r r e l e v a n t .  

Tes t  procedures--the test  c y c l e s  and o t h e r  procedures under which 

emissions a r e  measured a r e  a s  important a s  t h e  numerical  emissions limits. 

U n t i l  1985. gaseous emissions were measured on t h e  "13-mode" cycle .  This cyc le  

cons is ted  of s t e a d y - s t a t e  o p e r a t i o n  a t  ten d i f f e r e n t  power and speed s e t t i n g s .  

w i t h  i n t e r v e n i n g  per iods of i d l e .  Since diesel HC. CO. and PM emissions a r e  

heavi ly  inf luenced by t r a n s i e n t  opera t ion .  t h e  s t e a d y - s t a t e  13-mods procedure 

vas  considered a poor p r e d i c t o r  of in-use emissions of these p o l l u t a n t s  by 

highway v e h i c l e s .  For t h i s  reason, it has  been superseded by t h e  c u r r e n t  

Federal  Heavy-Duty Trans ien t  Test Procedure. I n  t h i s  procedure. engine speed  

and load a r e  cont inuously v s r i e d  according t o  a f i x e d  schedule ,  which is 

rncended t o  s i m u l a t e  t y p i c a l  urban d r i v i n g .  

Unlike highway t rucks.  most off-highway d i e s e l  a p p l i c a t i o n s  include 

l i t t l e  t r a n s i e n t  o p e r a t i o n  ( c o n s t r u c t i o n  equipment is t h e  major except ion) .  

Thus, t h e  13-mode cyc le ,  w i t h  i t s  s teady-s ta te  .operat ion.  may produce more 

r e p r e s e n t a t i v e  r e s u l t s  than t h e  t r a n s i e n t  procedure f o r  these engines .  This is 
f o r t u n a t e .  s i n c e  v i r t u a l l y  a l l  of t h e  a v a i l a b l e  d a t a  on of f-highway d i e s e l  

emissions a r e  baaed on t h e  13-mode or some o t h e r  s t e a d y - s t a t e  o p e r a t i n g  cyc le .  

Appropriate  test  c y c l e s  f o r  ind iv idua l  c l a s s e s  of equipment a r e  discussed 

f u r t h e r  i n  Sec t ions  Four through Eight .  
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3.0 TECANOLOGY FOR EMISSIONS CONTROL 

This s e c t i o n  saunmsrizes t h e  c u r r e n t  s t a t e  of t h e  a r t  i n  d i e s e l  

emissions c o n t r o l .  Emissions c o n t r o l  technology f o r  high-speed, on-highway 

d i e s e l  engines  has advanced r a p i d l y  Over t h e  l a s t  few y e a r s  due t o  recent  EPA 

and C a l i f o r n i a  ARB r e g u l a t i o n s  imposing "technology forc ing"  emissions stan- 

dards  f o r  t h e  1988. 1991. and 1994 model years .  These developnents a r e  

descr ibed a t  l e n g t h  i n  another  Radian r e p o r t  (Weaver and Klausmeier. 1987). 

from which most of S e c t i o n  3.1 h a s  been adapted. Many of t h e s e  d e v e l o p e n t s  

are  d i r e c t l y  a p p l i c a b l e  t o  high-speed of f-highvay engines a s  well. Progress 

i n  c o n t r o l l i n g  emissions from medium-speed engines  has been much more l imited.  

This  i s  a t  l ea s t  p a r t l y  due t o  t h e  lack of s i g n i f i c a n t  r e g u l a t o r y  pressure  on 

t h i s  engine class. Emission c o n t r o l s  for these  wo engine c l a s s e s  a r e  

discussed s e p a r a t e l y  below. 

3.1 High-speed Engines 

V i r t u a l l y  a l l  heavy-duty d i e s e l  engine  manufacturers have mounted 

i n t e n s i v e  research  and development e f f o r t s  i n  emissions c o n t r o l .  i n  order fo be 

a b l e  t o  comply w i t h  t h e  1988 and 1991 emissions s tandards.  Compliance with t h e  

1988 s tandards  has  been a t t a i n e d .  and compliance with t h e  f a r  more s t r i n g e n t  

1991 s tandards  of 5.0 g/BHP-hr NO and 0.25  g/BHP-hr PM naJ  appears wi th in  

reach (Weaver and Klausmeier, 1987a). Since.  on-highway and of f-highway 

engines a r e  i d e n t i c a l  i n  t h e i r  underlying technologies.  a l l  of t h e  basic  

research  performed i n  t h i s  e f f o r t  should be a p p l i c s b l e  t o  off-highway engines 

a s  w e l l .  Much of t h e  a p p l i c a t i o n  and design work should a l s o  be d i r e c t l y  

a p p l i c a b l e  t o  off-highway engines  i n  Group 2. and ( t o  a lesser e x t e n t )  Group 

3. However. much d e t a i l e d  developnent and a p p l i c a t i o n  engineer ing  would s t i l l  

be needed t o  adapt  t h e s e  technologies  to t h e  d i f f e r e n t  requirements and 

o p e r a t i n g  p a t t e r n s  of off-highway service. 

x 

Overviev--Diesel engine  emissions of NO PM. and HC can be reduced 

by c a r e f u l l y  t a i l o r i n g  t h e  a i r  induct ion ,  f u e l  i n j e c t i o n .  f u e l - a i r  mixing .  and 

o t h e r  elements of t h e  combustion process .  This  in-cylinder emissions con t ro l  

X '  
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is l i m i t e d  by t h e  t r a d e o f f s  d i scussed  i n  Sec t ion  2.3. Diesel emissions can 

a l s o  be reduced through af te r t rea tment - -phys ica l  or chemical t rea tment  r,f t he  

exhaust  gesea a f t e r  they leave t h e  cy l inde r .  Table 3-1 l ists  t h e  s i g n i f i c a n t  
emission c o n t r o l  t echno log ie s  i n  u s e  o r  under development i n  each  of t hese  

ca t egor i ea  for  on-highway engines.  

The l a s t  fev y e a r s  have  seen tremendous p rogres s  i n  t h e  con t ro l  of 

diesel  engine  emissions i n  t h e  cy l inde r .  As a r e s u l t .  it now appears  l i k e l y  
t ha t  many on-highvay engines--especial ly  those  uaed i n  t h e  l a r g e s t  o r  

%eavy-heavy" t r u c k  class--may be a b l e  t o  comply w i t h  t h e  1991 m i s s i o n s  

s t anda rds  by in-cy l inder  means alone.  I f  c e r t i f i c a t i o n  t e s t i n g  vere conducted 

wi th  low-sulfur fue l .  most new heavy-duty on-highway d i e s e l  engines  would be 

a b l e  t o  meet t h e  1991 s t anda rds  v i t h o u t  t h e  use of  a trap. al though same would 

r e q u i r e  t h e  use of a c a t a l y t i c  conve r t e r  or o t h e r  non-trap a f t e r t r e a t m e n t  

technique co reduce p a r t i c u l a t e  emissions. These advances have a l s o  brought 

t h e  1'394 p a r t i c u l a t e  s t anda rds  of  0.1 g/BHP-hr w i t h i n  the  range of 

p o s s i b i l i t y .  g iven  an e f f i c i e n t  t r a p  and low-sulfur f u e l  (Weaver and 

Klausmeier. 1987a). 

In-cy l inder  emissions control--Recent p rogres s  i n  in-cy l inder  emis- 

s i o n s  c o n t r o l  has  been made p o s s i b l e ,  i n  l a r g e  par t .  by improved understanding 

of the diesel  combustion process ,  and of t h e  f a c t o r s  a f f e c t i n g  p o l l u t a n t  

formation and d e s t r u c t i o n .  

a r e  determined by t h e  specif ic  course  of t h e  d i e s e l  combustion process.  

Modifying t h i s  process  t o  minimize p o l l u t i o n  involves a complex multi-dimen- 

s i o n a l  t r a d e o f f  between NO,, HC. and PM emissions.  f u e l  econamy. p m e r  output .  

smoke, c o l d - s t a r t  a b i l i t y .  cos t .  and many o t h e r  cons idera t ions .  These changes 

go t o  t h e  h e a r t  of d i e s e l  engine  design.  and they have t h e  p o t e n t i a l  e i t h e r  t o  
d rama t i ca l ly  enhance o r  d rama t i ca l ly  degrade an e n g i n e ' s  performance re la t ive 

t o  i t s  compet i tors .  As a result, eng ine  manufacturers  have devoted t h e  bulk of 

the i r  r e sea rch  and development r e sources  t o  t h i s  a r ea .  

P o l l u t a n t  formation and d e s t r u c t i o n  i n  t h e  c y l i n d e r  

Most eng ine  manufacturers  have  fo l loved  a broadly  similar approach t o  

in-cy l inder  con t ro l .  a l though t h e  s p e c i f i c  techniques  used  d i f f e r  cons iderably  
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WLB 3-1. TECHNIQUES FOR DIESEL ENCINE EHISSIONS CONPROL 

IN-CYLINDER CONPROLS 

Fuel  I n j e c t i o n  System 
L o r  s a c / r e r o  sac nozzlsa 
Retarded ( f i x e d )  i n j e c t i o n  t iming 
Var iab le  i n j e c t i o n  t iming 
High i n j e c t i o n  preaaure 
Trana ian t  amoke l i m i t e r  
Gwernor  curve shaping 
E l e c t r o n i c  f u e l  r a t e  con t ro l  
E lec t ron ic  i n j e c t i o n  t i n i n g  con t ro l  
Reduced i n i t i a l  r a t e  of i n j e c t i o n  
Var i ab le  f u e l  i n j e c t i o n  r a t e  

A i r  charging system 
Turbocharging 
I n t  e rcool  i n g  

Jacke t  Uatcr  
A i r - a i r  
Lou flow a i r w a t e r  
Separa te  c i r c u i t  a i r r a t e r  

Low-inertia turbocharger  
Var iab le  geometry turbocharger  
Externa l ly-dr iven  turbocharger  
Turbocompound engine 
Hechanical supercharger  
Cas-dynamic supercharger  

Combustion Chsmber 
Reduced c rev ice  volume 
Opt imbed  compression r a t i o  
Optimized a i r  swirl r a t i o  
Var iab le  a i r  swirl r a t i o  
Re-entrant bovl combustion chamber 
Heat insu la t ion  
I n d i r e c t  i n j e c t i o n  
Air c e l l  

Reduced O i l  Consummion 

Exhaust Gas Rec i r cu la t ion  
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TABLE 3-1 (Continued) 

AFIERTREAR(eKP CONTROLS 

Trap-oxidizer System. 
Traps 

C e l l u l a r  c o r d i a r i t e  c a r m i c  monolith 
Cellular m u l l i t a  fiber t r a p  
Caramic f o m  
Conductive Sic monolith 
Woven silica-fiber "caridla" t r a p  
Precioua meta l  ca t a lyzed  wira-mesh t r a p  

Regeneration Technique. 
Diese l  f u e l  burnar/byparr  
E l e c t r i c  heater /bypasn 
Exhaust t m p e r a t u r e  inc rease  
Catalyzed t r a p  
C a t a l y t i c  f u e l  addi t ive.  
C a t a l y s t  i n j e c t i o n  i n  exhauot 
Reverse f l w / r e c y c l i n g  

C a t a l y t i c  Converters 
C e l l u l a r  monolith 
Pe l l e t - type  

E l e c t r o s t a t i c  Precipitator/agglomerator 

S e l e c t i v e  C a t a l y t i c  Reduction 

RapReNox Process  
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from one manufacturer t o  t h e  next .  This t y p i c a l  approach t o  in-cylinder 

emissions c o n t r o l  inc ludes  the f o l l o v i n g  major elements. 

0 Minimize p a r a s i t i c  HC and PH emissions (those not  d i r e c t l y  

related t o  t h e  combustion process) by minimizing nozzle sac  

volume and reducing o i l  consumption t o  t h e  e x t e n t  p o s s i b l e  

6 Reduce PM emissions a t  cons tan t  NO by r e f i n i n g  t h e  turbo- 

charger/engine match and improving engine  "breathing" 

c h a r a c t e r i s t i c s .  Many manufacturers a r e  a l s o  experimenting 

v i t h  variable-geometry turbochargers  t o  improve t h e  

turbocharger  match over  a wider  speed range. 

X 

0 Reduce PM and NOx f v i t h  scme penal ty  i n  HC) by cool ing  t h e  com- 

pressed charge a i r  a s  much as  p o s s i b l e ,  v i a  a i r - s i r  o r  low- 

temperature a i r -water  a f t e r c o o l e r s .  

Fur ther  reduce NOx to meet regula tory  t a r g e t s  by severe ly  

r e t a r d i n g  f u e l  i n j e c t i o n  timing over most of the speed/ load 

range. Minimize t h e  adverse e f f e c t s  of re tarded t i m i n g  on 

smoke. s t a r t i n g .  and l igh t - load  HC emissions v i a  a f l e x i b l e  

t i m i n g  systen t o  advance t h e  t iming under t h e s e  condi t ions .  

0 Recover the  PM i n c r e a s e  due t o  r e t s r d e d  t iming by increas ing  the  

f u e l  i n j e c t i o n  pressure and i n j e c t i o n  r a t e .  

0 Improve s i r  u t i l i z a t i o n  (and reduce PM e n i s s i o n s )  by minimizing 

p a r a s i t i c  volumes such a s  p i s t o n l c y l i n d e r  head clearance and 

p i s t o n  t o p  land volume. 

Optimize in-cyl inder  a i r  motion through changes i n  combustion 

chamber geometry and i n t a k e  a i r  swirl t o  provide adequate mixing 
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a t  l o v  speeds ( t o  minimize smoke and PM) v i t h o u t  over-rapid 

mixing a t  h i g h  speeds (vhich would i n c r e a s e  HC and N3=). 

Control  smoke and p a r t i c u l a t e  emissions i n  ful l -pover  ope ra t ion  

and t r a n s i e n t  a c c e l e r a t i o n s  through improved governor c u m e  

shaping and t r a n s i e n t  smoke l i m i t i n g  (gene ra l ly  through elec- 

t r o n i c  governor c o n t r o l s ) .  

With a few no tab le  excep t ions  (such as air-sir a f t e rcoo l ing ) .  t hese  

technologies  should be a p p l i c a b l e  t o  t h e  g r e a t  ma jo r i ty  of Group 2 and Group 3 

off-highway engines  as v e l l .  Many would a l s o  apply t o  Group 4 engines ,  

a l though t h e  c o s t s  of some t echno log ie s  (such aa turbocharging and a f t e r -  

cool ing)  might prove p r o h i b i t i v e .  

I n  a d d i t i o n  t o  these g e n e r a l l y  used approaches,  a number of o t h e r  

p ran i s ing  in-cyl inder  qont ro l  techniques  a r e  under developmant by va r ious  

manufacturers.  These inc lude  v a r i a b l e  h i r  swirl devices  f o r  improved con t ro l  

of in -cy l inder  a i r  motion over  a range of speeds;  f u e l  i n j e c t i o n  pumps v i t h  

e l e c t r o n i c  c o n t r o l  of t h e  f u e l  i n j e c t i o n  ra te :  p r o p r i e t a r y  technology t o  

minimize t h e  i n i t i a l  f u e l  i n j e c t i o n  ra te ,  rhus reducing premixed burning and 

NO emissions;  and innovat ive  supercharging technologies  t o  min imize  o r  elimi- 

nate turbocharger  lag .  Turbocompound engines ,  vhich are being developed 

p r imar i ly  f o r  fuel  econmy reasons, vi11 a l s o  he lp  reduce emissions sanevhat 

through increased  engine  e f f i c i e n c y .  

X 

It is s t r i k i n g  t h a t  most of t h e  in-cyl inder  emission reduct ions  

a t t a i n e d  t o  date i n  on-highvay eng ines  have come from pa ins t ak ing  op t imiza t ion  

and incremental  improvements t o  engine  design. r a t h e r  than from t h e  a p p l i c a t i o n  

of major new t echno log ie s .  Technologies  such aa e l e c t r o n i c  t iming con t ro l  and 

governing have played a f a i r l y  minor role i n  reducing emissions.  a l though they 

have c e r t a i n l y  he lped  t o  o f f s e t  some of the d e l e t e r i o u s  effects  of emissions 

con t ro l  on engine  performance. This  suggescs  that--as an in te r im 

so lu t ion - - f a i r ly  s u b s t m n i a l  improvements i n  of f-highway eng ine  emissions might 

be ob ta inab le  q u i c k l y  and a t  moderate c o s t  through r e l a t i v e l y  minor design and 
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c a l i b r a t i o n  changes. This  could r e s u l t  i n  of f-highway emissions l e v e l s  

comparable t o  t h o s e  i n  t r u c k  engines  m.e t ing  t h e  1988 s tandards .  To a t t a i n  

emission levels comparable t o  t h o s e  mandated f o r  1991 would r e q u i r e  ( i n  most 

cases)  complete redesign and re -opt imiza t ion  of the  e n g i n e - a  very 

time-consuming and expensive process.  
- 

Several  t echnologies  a r e  conspicuously absent  from t h e  l i s t  of those 

unde r  development f o r  on-highway engines.  due t o  t h e i r  adverse e f f e c t s  c n  f u e l  

econany o r  d u r a b i l i t y .  The most s i g n i f i c a n t  of these  a r e  exhaust gas 

r e c i r c u l a t i o n  (EGR) and i n d i r e c t  i n j e c t i o n .  Properly modulated. EGR can 

s i g n i f i c a n t l y  reduce NOx emissions with a minimal i n c r e a s e  i n  PM. O i l  

contamination and engine wear r a t e s  a r e  increased by EGR. howwer. and 

manufacturers have been s t r o n g l y  r e s i s t a n t  t o  i t s  uae. 

emissions. I D 1  engines  a r e  5-10 percent  less f u e l  e f f i c i e n t  t h a n  DI.engines .  

and have l o s t  market s h a r e  as  a r e s u l t .  The primary advantage of these  wo 

technologies  is the i r  low i n i t i a l  cost.  This  makes them w e l l  s u i t e d  t o  the  

small  high-speed d i e se l  engines i n  Group 4, f o r  which t h e i r  disadvantages of 

increased wear and f u e l  consumption a r e  least s i g n i f i c a n t .  

While r e l a t i v e l y  low i n  

After t reacment  c o n t r o l  technologies--Potent ia l  exhaust  a f t e r t r e a t m e n t  

technologies  include t rap-oxid izers  and flov-through c a t a l y t i c  converters .  both 

of which would a f f e c t  p r i m a r i l y  PN and HC emissions.  Due c o  t h e  ox id iz ing  

na ture  of d i e s e l  exhaust ,  a f t e r t r e a t m e n t  techniques f o r  NO r e q u i r e  t h a t  a 

s e p a r a t e  reducing sgent  be suppl ied .  Despite considerable  p u b l i c i t y  given t o  

one such system, t h i s  approach is considered i n f e a s i b l e  for general  

a p p l i c a t i o n  i n  v e h i c l e s .  

X 

Most of t h e  research  and development a c t i v i t y  i n  diesel  a f t e r t r e a t -  

ment involves  t rap-oxid izers .  A t rap-oxid izer  system c o n s i s t s  of a durable  

p a r t i c u l a t e  f i l t e r  i n  t h e  exhaust  ( t h e  "trap"). a long wi th  sane means of 

regenera t ing  t h e  f i l t e r  by burning o f f  ("oxidizing") t h e  c o l l e c t e d  p a r t i c u l a t e  

mat ter .  Development a c t i v i t y  i s  concentrated on t h e  "oxidizer"  p o r t i o n  of t h e  

system. as  s u i t a b l e  f i l t e r  media have been a v a i l a b l e  f o r  some time. 

3-7 



Progress  i n  t rap-oxid izer  development has  been slov. This i s  a t  

least p a r t l y  dui  t o  t h e  l i m i t e d  r e s o u r c e s  being devoted t o  t rap-oxidizer  RhD. 
Only a few manufacturers appear t o  have devoted major e f f o r t s  t o  t rap-oxidizer  

system development. Foremost among these  is Daimler-Benz. which has placed 50 
protorype t r a p s  on buses opera t ing  i n  West Germany (Hardenberg. 1987). One 

o t h e r  U.S. engine manufacturer has  a l s o  devoted cons iderable  e f f o r t  to 

t rap-oxid izer  development. and haa s u c c e s s f u l l y  accumulated more than 123.000 

miles  on a prototype system. 

i n  a number of underground mining a p p l i c a t i o n s  ( B r e v  e t  al.. 1987). 

Trap-oxidizers have a l s o  been r e s t e d  s u c c e s s f u l l y  

The f e a s i b i l i t y  of t rap-oxid izers  i n  of f-highway a p p l i c a t i o n s  vould 

depend on t h e  s p e c i f i c  a p p l i c a t i o n  and opera t ing  condi t ions .  The a p p l i c a t i o n  

of t rap-oxid izers  i n  t r u c k s  has been slowed by t h e  need t o  e n s u r e  regenera t ion  

under a l l  p o s s i b l e  o p e r a t i n g  c o n d i t i o n s  ( inc luding  prolonged low-pwer 

o p e r a t i o n ) .  without  i n t e r v e n t i o n  from t h e  dr iver .  Engines i n  many off-highway 

a p p l i c a t i o n s  a r e  s u b j e c t  t o  much h igher  and more c o n s i s t e n t  load f a c t o r s  than 

those i n  highvsy t r u c k s .  I n  a d d i t i o n .  off-highwsy equipment o p e r e t o r s  tend to 

be more involved i n  monitoring and maintaining t h e i r  equipment. A s impler  

(and thus  l e s s  expensive) r e g e n e r a t i o n  system would be f e a s i b l e  under  these  

circumstances--indeed. such systems have seen good acceptance i n  underground 

m i n i n g .  On the o t h e r  hand, s s f e t y  concerns (e.g. i n  boa t s )  o r  packaging 

problems could r u l e  out  t rap-oxid izer  use i n  sme of f-highway a p p l i c a t i o n s .  

The success  of in-cyl inder  p a r t i c u l a t e  c o n t r o l  e f f o r t s  has. l e d  

s e v e r a l  manufacturers t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of flow-through c a t a l y t i c  

conver te rs  f o r  reducing p a r t i c u l a t e  emissions. Given the  lw engine-out 

p a r t i c u l a t e  l e v e l s  seen on c u r r e n t  development engines,  and t h e  high organic 

content  of t h e  p a r t i c u l a t e  matter. t h e  use  of a c a t a l y t i c  conver te r  now appears 

a s  a poss ib ly  v i s b l e  approach. By o x i d i z i n g  much of t h e  p a r t i c u l a t e  SOF. a 

c a t a l y t i c  conver te r  could reduce p a r t i c u l a t e  emissions by 25 t o  35. percent .  

which would be enough t o  meet t h e  1991 s tandard.  A c a t a l y r i c  c o n v e r t e r  system 

vould be much s impler  and less expensive than a t rap-oxid izer ,  s ince  the 
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flow-through design of t h e  c a t a l y t i c  conver te r  avoids t h e  problem of regenera- 

t i o n .  The major drawback t o  t h e  c a t a l y t i c  converter  approach in t rucks  is 

s u l f a t e  production--they vould probably be f e a s i b l e  only with low-sulfur f u e l .  

C a t a l y t i c  conver te rs  i n  off-highway a p p l i c a t i o n s  vould be s u b j e c t  t o  t h e  same 
s s f e q  and packaging concerns discussed above f o r  t rap-oxidizers .  

3.2 Medium-Speed Engines 

Due t o  t h e  lack  of regula tory  pressure.  t h e  development of emission 
c o n t r o l s  f o r  t h e  medium-speed d i e s e l  engines  i n  Group 1 h s s  lagged considerably 

behind t h a t  f o r  high-speed. on-highway engines.  Most emissions-related work on 

medium-duty engines  has focussed on c o n t r o l  of v i s i b l e  smoke, or on improving 
power output and f u e l  econany. v i t h  emission reduct ions  only  a s i d e - e f f e c t .  A 

l i m i t e d  amount of work on NO 

a l s o  been performed. as  v i l l  be d iscussed  b e l w .  I n  addi t ion .  some s t u d i e s  

have examined t h e  e f f e c t s  of a l t e r n a t i v e  f u e l s  such a s  methanol and v a t e r / f u e l  

emulsions on locomotive ePiss ions  and e f f i c i e n c y ,  

emissions c o n t r o l  (pr imar i ly  f o r  locomotives) has 
X 

Smoke/par t iculate  control--Visible  smoke from locomotives is an 

annoyance, and h s s  been s u b j e c t e d  t o  r e g u l a t o r y  limits i n  v a r i o u s  j u r i s d i c t i o n s  

around t h e  U.S. Poor publ ic  r e l a t i o n s  and s o i l i n g  of r a i l r o a d  p r o p e r t i e s  and 

r o l l i n g  s t o c k  have a l s o  l e d  t o  pressure t o  reduce smoke emissions. A t  the  same 

time. many t e c h n i c a l  changes adopted t o  reduce f u e l  consumption and/or increase  

power output have a l s o  helped t o  reduce smoke en iss ions .  Some of t h e  changes 

s i n c e  t h e  e a r l y  '708 have included: use of low-sac i n j e c t i o n  nozzles ,  h i g h e r  

Euel i n j e c t i o n  pressure, increased  use of turbocharging, h igher  boost 

pressures ,  increased  turbocharger  e f f ic iency .  more e f f e c t i v e  a f t e r c o o l e r s .  

reduced p a r a s i t i c  volume, and improvements i n  c y l i n d e r  a i r  flow (Kotl in  and 

Williams. 1975; END. 1978). These have r e s u l t e d  i n  v i s i b l e  smoke l e v e l s  ( a t  

sea l e v e l )  i n  t h e  3-5 percent  o p a c i t y  range a t  f u l l  load. 

Due t o  t h e  exhaust volumes involved, only a few measurements of 

medium-speed engine PM emissions have been performed. However. two s e t s  of 
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measurements on modern turbocharged locomotive engines  performed a t  Southwest 

Research have shown low t o  moderate PM l e v e l s .  .Measured emissions ranged from 

about 0.26 g/BHP-hr f o r  an EMD engine  t o  0.48 g/BHP-hr f o r  a GE engine i n  a 

l ine-haul  ope ra t ing  cyc le .  For a switch-engine duty c y c l e ,  emissions f o r  t h e  

GE engine  inc reased  t o  about 0.8 g/BHP-hr. but those  for t h e  W D  engine d id  not 

i nc rease  a t  a l l .  These d a t a  a r e  d iscussed  a t  greater l eng th  i n  Sec t ion  Four. 

The PM emissions from older-technology engines  a r e  hard t o  estimate. 
Measurements by PW on a 20-cylinder,  turbocharged. 1973 model engine gave 

cycle-average PM emissions of 0.145 g/BHP-hr (EMD. 1978). These da t a  may no t  

be f u l l y  comparable t o  t h e  SWRI data .  however. due  t o  d i f f e r e r r e s  i n  

measurement technique.  The only o the r  PH emissions d a t a  ex tan t  for 

older-technology engines  come from SWRI's Roots-blown 2-567 engine  (Baker. 

1980).  On 39-cetane f u e l ,  b r ake - spec i f i c  PM emiss ions  from t h i s  engine  ranged 

from 1.25 g/BHP-hr a t  f u l l  load t o  0.7 g/BHP-hr a t  i n t e r m e d i a t e  loads.  and 

climbed t o  about 1.0 g/BHP-hr a t  l i g h t  load. If t h e s e  l a b o r a t o r y  d a t a  are 
r e p r e s e n t a t i v e  of comparable engines  i n  t h e  f i e l d .  t hose  engines  must be 

emi t t i ng  s u b s t a n t i a l l y  more t h a n  1.0 g/BHP-hr averaged Over t h e i r  duty cyc le .  

NOx control--To da te ,  vork on NO c o n t r o l s  f o r  medium-speed engines 

has been l i m i t e d  t o  l abora to ry  sn rd ie s .  o r  to modif ica t ions  t o  s p e c i f i c  small  

groups of engines .  Actual in-use NOx emissions from locomotive and ocher 

medium-speed engines  a r e  completely uncontrol led.  and--as a r e s u l t - y e r y  h i g h .  

Typical NO emission f a c t o r s  for  locomotives and medium-speed marine engines 

a r e  i n  t h e  range of 10 t o  16 g/BHP-hr. This is t r u e  even for very highly 

r a t e d  turbocha'rged/aftercooled engines .  v h i c h  would be expected t o  have lover 

NO emissions. 

2 

X 

X 

General Motors' Electromotive Divis ion (Em) has experimented v i t h  

t h e  use of r e t a rded  i n j e c t i o n  t iming and increased i n j e c t i o n  rates i n  i t s  

645-ser ies  engines .  Data from tests on three 16-cylinder EMD engines  v i t h  

these  modi f ica t ions  a r e  shown i n  Table 3-1. As t h e  t a b l e  i n d i c a t e s .  NO 

emissions were reduced. by 52-67 percent  (to 6 g/BHP-hr). a t  a cost i n  f u e l  
X 
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econcmy of about 7 percent .  Smoke o p a c i t y  vas a l s o  increaaed somevhat. but HC 

emissions were reduced. PM emissions were no t  measured. but they vere 

probably a f f e c t e d  f a i r l y  l i t t l e .  PI4 emissions c o n s i s t  of s o o t  p l u s  hemy HC; 

t h e  i n c r e a s e  i n  smoke and reduct ion  i n  HC vould t e n d  t o  o f f s e t  each  o t h e r .  

Another NO, reduct ion  s tudy  vas conducted under t h e  d i r e c t i o n  of t h e  

Santa Barbara Air P o l l u t i o n  Control  Dis t r ic t  (1987). I n  t h i s  s t u d y ,  emissions 

from NO EMD 12-645 engines  on t h e  supply boat  Chesapeake Seabrse vere 

reduced from an e s t i m a t e d  13.9 g/BHP h r  i n  t h e  uncont ro l led  condi t ion  t o  an 

average 8.3 g/BHP-hr a t  f u l l  load v i t h  moderately r e t a r d e d  i n j e c t i o n  t iming. 

Use of room-temperature water ( r a t h e r  than engine cool ing  water) i n  t h e  

a f t e r c o o l e r  of t h e  s t a r b o a r d  engine reduced t h e  in t ake  temperature  by 9 C a t  

f u l l  load. and gave a f u r t h e r  NOx reduc’ion from 7.8 g/BHP-hr t o  7.1. Under 

c r u i s e  condi t ions ,  t h e  reduced coolan t  t m p e r a t u r e  gave a 12 C reduct ion i n  

i n t a k e  a i r  t empera ture  ( t o  about 62 C). reducing NO emissions from 9.2 t o  7.6 
g/BHP-h. Ai r -a i r  i n t e r c o o l i n g ,  or a more e f f i c i e n t  a i r - w a t e r  intercooler  

could have given 3-4 times , t h i s  temperature  reduct ion.  and vould l i k e l y  have 

produced NO emissions i n  t h e  6 g/BHP-hr range. 

X 

X 

EPA has  a l s o  funded s t u d i e s  of NOx reduct ion  techniques €or EM, 
engines  a t  Southwest Research I n s t i t u t e  (Storment e t  al..  1974). The SUR1 

d a t a  show t h a t  r e t a r d e d  t iming and ECR a r e  both e f f e c t i v e  NO reduct ion 

techniques.  Retarded i n j e c t i o n  t iming reduced NOx emissions by 26 t o  38 

percent ,  while  30 percent  ECR reduced them by more than 50 percent ,  a t  t h e  

c o s t  of a moderate i n c r e a s e  i n  smoke o p a c i t y  a t  f u l l  load. These s t u d i e s  were 

conducted v i t h  a Roots-blown 2-cylinder EMD 567 engine. however. and may t h u s  

be u n r e p r e s e n t a t i v e  of t h e  rurbocharged/aftercooled EPID 645-series engines 

which make up most of t h e  c u r r e n t  populat ion.  

X 

Only very l i m i t e d  d a t a  are  a v a i l a b l e  on NO emission reduct ions i n  

four-s t roke engines .  The most common four-s t rokes a r e  che GE locomotive 

engines,  w h i c h  have NO, emission f a c t o r s  i n  t h e  11 t o  19 g/BHP-hr range 

( Inga l l s .  1985).  No emission c o n t r o l  d a t a  f o r  t h e s e  engines a r e  a v a i l a b l e .  

x 
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C a t e r p i l l a r  was a b l e  t o  provide same l i m i t e d  d a t a  on t h e  e f f e c t s  of re ta rded  

i n j e c t i o n  t iming i n  i t s  3600-ser ies  engines ,  however. These d a t a  show a 

reduct ion  of 7.2 percent  i n  b rake-spec i f ic  NO emissions a t  f u l l  load (from a 

base of about 10 g/BHP-hr) f o r  every degree of i n j e c t i o n  t iming r e t a r d a t i o n .  
This  is achieved a t  t h e  c o s t  of a 3.7 percent  r educ t ion  i n  parer .  0.9 percent  

i nc rease  i n  f u e l  consumption, and about .06 g/BHP-hr increase  in  dry 

p a r t i c u l a t e  matter (i.e. s o o t )  emissions.  The dry p a r t i c u l a t e  ma t t e r  i nc rease  
was c a l c u l a t e d  from smoke o p s c i t y  memuurements: a c t u a l  t o t s 1  PH m i s s i o n s  were 

not  messured. 

X 

A l t e r n a t i v e  Fuels--Many medium-speed s t a t i o n a r y  engines a r e  operated 

e i t h e r  wholly on n a t u r a l  gss o r  wi th  d u a l  n a t u r a l  g a s l d i e s e l  fue l ing .  

m e r i m e n t s  w i t h  natural-gas  fue l ed  'locomotive engines have been Undertaken 

(Wakenell. 1987). and a t  l e a s t  one locomotive fue led  w i t h  compressed n a t u r a l  

gas (CNG) has  been t e s t e d  i n  s e r v i c e  (Olson and Reed, 1987). A t  p resent .  

manufacturers of s t a t i o n a r y  natural-gas  engines  a r e  r o u t i n e l y  guaranteeing NO 

emissions l e v e l s  of 2.0 g/BHP-hr or less. us ing  lean-burn techniques.  The 

same lean-burn technology could conceivably be appl ied  t o  mobile medium-speed 

engines .  

X 

Some l i m i t e d  e rper imenta l  work wi th  methanol use i n  medium-speed 

engines  has also been undertaken (Wood and Storment. 1980; Baker, 1981).  

Problems w i t h  damaging combustion knock a t  high methanol s u b s t i t u t i o n  l e v e l s  

have been found, and t h e  m i s s i o n s  b e n e f i t s  have n o t  been l a rge .  

Fe a s  i b i 1 i t y  of f u r t h e r  emission controls--Although l a r g e r  and 

slower-running, medium-speed engines  a r e  fundamentally s i m i l a r  t o  heavy t ruck  

engines  i n  t h e i r  bas i c  combuation systems. Thus. most of t h e  in-cyl inder  

emission c o n t r o l  techniques developed f o r  t r u c k  engines  should be r ead i ly  

adaptab le  t o  medium-speed engines  a s  well. Some key m i s s i o n  con t ro l  

techniques a p p l i c a b l e  t o  medium-heavy d i e s e l  engines include:  re tarded 

i n j e c t i o n  t iming i n  conjunct ion wi th  increased i n j e c t i o n  pressure ,  

e l e c t r o n i c a l l y - c o n t r o l l e d  u n i t  i n j e c t o r s ,  low-teaperamre a f t e r c o o l i n g ,  and 

op t imiza t ion  of a i r  f low and fue l - a i r  mixing i n  t h e  combustion chamber. 
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Given equiva len t  levels of emissions c o n t r o l  development and 

technology. medium-speed engines  would be expected t o  produce m i s s i o n s  

levels than high-speed engines .  More t i m e  is a v a i l a b l e  f o r  combustion due to 

t h e i r  l o v e r  r o t a t i o n a l  speed, so t h a t  t h e  pre-mixed burning phase (which 

produces much of t h e  NOx) should account  f o r  a s m a l l e r  f r a c t i o n  of t h e  t o t a l .  

For the  same reason. t h e  time a v a i l a b l e  f o r  t h e  burn-out of soot p a r t i c l e s  

formed dur ing  combustion is much greater, so t h a t  a smaller amount of soot 

should be e n i t t e d .  

In a d d i t i o n .  l u b r i c a t i n g  o i l  from t h e  c y l i n d e r  wal l s  p r e s e n t l y  

accounts f o r  a l a r g e  f r a c t i o n  of PM emissions i n  high-speed engines .  Due t o  

their g r e a t e r  c y l i n d e r  volumes ( r e s u l t i n g  i n  a h igher  power t o  wal l  a r e a  

r a t i o ) .  it should account f o r  a smaller f r a c t i o n  of medium-speed PM emissions.  
F i n a l l y ,  medium-speed engines normally o p e r a t e  under s teady  o r  quasi-steady 

s t a r e  condi t ions .  a5 opposed to t h e  h ighly  t r a n s i e n t  o p e r a t i n g  condi t ions  

experienced by t r u c k  engines .  Assming  t h a t  t h e  t e s t  c y c l e  adopted r e f l e c t e d  
t h e s e  condi t ions.  rhe  brake-specif ic  PM and HC emissions from medium-speed 

engines would be  expected t o  be lower f o r  t h a t  reason alone.  
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4.0 LOCOMOTIVES 

Rai l road locomotives a r e  ovewhelmingly d i e s e l  pwered .  and t h e i r  

l a rge  numbers  and l a r g e  power output  per u n i t  make them one of the mst s i g n i f -  

i can t  off-highway emission sources .  Rai l roading has undergone major changes i n  

the l a s t  decade. due t o  t h e  impact of h igher  interest  r a t e s .  h igh  f u e l  p r i ces ,  

and deregulat ion.  These have r e s u l t e d  i n  a smal le r  n m b e r  of locomotives b e i n g  

used more i n t e n s i v e l y  than i n  t h e  p a s t ,  and i n  considerable  t e c h n i c a l  upgrading 

of e x i s t i n g  locomotives. These t r e n d s  have probably had t h e  e f f e c t  of lowering 

r a i l r o a d  emissions ( a s  w e l l  a s  f u e l  consumption) s i g n i f i c a n t l y .  However. s a l e s  

of new locomotives have dropped dramat ica l ly  s ince  t h e  l a t e  '70s. r e s u l t i n g  i n  

a slower turnover of the e x i s t i n g  f l e e t .  

k.1 Engine C h a r a c t e r i s t i c s  and Operating Conditions 

Modem railway locomotives a r e  almost exc lus ive ly  d i e s e l - e l e c t r i c .  

I n  t h i s  arrangenent .  the d i e s e l  prime mover d r ives  an e l e c t r i c  generator :  

cur ren t  from which d r i v e s  the  i n d i v i d u a l  e l e c t r i c  t r a c t i o n  motors t h a t  d r ive  

the wheels. This has  the  e f f e c t  of i s o l a t i n g  the  d i e s e l  engine from changes i n  

locomotive speed and load. The locomotive c o n t r o l  system provides  fo r  e ight  

engine/generator  power l e v e l s  or "notches". p lus  i d l e  and dynamic brake ( i n  

which the  wheel motors a r e  used a s  genera tors  t o  slow t h e  t r a i n ) .  In any given 

notch. the d i e s e l  engine r u n s  a t  consrant speed and load. E n e i n e  WH and power 

output change only as  a r e s u l t  of changes i n  the  notch s e t t i n g .  Thus, 
t r a n s i e n t  e f f e c t s  on locomotive emissions a r e  probably m i n i m a l .  

In 1982. the average horsepower f o r  all locomotives was 2.341 (e 
t i s t i c a l  Abstract  of t h e  U.S.. 1985). Ind iv idua l  locomotives range from u n d e r  

1,000 hp t o  over 7,000 hp (McDonald. 1986). U n i t s  1.500 hp and below a r e  

g e n e r a l l y  used e x c l u s i v e l y  f o r  w i t c h i n g  and t r a n s f e r  purposes (moving small  

groups of c a r s  around a switchyard.  or d e l i v e r i n g  them wi th in  an urban a r e a ) .  

Switching locomotives m k e  up approximately 19 percent  of t h e  U.S. locomotive 
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populat ion ( I n g a l l s ,  1985). Larger general-purpose locomotives ( t y p i c a l l y  

2.000 t o  4.000 hp) a r e  designed pr imar i ly  f o r  l ine-haul ( i n t e r c i t y )  operat ion.  
Hovever. many l a r g e r  general-purpose locomotives ( e s p e c i a l l y  o l d e r  ones) a r e  

a l s o  used i n  s v i t c h i n g  and t r a n s f e r  appl ica t ions .  Based on data  i n  I n g a l l s  

(1985). Radian es t imated  t h a t  about 8.700 of the 22.900 locomotives used i n  

1986 by U . S .  Class  1 r a i l r o a d s  were assigned t o  l ine-haul  s e rv i ce ,  w i t h  t h e  

rest being used i n  swi tch ing  and t r a n s f e r  a p p l i c a t i o n s .  Line-heul opera t ion  is 
est imated t o  account for about 72 percent  of t o t a l  r a i l m a d  f u e l  use.  hovever 

( c a l c u l a t e d  from I n g a l l s .  1985). 

The v a s t  major i ty  of d i e s e l - e l e c t r i c  locomotives a r e  pwered  by 

medium-speed, large-bore d i e s e l  engines  of 1,000 t o  ,4 .000 hp. Ninety-five 

percent of a l l  U . S .  locomotives i n  use v e r e  manufactured by j u s t  tvo companies: 

General E l e c t r i c  (14 percent )  and t h e  Electromotive Div is ion  (Ew) of General 

Motors (81 p e r c e n t )  ( Inga l l s .  1985). Most of t h e  remainder v e r e  produced by 

Bombardier, a Canadim company, u s i n g  Alco engines .  Some of the 

recent ly- introduced C a t e r p i l l a r  3600-series engines have a l s o  been used i n  

locomotive a p p l i c a t i o n s .  

EKO locomotives a r e  powered by EMD-produced. large-bore,  medium-sped 

(900-1.000 R P M  maximum) two-stroke d i e s e l  engines  d r i v i n g  e l e c t r i c  generators .  

Current Em general-purpose u n i t s  are powered by turbocharged 16-cylinder 

engines of 645 and 710 cubic inch displacement per c y l i n d e r .  and have a horse- 

p w e r  range from 2,200 hp t o  3.950 hp. EMD o f f e r s  s v i t c h i n g  locomotives 

povered by e i g h t  and twelve-cylinder versions of  t h e  645 engine.  These engines  

a r e  t y p i c a l l y  Roots-blovn and genera te  1,100 hp t o  1.650 hp. 

The EMD 645 and 710-series engine f a m i l i e s  are d i r e c t  descendents of 

t h e  EMD 567-ser ies  Roots-blovn locomotive engines o r i g i n a l l y  introduced i n  

1938. This  engine family has been cont inuously improved and uprated over the  

years  v i t h  the  a d d i t i o n  of turbocharging. i n t e r c o o l i n g .  increased  displacement 

per c y l i n d e r  ( t o  645 cubic  inches i n  1966. 710 i n  1985). improved component 

d e s i g n s ,  and higher  power r a t ings .  As a r e s u l t  of EMD's design philosophy, 

moat of the  improved components developed over the years  can be r e t r o f i t  t o  
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e x i s t i n g  engines when they a r e  r e b u i l t  ( K o t l i n  and Williams. 1975). As a 

r e s u l t ,  many d i f f e r e n t  v e r s i b n s  of t h e  EW engines a r e  n w  i n  s e r v i c e ,  incorpo- 

r a t i n g  vary ing  l e v e l s  of technology and having varying emissions l e v e l s .  

General E l e c t r i c  l ine-haul  and general  purpose locomotives a r e  a l s o  

povered by large-bore.  medium-speed d i e s e l  engines  d r i v i n g  e l e c t r i c  genera tors .  

GE genera l  purpose u n i t s  a r e  t y p i c a l l y  povered by GE FDL-12 c y l i n d e r ,  3.000 

hp turbocharged engines  and have a m a x i m u m  speed of 70 mph. GE (and a l s o  &(I)) 

engines d i f f e r  from Em engines in using a four-stroke r a t h e r  than a two-stroke 

cycle.  The GE FDL s e r i e s  runs from a n  8 c y l i n d e r ,  1,800 hp u n i t  t o  a p a i r  of 

16  c y l i n d e r .  3.600 hp u n i t s  ( I n g a l l s .  1985). Most c u r r e n t  GE switching u n i t s  

a r e  powered by high-speed (1800 R P M )  d i e s e l  engines purchased from an outs ide  

suppl ie r - - typ ica l ly  t w i n  Cummins 6 or 8 c y l i n d e r ,  300 t o  550 hp. Ir s t roke .  

turbocharged e n g i n e s .  

a.2 Current Emission Fac tors  

Gaseous emission f a c t o r s  (HC. CO, NO ) and opera t ing  cycles  for 

locomotives were addressed i n  a r e c e n t  repor t  by Southwest Research ( I n g a l l s .  

1985). I n g a l l s  compiled and compared gaseous emission f a c t o r s  from a number of 

published r e p o r t s  and manufacturer ' s  data. Emission f a c t o r s  f o r  a number of 

s p e c i f i c  engine technologies  are  shown i n  Table 4-1. I n g a l l s  then combined t h e  

emission and f u e l  consumption f a c t o r s  shown i n  t h e  t a b l e .  us ing  data  on 

locomotive populat ions,  t o  a r r i v e  a t  the  composite emission f a c t o r s  shown i n  

Table L-2.  However, I n g a l l s  f a i l e d  t o  account fo r  t h e  f ac t  t h a t  older 
locomotives a r e  l i k e l y  t o  have been  r e b u i l t  using newer i n j e c t o r  and 

combustion-system technology. and t h a t  the  o l d e r  and l e s s - e f f i c i e n t  l o c o m t i v e s  

probably s e e  less i n t e n s i v e  use. As a r e s u l t .  t h e  composite f a c t o r s  shovn i n  

Table 4-2 probably overest imate  HC and CO emissions somewhat. and may 

underestimate NO Poss ib le  malfunct ions and i n v s e  d e t e r i o r a t i o n  would tend 

t o  increase  HC and CO. poss ib ly  o f f s e t t i n g  t h i s  e f f e c t .  
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TABLE 4-2. MISSION FACTORS mR RAILWAY LOCOMOTIVES 

PI4 
X Source HC co NO 

Inga l l s  (1985) Composite 
Swit c h. 
Line-haul 
Combined 

SWRI Studies  
GE 12-7FDL1 

Switch 
Line-haul 
Combined 

EMD 12-645E3l 
Switch 
Line-haul 
Combined 

Best Estimate 
Switch 
Line-haul 
Combined 

47.4 
38.9 
41.3 

106 
63 
73 

33 
18 
22 

47.4 

41.3 
33.4 

86.6 
226 
187 

229 
162 
177 

104 
95 
97 

86.6 
226 
187 

468 
55 8 
533 

537 
403 
43 3 

577 
53 7 
546 

460 
558 
53 3 

-- -- -- 

40 
17 
22 

12 
12 
12 

40: 
13 
20 

'Calculated by Radian using data from SURI. These tests were described by 
Baker e t .  a l . .  (1984).  

L Radian est imate,  assuming a m i x  of o ld  and new locomotive engines.  

3Radian estimate. assuming 802 PID and 202 GE engines.  
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To o b t a i n  more r e p r e s e n t a t i v e  data on r a i l v a y  emissions.  t h e  Associa- 

t i on  of American R a i l r o a d i  (AAR) cmmissioned measurements on 40 locornrives  i n  

t h e  e a r l y  '80s. Although these  d a t a  have been re leased  t o  EPA. they have not 

been made p u b l i c ,  and Radian vas unable  t o  o b t a i n  access to them. These data .  

i f  a v a i l a b l e ,  vould shed a d d i t i o n a l  l i g h t  on the ques t ion  of appropr ia te  

gaseous emission f a c t o r s  f o r  locomotives. 

Due t o  t h e  d i f f i c u l t y  of bu i ld ing  an appropr ia te ly-s ized  d i l u t i o n  

tunnel.  da ta  on p a r t i c u l a t e  emissions from d i e s e l  locomotives are extremely 

scarce.  Our l i t e r a t u r e  survey turned up measurements on only  four engines ,  of 

vhich t h r e e  were conducted a t  Southwest Research I n s t i t u t e  ( S W R I ) .  The fourth 

vas made by EMD. u s i n g  a d i f f e r e n t  procedure,  and may not  be comparable t o  the  

three SWRI measurements. 

SUR1 performed gaseous and p a r t i c u l a t e  emissions measurements on one 

EMD 12-645E3 and one GE 12-7FDL engin, a s  p a r t  of a s tudy  of the  e f f e c t s  of 

heavy blended f u e l s  (Baker e t  a l . .  1984). Due t o  u n c e r t a i n t i e s  i n  t h e  mass 

f l o w  measurements. Baker e t  a l .  repor ted  the  emissions da ta  i n  terms of concen- 

t r a t i o n ,  r a t h e r  than g/BHP-hr. A t  Radian ' s  reques t ,  hovever. SVRI reca lcu la ted  

the modal emissions d a t a  f o r  the  b a s e l i n e  t e s t s  (us ing  s tandard  diesel  # 2 )  t o  

report  s/BHP-hr and lb/1000 g a l l o n s .  From these data, Radian vas able t o  

c a l c u l a t e  cycle-veighted emission f a c t o r s  f o r  HC. CO. NOx and p a r t i c u l a t e  

mat ter .  The r e s u l t s  of these  c a l c u l a t i o n s  a r e  a l s o  shovn i n  Table 4-2; the 

data  and c a l c u l a t i o n s  themselves are  given i n  Appendix A. 

A s  Table 6-2 i n d i c a t e s .  p a r t i c u l a t e  emissions from the  two modern, 

turbocharged/intercooled locomotive engines t e s t e d  by SIR1 a r e  r e l a t i v e l y  lov 

compared t o  o t h e r  off-highway d i e s e l  engines--corresponding t o  about .26 and 

.68 g/BHP-hr f o r  t h e  EMD and GE engines .  r e s p e c t i v e l y .  Earlier SWRI d a t a  on a n  

EMD 2-567 engine shov cons iderably  h i g h e r  PU emissions.  however (Baker. 1980). 

These data  shoved PU emission f a c t o r s  on 39-cetane f u e l  ranging from 0.7 t o  

1.25 g/BHP-hr. depending on o p e r a t i n g  condi t ions .  A t  the  h igher  BSFC of the 
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567 engine.  these  va lues  correspond t o  about 50-80 l b  PH/lOOO gal lons.  Hydro- 
carbons were a l s o  considerably higher ,  corresponding t o  about 100 lb/1000 

ga l lons  a t  maximum power. 

The 567-series engine used i n  these tests incorporated o l d e r  cbmbus- 

t i o n  and i n j e c t i o n  technology, and t h i s  is t h e  l i k e l y  cause of the h igher  

emissions.  S u b s t a n t i a l  reduct ions  in locomotive make emissions due t o  i m -  

provements i n  engine technology have been documented (Kotl in  and Williams. 

1975). It is a l s o  poss ib le  t h a t  emissions from t h i s  l abora tory  2-cylinder 

engine may not have been completely r e p r e s e n t a t i v e  of those  from a c t u a l  locomo- 

t i v e s .  

Our "best-estimate" emission f a c t o r s  fo r  locomotives a r e  shown a t  the  

bottom of Table 4-2. For g a s e m s  emissions,  the f a c t o r s  f o r  switching and 

l ine-haul  duty cyc les  a r e  taken d i r e c t l y  from I n g a l l s  (1985). For p a r t i c u l a t e  

emission f a c t o r s .  we assumed t h a t  v i r t u a l l y  a l l  l ine-haul opera t ion  w s s  per- 

formed by r e l a t i v e l y  low-smoke modern locomotives such a s  t h e  w o  12-cylinder 

engines t e s t e d  a t  SWRI. Eighty percent  of l ine-haul opera t ion  w a s  assumed to 

be by EHD Locomotives, and 20 percent  by GE locomotives. 

For switching a p p l i c a t i o n s ,  we assumed t h a t  5 0  percent of t h e  f u e l  

consumption was by o lde r ,  high-emitt ing engines,  w i t h  t h e  o t h e r  h a l f  s p l i t  80 

percent to END engines  and 20 percent t o  GE engines .  The older h i g h - e n i t t i n g  

engines were assumed t o  emit about 60 l b  of PM per  1000 g a l l o n s  of, f u e l  

consumed. The r e s u l t i n g  composite PM emission f a c t o r s  a r e  13 lb/1000 ga l lons  

f o r  l ine-haul  opera t ion  and 39 lb/1000 ga l lons  fo r  switching. 

To combine the  l ine-haul and switching-cycle emission f a c t o r s  i n t o  

one o v e r a l l  f a c t o r .  t h e  va lues  f o r  t h e  two cycles  were weighted by the f r a c t i o n  

of f u e l  consumed i n  each type of operation--72 percent t o  line haul  and 28 

percent  switching.  These f r a c t i o n s  were taken from I n g a l l s  (1985). who used 

the same f r a c t i o n s  t o  weight emissions of HC. 03. and NOx i n  developing h i s  

composite emission f a c t o r  es t imates .  
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4.3 Engine Populat ion and Emissions I n v e n t o q  

Table 4-3 p r e s e n t s  f u e l  consumption. populat ion.  and emissions 

es t imates  f o r  d i e s e l - e l e c t r i c  locomotives used in s v i t c h i n g  and l ine-haul 

service. These es t imates  a r e  c a l c u l a t e d  in w o  ways: f o r  Class I r a i l r o a d s  

only; and f o r  a l l  locomotive engines ,  inc luding  t h o s e  opera ted  by C l a s s  I1 and 

I11 Railroads.  Class  I r a i l r o a d s  a r e  those having g r o s s  opera t ing  revenues of 

$87.3 m i l l i o n  or g r e a t e r .  These r a i l r o a d s  account f o r  about 90 parcent of a l l  

r a i l r o a d  revenues and 97 percent  of ton-milea t r a v e l l e d  (Asscc. of Am. 

Railroads.  1986). Class I1 and 111 r a i l r o a d s  are p r i m r i l y  switching and 

f r e i g h t - t r a n s f e r  opera t ions  connected v i t h  major c i t i e s  and por t s .  or 

shor t - l ine  opera t ions  serv ing  a l i m i t e d  geographic a r e a .  Because of t h e i r  

concent ra t ion  i n  and near  major c i t i e s .  the  Class I1 and C l a s s  I11 r a i l r o a d s  

include a d i s p r o p o r t i o n a t e  amount of sv i tchyard  opera t ion .  and may thus  

c o n t r i b u t e  a l a r g e r  f r a c t i o n  of t h e  urban emissions.  

Table 4-3a shows t h r  f u e l  consumption. l O C O U a t i V e  populat ion.  and 

est imated emissions f o r  Class  I r a i l r o a d s .  The total f u e l  consumption and 

population da ta  f o r  t h i s  t a b l e  a r e  taken  from the s t a t i s t i c s  of the Associat ion 

of American Rai l roads (1986). and are broken down i n t o  l ine-haul  and switching 

a c t i v i t i e s  following an assumed 72 percent /28 percent s p l i t .  The AAR f u e l  

consumption d a t a  do not include AMTRAK. so we added 60 m i l l i o n  ga l lons  f o r  

.AMTRAK f u e l  consumption (U.S. Depart-nt of Transpor ta t ion ,  1985) t o  the AAR 

value.  AAR locomotive numbers do include AEPPPAK. so no adjustment was 

necessary.  Tota l  emissions vere  c a l c u l a t e d  from t o t a l  f u e l  consumption us ing  

the  "best  estixrate" emission f a c t o r s  from Table 4-2. 

Table  4-3b shows es t imates  of the l o c o m t i v e  populat ion.  f u e l  

consumption, and emissions of Class 11 and I11 r a i l r o a d s .  Locomotive 

populat ion data f o r  these  r a i l r o a d s  vere obtained by summing the  numbers of 

locomotives repor ted  f o r  t h e s e  r a i l r o a d s  by McDonald (1986). A l l  Class I1 and 

Class I11 r a i l r o a d  locomotives v e r e  assumed t o  opera te  i n  a s v i t c h i n g  cyc le ,  

with annual f u e l  consumption per  locomotive equal t o  t h a t  of s v i t c h e r s  used by 

Class  I r a i l r o a d s .  
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TABLE 4-3. POPULATION, NEL CONSUMPTION. AND ESTIMATED 
MISSIONS EDR RAILWAY LOCOEDTIVES 

2 
Annual 

No. Fuel Cons. Emissions (Tons/Year) 
Type Units (1000 Gal.) HC co NO. PM 

(a)  Class I Railroads 

Line-Haul 8.699' 2,307.2873 

Switch 14.1702 897.2783 

Tot a1 22.869' 3,204,565' 

(b) Class I1 and 111 Railroads 

Switch 3.2364 204.91 1' 

( c )  A l l  Railroads 

Line-Haul 8.699 2.307.287 

Switch 17,406 1.102.189 

Total 26.105 3.409.47 6 

3,209.729 5 COE Fuel Cons. Est. 

44.077 

21.265 

66.142 

4.856 

44.877 

26.122 

70.999 

260,723 

38.942 

299.665 

8.893 

260,723 

47, a35 

308,558 

643.733 

209.963 

853,696 

47.949 

643,733 

257.912 

90 1.645 

14.997 

17,946 

32,943 

4,098 

14.997 

22.044 

37.041 

Sources : 

'American Associat ion of Railroads, 1986. 
L Radian estimates. 

3Calculated from duty c y c l e s  i n  Inga l l s  ( 1 9 8 5 ) .  

4McDonald. 1986. 

5Energy Information Admin., 1985. 
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For comparison. Table 4-3 a l s o  shows t h e  DOE e s t i m a t e  of railway f u e l  

d e l i v e r i e s  f o r  1985. This  value was based on data  o j r i i n e d  fram t h e  

Assoc ia t ion  of American Railroads.  and thus compares w e l l  with t h e  da ta  on 

Class  I r a i l r o a d  f u e l  consumption taken  from AAR s t a t i s t i c s .  

4 . 4  Emissions Test  Cycle 

Since locomotive engines o p e r a t e  i n  only a f e w  well-defined opera t ing  

condi t ions .  d e f i n i t i o n  of an appropr ia te  test cyc le  should be r e l a t i v e l y  

' s t r a i g h t f o w a r d .  The emission f a c t o r s  i n  Sec t ion  4 . 3  a r e  based on  w o  such 

test cyc les :  one f o r  l ine-haul  opera t ion  and one f o r  s w i t c h i n g .  These cyc les  

c o n s i s t  e s s e n t i a l l y  of two d i f f e r e n t  s e t s  of v s i g h t i n g  f a c t o r s  f o r  the 

s teady-s ta te  emissions measured f o r  each opera t ing  mode. Trans ien t  e f f e c t s  (if 

any) a r e  thus  ignored. For l ine-haul  opera t ion ,  t h i s  is probably appropr ia te .  

as  the time s p e n t  i n  notch-to-notch t r a n s i t i o n s  is small compared t o  t h e  t o t a l  

opera t ing  t i m e .  Switching duty involves much more t r a n s i e n t  operat ion.  

hovever. and thus  may not be adequately modeled by a s teady-s ta te  t e s t  

sequence. This  is a concern,  s i n c e  = i tch ing  and t r a n s f e r  opera t ion  a r e  

respons ib le  f o r  a l a rge  f r a c t i o n  of locomotive emissions i n  u r b a n  a reas .  

Fur ther  research  t o  c l a r i f y  t h i s  p o i n t  is recommended. 

I n  a d d i t i o n  t o ,  t h e  transient e m i s s i o n s  quest ion.  the appropr ia te  

weighting of d i f f e r e n t  opera t ing  modes w i t h i n  each cyc le ,  and of switch versus  

l ine-haul  o p e r a t i o n .  should be re-examined in the l i g h t  of recent  changes i n  

opera t ing  p a t t e r n s .  Qual i ta t ive ly .  r a i l r o a d s  appear t o  be making more 

e f f i c i e n t  u s e  of equipment, and t o  be s h u t t i n g  locomotives o f f  more when they 

w i l l  n o t  be used f o r  a sme time. Both of these t rends  should reduce i d l i n g  

t ime, while i n c r e a s i n g  t h e  time spent  i n  notches 1-8 and dynamic brake.  

I n g a l l s  (1985) addressed these i s sues .  but  without data t o  resolve them. 

Acquis i t ion  of a c t u a l  c u r r e n t  o p e r a t i n g  data  would be needed t o  f u l l y  s e t t l e  

t h i s  i s sue .  
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4.5 F e a s i b i l i t y  of Emissions Control  

L 
From the  data presented in Sect ion 3.2. it  is c l e a r  t h a t  a substan- 

t i a l  reduct ion in  locomotive emissions would be p o s s i b l e  even with e x i s t i n g  

technology. With a d d i t i o n a l  R6D i n  t h e  f i e l d ,  even l a r g e r  emission reduct ions 

could be expected. I n  t h i s  s e c t i o n .  we consider  two d i f f e r e n t  l e v e l s  of 

emissions c o n t r o l  f o r  neu  engines:  an intermediate  level a t t a i n a b l e  i n  the 

r e l a t i v e l y  sho r t  term (abour 3 y e a r s ) .  and re ly ing  e s s e n t i a l l y  on e x i s t i n g  

technology; and an advanced l e v e l  requi r ing  a longer  per iod  f o r  research and 

development. The f i rs t  of these  c o n t r o l  l e v e l s  is intended t o  be comparable i n  

s t r i n g e n c y  t o  EPA's  1988 s tandards  f o r  on-highway d i e s e l  engines ,  while the  

second is intended t o  be comparable t o  the  1991 s tandards .  The reader  is 
varned t h a t  these  a r e  enqineer inn  es t imates  onlv ,  based on very l i m i t e d  data.  

and intended only to i n d i c a t e  t h e  p o t e n t i a l  b e n e f i t s  of r e g u l a t i o n  i n  t h i s  

a r e a .  Addi t iona l  research  t o  confirm these  estimates would be e s s e n t i a l  before_ 

thes: o r  any o t h e r  emission s t a n d a r d s  were incorporated i n t o  law. 

Due t o  t h e  engine manufacturer ' s  p r a c t i c e  of making neu-technology 

components a v a i l a b l e  for r e b u i l d i n g  o l d e r  engines .  much of the 

emissions-control technology discussed in Sect ion  3.2 would be a p p l i c a b l e  even 

t o  e x i s t i n g  locomotives. Thus, i n  addi t ion  t o  new engines  emission l eve l s .  

esr imates  of t h e  f e a s i b l e  emissions c o n t r o l  l e v e l  f o r  e x i s t i n q  engines are a l s o  

presented.  I n  most cases ,  achieving these l e v e l s  would r e q u i r e  r e b u i l d i n g  t h e  

engine,  a t  a cos t  of $80.000 t o  about $200.000, depending o n ' t h e  e x t e n t  'of t h e  

modi f ica t ions  (Davis, 1986). This need not present  a major berrier. however. 

I f  the  engine vere  being r e b u i l t  anyhow. t h e  a d d i t i o n a l  cos t  due t o  t h e  

emissions c o n t r o l  modi f ica t ions  would be r e l a t i v e l y  small. Regulations t o  

r e q u i r e  bes t -ava i lab le  c o n t r o l  technology o n  n e u .  r e b u i l t ,  o r  s u b s t a n t i a l l y  

modified locomotives could be reasonable  and p r a c t i c a l ,  t h e r e f o r e .  

In te rmedia te  l e v e l  controls--Feasible  intermediate-term emission 

c o n t r o l s  f o r  locomotive engines would include re ta rded  i n j e c t i o n  t i m i n g .  

cooling-system modif ica t ions  t o  reduce charge a i r  temperature.  increased 
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i n j e c t i o n  pressure .  and opt imiza t ion  of combustion c h m b e r  gecmetry. a i r  f l o w .  

and locomotive notch s e t t i n g s  f o r  reduced emissions.  Based on the  data pre- 

sen ted  i n  Sec t ion  3.2. w e  e s t i m a t e  t h a t  these  modi f ica t ions  could reduce NO 

emissions below 6.0 g/BHP-hr. 
X 

To ensure a g a i n s t  an unacceptable increase  i n  PK and HC emissions a t  
t h i s  lov NO l e v e l ,  a regula tory  cap on these emissions would be d e s i r a b l e .  

Given the l i m i t e d  d a t a  a v a i l a b l e  on PK emissions from t h e s e  engines .  t h e  exact 

PM l e v e l  achievable  a t  6.0 NO is unknatn. Hwever. based on t h e  PM d a t a  

descr ibed above, experience wi th  t h e  on-highway t r u c k  s tandards ,  and a r e l a -  

t i v e l y  less s t r i n g e n t  s teady-s ta te  t e s t  cycle f o r  locomotives,  a PM emissions 

s tandard of 0.50 g/BHP-hr appears r e a d i l y  achievable.  Based on Table 3-1. an 

HC emissions s tandard of 0.50 g/BHP-hr a l s o  appears reasonable.  The r e s u l t i n g  

emissions s tandards  and corresponding emission f a c t o r s  are shown i n  Table 4-4. 

X 

X 

Advanced emissior: controls--Since so l i t t l e  research  has  been done on 

medium-speed d i e s e l  emissions c o n t r o l s .  the  u l t i m a t e  form of advanced emission 

c o n t r o l s  for these engines is d i f f i c u l t  t o  p r o j e c t .  Some technologies  which 

c l e a r l y  be appl ied .  however, include e l e c t r o n i c a l l y - c o n t r o l l e d  u n i t  

i n j e c t o r s ,  reduced o i l  consumption. h igher  compression r a t i o s ,  reduced i n i t i a l  

r a t e  of i n j e c t i o n .  and f u r t h e r  op t imiza t ion  of f u e l - s i r  mixing and combustion. 

Vigorous a p p l i c a t i o n  of these technologies  should make poss ib le  a f u r t h e r  

reduct ion i n  NOx emissions t o  about 4-5 g/BHP-hr. t o g e t h e r  with lower ??! 

emissions.  For t h i s  a n a l y s i s ,  we assume l e v e l s  comparable t o  t h e  1991 s tan-  

d a r d s  for on-highway engines.  o r  5.0 g/BHP-hr NOx and 0.20 g/BHP-hr PM. 

Levels of emission c o n t r o l  wel l  below these l i m i t s  could conceivably 

come about through t h e  use of a f t e r t r e a t m e n t  technologies  ( i . e .  t rap-oxidizers .  

c a t a l y t i c  conver te rs .  or s e l e c t i v e  c a t a l y t i c  reduct ion) .  a l t e r n a t i v e  f u e l s  (CNG 
or methanol). w a t e r / f u e l  emulsions and/or  exhaust gas r e c i r c u l a t i o n  (EGR). EGR 

i n  conjunct ion with a w a t e r / f u e l  emulsion has been shown t o  be an e s p e c i a l i y  

e f f e c t i v e  emissions c o n t r o l  technique fo r  medium-speed engines (Wilson e t  a l . .  

1 9 8 2 ) .  F u r t h e r  research  t o  e s t a b l i s h  the e f f e c t s  of these  technologies  on 

emissions and d u r a b i l i t y  i n  a c t u a l  locomotive engines is requi red ,  however. 
' 
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TABLE 4 - 4 .  ESZIMATED ACHIEVABLE EMISSIONS CONPROL STANDARDS 
FOR LOCOHJTIVE ENGINES 

~~ 

Equivalent 
Em is  s ions Fmission 

L i m i r  Factor 
(g/BHP-hr) (lb/1000 g a l .  1 

New Engines 

Intermediate Control Level 
NOX 
HC 
PH 

NOX 
HC 
PH 

6.00 
0.50 
0.50 

5.00 
0.30 
0.20 

E x i s t i n g  Engines ( r e t r o f i t )  
NOr 8.00 
HC 0.50 
PH 0 .50  

238 
20 
20 

198 
12 
8 

317 
20 
20 

Source: Radian es t imates .  
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E x i s t i n g  locomotives--Retrofit emission c o n t r o l s  f o r  e x i s t i n g  locomo- 

t i v e s  would g e n e r a l l y  resemble the intermediate- level  c o n t r o l s  descr ibed above. 

However. no% a l l  locomotive models would be e q u a l l y  adaptab le  t o  low-emission 

technologies .  so some r e l a x a t i o n  of the in te rmedis te - leve l  s tandards  would be 

d e s i r a b l e  f o r  e x i s t i n g  engines .  We recommend thae t h i s  r e l a x a t i o n  be i n  the  

NOx s tandard ,  s i n c e  over-reducing NO can cause l a rge  i n c r e a s e s  i n  PM and HC 

emissions and f u e l  consumption. Research would be r e q u i r e d  t o  i d e n t i f y  the 

c o n t r o l  l e v e l s  a c t u a l l y  achievable.  bu t  a NOx standard of 8.0 g/BHP-hr should 

be high enough t o  avoid any major d e t e r i o r a t i o n  i n  f u e l  economy o r  PM emis- 
s ions .  

X 

h.6  Cost-Effect iveness  Analvsis  

Table 4-5 p r e s e n t s  scme very rough es t imates  of the 

cos t -e f fec t iveness  of c o n t r o l l i n g  locomotive emissions.  Two , cases  a r e  

considered: t h e  " intermediate"  s tandards  fo r  new engines ,  and the  suggested 

r e t r o f i t  s tandards  f o r  e x i s t i n g  engines  when they are overhauled. Both of 

these involve r e l a t i v e l y  near-term technology. The u n c e r t a i n t y  i n  t h e  cos t  and 

e f f e c t i v e n e s s  of advanced-technology emission c o n t r o l s  is t o o  g r e a t  ro al:ov 

fo r  any r e a l i s t i c  c o s t - e f f e c t i v e n e s s  c a l c u l a t i o n s .  

Calcu la t ion  of cos t -e f fec t iveness  values  where more than one 

p o l l u t a n t  changes poses a d i f f i c u l t  c o s t - a l l o c a t i o n  problem. The values i n  

Table L - 5  were c a l c u l a t e d  by a l l o c a t i n g  a l l  t h e  cost  of c o n t r o l  t o  the 

reduct ion  i n  HC and NO emissions,  with no debi t  f o r  t h e  i n c r e a s e  i n  PM. 
Reductions i n  NO and HC a r e  o f t e n  combined i n  t h i s  way. s i n c e  both p o l l u t a n t s  

c o n t r i b u t e  t o  ozone formation. Since both the "new" and t h e  "existing" engine 

considered a r e  turbocharged. w i t h  r e l a t i v e l y  modern technology. t h e  major 

e f f e c t  of emission c o n t r o l s  i n  each case  is a reduct ion i n  NO with  a minor 
X '  

reduct ion i n  HC and a small i n c r e a s e  i n  PM. Applicat ion of similar s tandards  

t o  an o l d e r  (h igher  PM) locomotive would r e s u l t  i n  a PM decrease.  

X 

X 
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TABLE 4-5. ESTIMATED COSP-EFFECPIVENESS OF M I S S I O N S  
CONPROL FOR NEil RAILWAY LOCOmTIVES 

N e v  Engine E x i s t i n g  Engine 

M I S S I O N  COh'TROL COSTS 
I n i t i a l  Cost 
Engine L i f e  (yrs) 
Amortized Cost /year  B 10% 

s 80.000 
15 

s 10.518 
5x Fuel Cons. Increase 

Annual Fuel Cons. (Gal) 
Base l ine  138.000 
With c o n t r o l s  144,900 

Added Fuel Cost @ S0.80/gal s 5.520 

Addl. Ann. Maintenance 

Annualized Control  Cost 
Per Locomotive 

s 5.000 

s 21.038 

EMISSIONS 
Emission Fac tors  (lb/1000 g a l . )  

Base l ine  
523 N D .  

HC 9 "  

EMISSIONS 
~ 

Emission Fac tors  (lb/1000 g a l . )  
Base l ine  

N D .  
HC 

523 
9 "  

PM 
W i t h  Controls  

NOx 
HC 
PM 

Annual Em is s i o n s  ( tons  /1 ocorno t ive yea r )  
Base l ine  

NOX 
HC 
PM 

With Cont ro ls  
NOx 
HC 
PM 

a L  
14 

238 
20 
18 

36.1 
2.2 
1.0 

17.2 
1.4 
1.3 

Em i s  s i o n s  Reduction ( tons/ locomotive y e a r )  
N D .  18.8 

0.8 HC 
PM -0.3 

s100.000 
7 

$ 20.541 

31 

140.680 
144.900 

s 3.376 

$ 5.000 

$ 28.917 

533 
41 
20 

238 
20 
20 

37.5 
2.9 
1.4 

17.2 
1.4 
1.4 

20.2 
1.5 
0.0 

Cost-Ef f e c t i v e n e s s  ($ / ton)  
$ 1.073 $ 1.332 NOx + HC 
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The d a t a  in Table 4-5 a r e  based on r a t h e r  high es t imates  of t h e  c o s t s  

of a - e t i n g  emiSai0nS s tandards  for medium-speed engines.  These r e f l e c t  the 

g r e a t  c o s t  of t h e  engines themselves.  t h e  small sales volume ( r e s u l t i n g  i n  a 

g r e a t e r  cos t  per  engine f o r  development and c e r t i f i c a t i o n ) .  and the small  

amount of e x i s t i n g  work on medium-speed engine emission c o n t r o l s .  These va lues  
a r e  considered t o  be somewhat conserva t ive  ( i n  t h e  sense of =-stating the 

cos t  of cont ro l ) - -ac tua l  c o s t s  per u n i t  might w e l l  be l e s s ,  but are considered 

u n l i k e l y  t o  be s i g n i f i c a n t l y  more. Despi te  t h i s ,  t h e  est imated costs-per-con 

of NOx + HC c o n t r o l l e d  a r e  r a t h e r  low compared t o  most o t h e r  s i g n i f i c a n t  new 

source of NO reduct ions .  Thus. impos i t ion  of intermediate-technology emission 

s tandards  both on new locomotives and on e x i s t i n g  locouut ives  vhen they a r e  

r e b u i l t  should be a h i g h l y  c o s t - e f f e c t i v e  emissions c o n t r o l  s t r a t e g y .  

X 
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5 . 0  PURINE VESSELS 

Marine v e s s e l s  included i n  t h i s  s tudy  include diesel-poirered t u g  and 

towboats, passenger v e s s e l s .  f i s h i n g  v e s s e l s ,  and p r i v a t e  r e c r e a t i o n a l  c r a f t .  

but not ocean-going sh ips .  Worldwide, t h e  v a s t  major i ty  of ocean-going s h i p s  

(a6 w e l l  a s  most smaller non-recreat ional  v e s s e l s )  a r e  now d i e s e l  powered. due 

t o  the  s u p e r i o r  f u e l  e f f i c i e n c y  of t h e  diesel  engine. These sh ips  a r e  

doubt less  s i g n i f i c a n t  c o n t r i b u t o r s  t o  the  emissions i n v a n t o r i e s  in  major p o r t  
c i t i e s  such as Lo6 Angeles or  Nev York. For h i s t o r i c a l  reasons.  however, few 

U.S.-flag s h i p s  a r e  d i e s e l  powered. Access of fore ign- reg is te red  s h i p s  

( inc luding  motorships)  t o  U.S. p o r t s  is c o n t r o l l e d  by t r e a t y ,  and would t h u s  

not be s u b j e c t  t o  r e g u l a t i o n  by EPA. even i f  o t h e r  off-highway vehic les  were 

made subjecc t o  such r e g u l a t i o n s .  

5 . 1  E n g i n e  C h a r a c t e r i s t i c s  and Operating Conditions 

Ex-ept f o r  those used i n  oceangoing sh ips ,  t h e  d i e s e l  engines used i n  

marine v e s s e l s  a r e  p r i m a r i l y  high-speed engines  from Groups 2 and 3. or 

medium-speed engines c lassed  i n  Group 1. High-speed engines a r e  used a s  t h e  

main propulsion in smaller  c r a f t .  and for e l e c t r i c  genera t ion  on larger 

v e s s e l s .  Vessels such a s  p l e a s u r e  c r a f t ,  f i s h i n g  boa ts ,  small  workboats, and 

s i m i l a r  v e s s e l s  a r e  t y p i c a l l y  powered by Group 2 e n g i n e s  similar t o  those u s e d  

i n  highway t rucks.  The l a r g e r  Group 3 engines a r e  used i n  many tugboats.  

towboats, and s i m i l a r  v e s s e l s .  

Many of the  s m a l l e r  high-speed marine engines in  use a r e  

n a t u r a l l y - a s p i r a t e d .  and t h e  turbocharged ones may or may not  be equipped w i t h  

i n t e r c o o l e r s .  Most of the more p w e r f u l  Group 7. engines and most Group 3 

engines i n  marine a p p l i c s t i o n s  are turbocharged and a f t e r c o o l e d ,  hovever. To 

increase  power output s t i l l  f u r t h e r .  scme engines i n  t h i s  group use 

low-temperature a f r e r c o o l i n g .  cool ing t h e  hes t  exchanger w i t h  water  pumped from 
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overside.  However. many engines in t h i s  class s t i l l  use jacket  v a t e r  

a f t e r c o o l i n g .  due t o  t:.e poss ib le  cor ros ion  problems involved ( e s p e c i a l l y  w i t h  

s e a r a t e r ) .  

Most h igh-sped  d i e s e l  engines  in marine senrice in the  U.S. were 

b u i l t  by D e t r o i t  Diesel Al l i son .  C a t e r p i l l a r .  o r  Cummins.  The majori ty  of 

these  engines a r e  equipped with d i r e c t  i n j e c t i o n  combustion systems. and most 

use u n i t  i n j e c t o r s .  ID1 engines  i n  marine use include the  C a t e r p i l l a r  

300-series and a few l ight-duty engines  used mostly i n  p l e a s u r e  c r a f t .  The 

300-series ID1 enginee have been superseded i n  C a t e r p i l l a r ' s  product l i n e  by 

t h e  d i r e c t - i n j e c t e d  3500 series. They were extremely popular  marine engines ,  

hovever. and many remain i n  use.  

Main propuls ion  f o r  most l a rge ,  p w e r f u l  working v e s s e l s  such as  

large tugboats .  river towboats. and of fshore  o i l  supply vessels is provided by 
locomotive-derived medium-speed engines such a s  t h e  567 and 645 s e r i e s  and 

Alco locomotive engines .  These engines  a r e  i d e n t i c a l  i n  every  major respec t  t o  

t h e  s imilar-model  engines used i n  locomotives. Se i11  l a r g e r  medium-speed 

engines .  s p e c i f i c a l l y  d e s i m e d  f o r  marine service. power Great Lakes f r e i g h t e r s  

and s i m i l a r  v e s s e l s .  inc luding  many oceangoing sh ips .  Slow-speed d i e s e l  

engines  a r e  used only  i n  l a r g e  ocean-going sh ips ,  where t h e i r  very low 

r o t a t i o n a l  speed a l lows  them t o  be direct-coupled t o  t h e  p r o p e l l e r .  A s  t h i s  

r e p o r t  does not  dea l  with ocean-going sh ips ,  slov-speed engines  v i l l  not be 

discussed f u r t h e r .  

High-speed and medium-speed d i e s e l  engines used f o r  vessel propulsion 

a r e  normally coupled t o  the  p r o p e l l e r s  through a set of reducing gears or 

"marine t ransmission".  which provides  fontard  and reverse  motion, but  only one 

reduct ion ra t io .  The engine speed is t h s  a constant  m u l t i p l e  of the  p r o p e l l e r  

speed, w h i l e  t h e  engine  pwer output is determined by t h e  p r o p e l l e r ' s  pover 

absorpt ion curve.  The v e s s e l ' s  helmsman c o n t r o l s  the  engines  through a s e t  of 

" throc t les" .  which  change t h e  engine speed s e t p o i n t  of a constant-speed 
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governor. For a given " t h r o t t l e "  p o s i t i o n ,  t h e r e f o r e ,  t h e  engine RPH (and thus  

p r o p e l l e r  R I M )  is h e l d  cons tan t .  and the  governor a d j u s t s  e n g h e  power o u t p u t  

as  needed t o  maintain t h i s  RPM s e t t i n g .  

P r o p e l l e r  power absorp t ion  increases  as  the  cube of t h e  r o t a t i o n a l  

speed.  Thus. i f  t h e  engine and p r o p e l l e r  a r e  p m p e r l y  matched. m a x i m u m  engine 

pwer is produced only near  t h e  e n g i n e ' s  r a t e d  speed, and t h e  p a r e r  required 

drops off  r a p i d l y  a s  RPMs a r e  reduced. Much of the  e n g i n e ' s  o p e r a t i n g  time, 

and most of t h e  BHP-hr produced OCCUT i n  "cruise" mode. Typical  "cruise" RPH 

is about 80-95 percent of r a t e d  s p e d .  corresponding t o  about 40-80 percent of 

maximum p w e r .  L i k e  locomotive engines .  marine engines a l s o  spend a g rea t  deal  

of t ime i d l i n g .  This  is d u e  t o  the inconvenience of s t a r t i n g  l a rge  d i e s e l  

engines vhen cold,  and t o  t h e  need t o  have engine p a r e r  a v a i l a b l e  a t  s h o r t  

n o t i c e  u n d e r  many condi t ions .  

I n  a d d i t i o n  t o  t h e i r  main propuls ion engines,  l a r g e r  marine v e s s e l s  

use smaller. high-speed d i e s e l  engines  t o  d r i v e  genera tors  for e l e c t r i c a l  

pwer. These engines ( t y p i c a l l y  Class 2 or Class 4) are governed a t  

synchronous speed,  which is normally 1,800 RPM f o r  U.S. vesse l s .  To provide 

e l e c t r i c  p w e r  as  needed, they g e n e r a l l y  r u n  continuously.  even when t h e  v e s s e l  

i s  docked, moored, o r  otherwise temporar i ly  inac t ive .  Since these  engines  a r e  

s i z e d  t o  handle the  maximum expected e l e c t r i c  power demand. they run most of  

t h e  t i =  under r a t h e r  l i g h t  load. Unlike engines used for main propulsion. 

genera tor  engines  tend  t o  be n a t u r a l l y  a s p i r a t e d ,  and have r e l a t i v e l y  h i g h  NOx 

emissions as a r e s u l t .  

5 . 2  C u r r e n t  Emission Fac tors  

R e l i a b l e  emission f a c t o r s  f o r  marine v e s s e l s  equipped w i t h  e i t h e r  

high o r  medium-speed engines  a r e  unavai lable .  While emission f a c t o r s  for these  

v e s s e l s  a r e  l i s t e d  i n  EPA's A- compilat ion of emission f ac to r s .  a review of 

t h e  d e r i v a t i o n  of t h e s e  fac tors .  ( I n g a l l s .  1985) showed t h a t  they were computed 

i n c o r r e c t l y .  and t h a t  they a r e  based on a narrow range of engines which is no 
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longer r e p r e s e n t a t i v e  of those  i n  use.  I n  addi t ion .  A S  p r w i d e s  no data on 

p a r t i c u l a t e  emissions from marine enginex. Thus. we were forced t o  develop our 
own ea t imetes  of e m i s s i o n  f a c t o r s  f o r  high-speed and medium-speed d i e s e l  

engines in marine use.  

The emission f a c t o r s  developed i n  t h i s  r e p o r t  a r e  intended t o  

represent  composite emissions over the  e n t i r e  engine duty  cycle .  f o r  a broad 

range of engine horsepower r a t i n g s .  A M .  on the  o t h e r  hand, presents  

s e p a r a t e  emission f a c t o r s  f o r  each opera t ing  mode, and d i v i d e s  them i n t o  a 

number of r a t h e r  narrow horsepower ranges.  For t h e s e  reasons.  no d i r e c t  

comparison of t h e  Radian and A P - 4 2  emission f a c t o r s  is p o s s i b l e .  

The grea t  major i ty  of medium-speed d i e s e l  engines  i n  marine use i n  

the  U.S. a r e  e s s e n t i a l l y  seagoing locomotive engines.  Since t h e  emission 

f a c t o r s  for l o c o m t i v e s  a r e  reasonably w e l l  def ined ,  and s i n c e  the duty  cyc le  

f o r  marine engines is not  t o o  d i s s i m i l a r  from t h a t  of locomotives. i t  was 

decided t o  apply r h e  “bes t  estimate“ emission f a c t o r s  developed f o r  l o c o m t i v e s  

t o  medium-speed marine engines  as  well. These f a c t o r s  (which a r e  l i s t e d  i n  

Table 5-1) a r e  the same as  the  composite of t h e  l ine-haul  and s w i t c h i n g  duty 

cyc les  l i s t e d  i n  Table 4-3. 

Emission f a c t o r s  f o r  high-speed d i e s e l  engines i n  marine s e r v i c e  a r e  

a l s o  l i s t e d  i n  Table 5-1. These v a l u e s  a r e  Radian es t imates .  based i n  pa r t  on 

t h e  d a t a  used i n  developing t h e  A P - 4 2  emission f a c t o r  es t imates  (Engineering 

Science,  1984) and p a r t l y  on o t h e r  d a t a  sources  (Dovdall. 1987: Santa Barbara 

APCD. 1987). The par t iculate  m i s s i o n s  f a c t o r s  were based pr imar i ly  on 

measurements i n  uncont ro l led  heavy-duty t r u c k  engines .  (Weaver. e t .  a l . ,  1984) 

which may not  be f u l l y  a p p l i c a b l e  i n  t h i s  case.  A l l  of t h e  f a c t o r s  shovn 

should be considered o n l y  very rough approximations--acquisit ion of better data 

through a c t u a l  t e s t i n g  is s t r o n g l y  recommended. 
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TABLE 5-1. EnIM”ED CURREWT EMISSION FACTORS FOR DIESEL 
ENGINES USED IN MARIN!!, APPLICATIONS 

MISSION FAIXORS 

g/BHP-hr lb/1000 g a l .  

1 High Speed E n g i n e s  

HC 

co 
NOr 
PH 

2 Medium Speed E n q i n e s  

HC 

co 
NOlr 

p n  

0 . 8  

3 .O 
11.0 
0.6 

1.0 

4.7  

13 .4  

0 . 5  

3 2  

119 
43 6 

24 

41 

187 

533 

20 

S o u r c e s  : 
I Radian estimate. 

’From T a b l e  4-2. 
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5.3 Engine Populat ion and Emissions Inventory 

Table 5-2 l i s t s  t h e  est imated populat ion and nat ionwide '  fue l  

consumption da ta  f o r  the  major c l a s s e s  of diesel  povered. non-oceangoing 

v e s s e l s  i n  use i n  t h e  U.S. These e s t i m a t e s  should be understood a s  being very 

approximate--data on marine v e s s e l  populat ions and usage i n  tho U.S. a r e  

fragmented. incomplete,  and o c c a s i o n a l l y  cont rad ic tory .  Table 5-2 was patched 

toge ther  from 9 independent sources .  We r e l i e d  nnst h e a v i l y  on t h e  Army Corps 
of Engineers  Smmary of U.S. Flan Passenger  and Cargo Vessels (Army Corps of 
Engineers,  1983). This  r e p o r t  does not include a l l  r e l e v a n t  v e s s e l s .  however. 

Data on the number of f i s h i n g  and p leasure  c r a f t  were obtained f rom o t h e r  

sources .  

The breakdown of t h e  t o t a l  horsepower shovn i n  Table 5-2 i n t o  

high-speed and medium-speed engines  is based on only very  l i m i t e d  data .  

Descr ip t ions  of t h e  engines and h o r s e p w e r  r a t i n g s  f o r  tug and t w b o a t s  a r e  

given i n  the  Inland River  Record (Oven. 1986). Analysis  of a sample of these 

boats  shoved t h a t  on ly  20 t o  25 percent of these  boa ts  are  povered by 

medium-speed engines.  but t h a t  t h e s e  engines a r e  respons ib le  f o r  about 60 

percent of the  t o t a l  horsepower for  t h e  group. E a r a p o l a t i n g  from t h i s  l imi ted  

information. ve est imated t h a t  about 60 percent  of d r y  cargo and/or passenger 

sh ip  horsepower. 5 0  percent  of f e r r y  horsepower. and 20 percent of ccmuercial 

f i s h i n g  c r a f t  (over f ive  tons)  horsepcwer a r e  generated by medium speed 

engines .  

Table 5-2  shows an e s t i m a t e  of t h e  t o t a l  annual f u e l  consmpt ion  by 

each c l a s s  of marine v e s s e l s .  These were c a l c u l a t e d  from the  engine load 

f a c t o r s  and annual usage shovn i n  t h e  t a b l e ,  and an a s s m e d  f u e l  consunption of 

0.4 lb/BHP-hr. The load f a c t o r s  and annual usage va lues  shorn a re  Radian 

es t imates .  based on t y p i c a l  o p e r a t i n g  p a t t e r n s  f o r  each class.  These values 

a r e  only rough approximations.  as a c t u a l  data  on load f a c t o r s  and hours of 

opera t ion  a r e  lack ing .  
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T o t a l  f u e l  c o n s m p t i o n  by a l l  c l a s s e s  shown i n  t h e  table is 
approximately 1.8 b i l l i o n  g a l l o n s  per year .  A W E  r e p o r t  (Energy Information 

Administration. 1985) shoving t h e  t o t a l  consumption of d i s t i l l a t e  f u e l  o i l  fo r  

v e s s e l  bunkering a t  about 1.9 b i l l i o n  gal lons.  served t o  c a l i b r a t e  our 

es t imate .  The wo numbers a r e  not  s t r i c t l y  comparable. s i n c e  t h e  DOE value 

inc ludes  d i s t i l l a t e  f u e l  consumed by oceangoing sh ips .  These sh ips  burn 

p r i m a r i l y  r e s i d u a l  f u e l  o i l ,  but saae  use a c e r t a i n  percentage of d i s t i l l a t e  

f u e l  o i l  as w e l l .  This  is o f f s e t  t o  some degree by t h e  f a c t  t ha t  some 

non-oceangoing v e s s e l s  can use r e s i d u a l  o i l  o r  d i s t i l l a t e l r e s i d u a l  blends.  

One o t h e r  source of information on marine f u e l  consumption was 

loca ted .  Based on t h e  r e s u l t s  of a n a t i o n a l  f r e i g h t  t r a n s p o r t a t i o n  model. 

Argonne Laboratory (Millar e t  81.. 1982) es t imated t o t a l  energy consumption f o r  

tugs and t a r b o a t s  i n  t h e  U.S. a t  about 147 t r i l l i o n  BTU. o r  s l i g h t l y  over 1 

b i l l i o n  g a l l o n s  of d i e s e l  f u e l  equiva len t .  Even cons ider ing  t h a t  t h i s  value 

inc ludes  same non-diesel  energy consmpt ion .  t h i s  is sanevhat h igher  than t h e  

e s t i m a t e s  i n  Table 5-2. 

Estimates  of p o l l u t a n t  emissions from t h e  v a r i o u s  types of marine 

v e s s e l s  a r e  a l s o  presented and t o t a l e d  i n  Table 5-2. These e s t i m t e s  were 

a r r i v e d  a t  by mul t ip ly ing  t h e  emission f a c t o r s  i n  Table 5-1 by the  f u e l  

consumption da ta  c a l c u l a t e d  i n  Table 5-2. 

I n  terma of reg ioha l  d i s t r i b u t i o n ,  5 5  percent  of dry cargo andlor  

passenger s h i p s  a r e  loca ted  on t h e  Miss i ss ippi  and Ohio Rivers, 35 percent 

along t h e  U.S. c o a s t l i n e .  and t h e  rest a r e  s i t u a t e d  on t h e  Great Lakes. A 

cons iderably  d i f f e r e n t  s i t u a t i o n  ex is t s  f o r  r a i l r o a d  f e r r i e s  h e r e  90 percent 

a r e  loca ted  on t h e  c o a s t l i n e  with t h e  r e m i n d e r  on t h e  Great  Lakes. For 

towboats and tugboats ,  t h e  percentages a r e  3 1  percent.  66 percent .  and 3 

percent  f o r  t h e  c o a s t a l  areas. in land  v a t e r r a y s .  and Great  Lakes. r e s p e c t i v e l y  

(U.S. Army Corps of Engineers ,  1983). These these  s t a t i s t i c s  i n d i c a t e  t h a t  a 

l a r g e  percentage of domestic v e s s e l s  o p e r a t e  on t h e  Miss i ss ippi  and Ohio 
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Rivers.  S h e  t h e  M i s s i s s i p p i  and Ohio Valleys and l o v e r  Great  Lakes region 

a r e  tale of t h e  densest  c l u s t e r s  of urbanized a r e a s  i n  t h e  United S t a t e s .  t h e  

impact of th-e emissions on humans could be s i g n i f j c a n t .  

F i s h i n g  and pleaaure c r a f t .  on the o t h e r  hand, a r e  located 

predominately along t h e  U.S. c o a s t l i n e .  The only  major i n l s n d  concent ra t ion  of 

f i s h i n g  c r a f t  is on the  Chesapeake Bay. which accounts  f o r  2 1  percent of 

f i s h i n g  c r a f t  (Nat ional  Marine F i s h e r i e s  Service.  1984) .  Likevise, most 

inboard p l e a s u r e  c r a f t  a r e  operated on t h e  coas ts  v i t h  t h e  Great Lakes be ing  

t h e  only major in land  concent ra t ion .  About 25 percent  of these boa ts  a r e  

operated on t h e  g r e a t  lakes (Cmdr. Scarborough, 1986). 

5.4 Emissions Test Cycle 

R e l a t i v e l y  l i t t l e  i n v e s t i g a t i o n  of marine engine  duty cyc les  has been 

performed. From the  few s t u d i e s  vhich..have been done (e.g., Santa Berbara 

APCD. 1987). as v e l 1  a s  di ,scussion w i t h  v e s s e l  opera tors .  i t  is c l e a r  t h a t  most 

of t h e  f u e l  burned i n  marine opera t ions  is burned i n  c r u i s e  mode, with v e s s e l  

maneuvering and i d l e  making f a i r l y  minor cont r ibu t ions .  I d l e  does account f o r  

a very s i g n i f i c a n t  f r a c t i o n  of  t h e  o p e r a t i n g  time. hovever. which sugges ts  t h a t  

i t  could be an important c o n t r i b u t o r  t o  HC and PM emissions.  Full-speed, 

ful l - load opera t ion  may a l s o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  PM emissions. s ince  

scme vessels "cruise"  a t  full pcuer. Due t o  t h e  dominance of s teady-s ta te  

opera t ing  modes, t r a n s i e n t  e f f e c t s  on emissions a r e  probably n e g l i g i b l e .  

These f a c t s  suggest  t h a t  an appropr ia te  test  cycle  f o r  marine 

propulsion engines  could c o n s i s t  of four s teady-s ta te  o p e r a t i n g  modes: i d l e ,  

l i g h t  load/ lov  R P M .  "cruise".  and f u l l  load. v i t h  c r u i s e  and i d l e  weighted most 

heavi ly .  For genera tor  engines .  a s ingle-speed.  multi-pover level t e s t  cycle  

(e.g. 2. 25. 50. 75. and 100 parcent  load a t  1800 RPM) would give t h e  most 

r e a l i s t i c  r e p r e s e n t a t i o n  of in-use condi t ions .  
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5 . 5  F e a s i b i l i t y  of Emissions Control  

Estimrrtes of achievable  emission s tandards  f o r  d i e s e l  engines used i n  

merine a p p l i c a t i o n s  are shown i n  Table  5-3. For n e v  engines .  two l e v e l s  of 

emissions c o n t m l  are considered. The "inte-diate" c o n t r o l  l e v e l  is intended 
t o  correspond in  s t r i n g e n c y  t o  the  1988 on-highwsy emissions s tandards .  while 

t h e  "advanced technology" level corresponds t o  the s tandards  scheduled f o r  

1991. In  a d d i t i o n .  Table 5-3 shows our eetimtes of achievable  r e t r o f i t  

emission c o n t m l  s tandards  f o r  e x i s t i n g  madium-speed and l a rge  high-speed 

engines .  Again. the  reader  is warned that these  are ennineer ing es t imates  

only. based on very l i m i t e d  d a t a ,  and intended only t o  i n d i c a t e  t h e  p o t e n t i a l  

b e n e f i t s  of r e g u l a t i o n  i n ,  t h i s  area. Addit ional  r e s e a r c h  t o  confirm these 

es t imates  vould be e s s e n t i a l  before these  o r  any o t h e r  emission s tandards  were 

incomorared  i n t o  law. 

H i n h  s w e d  engines  

I n t e r m e d i a t e  c o n t r o l  level--High-speed engines a r e  used both fo r  

propulsion and a s  prime movers f o r  e l e c t r i c  generat ion.  Although the  duty  

cyc les  f o r  these two types of o p e r a t i o n  vary saaevhat .  t h e  a p p l i c a b l e  emission 

cont ro l  technologies  a r e  e s s e n t i a l l y  the same. A t  the  intermediate  c o n t r o l  
l e v e l ,  these  technologies  include:  turbocharging v i t h  low-temperature 

a f t e r c o o l i n g ;  increased  boost pressure:  r e t a r d e d  i n j e c t i o n  t i m i n g  ( v i t h  t iming 

advanced a t  l i g h t  loads  t o  reduce HC and PH emissions) ;  and changes i n  a i r f low,  

f u e l  i n j e c t i o n .  and combustion chamber design t o  minimize emissions. These 

technologies  have a l l  been v e l l  demonstrated i n  on-highway engines.  and t h e  

combination of h igh  boost pressure  w i t h  low-temperature a f t e r c o o l i n g  has seen 
i n c r e a s i n g  use i n  marine main propuls ion engines as v e l l .  Appl ica t ion  of these 

technologies  a c r o s s  the  board should be s t ra ight forward .  therefore .  The 

emissions l e v e l s  achievable  wi th  these technologies  should be comparable t o  t h e  

1988 s tandards  f o r  on-highway d i e s e l s .  This  is r e f l e c t e d  i n  Table  5-3. 
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TABLE 5-3. ESPI13ATED ACHIEVABLE MISSIONS COh'l'ROL STANDARDS 
FOR MARINE DIESEL ENGINES 

~~ 

Equivalent 
Emissions Emission 

L i m i t  Factor 
( g / B H P - h r )  (lb/1000 g a l . )  

HIGH-SPEED MARINE ENGINES 

Intermediate Control Level 
NOX 
HC 
PM 

Advanced Technology 
NO% 
HC 
PM 

6.00 
0 S O  
0.50 

5.00 
0.50 
0.25  

Exist ing Enqines Over 300 HP ( r e t r o f i t )  

NOX 8.00 
HC 0.50 
PM 0.50 

MEDIUM-SPEED MARINE E N G I N E S  

Inzermediate Level 
N O x  
HC 
PH 

Advanced Technology 
NOX 
HC 
PM 

Exist ing Engines ( r e t r o f i t )  
N O x  
HC 
PM 

6.00 
0.50 
0.50 

5.00 
0.30 
0.20 

8.00 
0.50 
0.50 

238 
20 
20 

198 
20 
10 

3 17 
20 
20 

238 
20 
20 

198 
12 

8 

3 17 
20 
20 

Source: Radian es t imates .  
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Advanced technology--The l i s t  of p o s s i b l e  advanced emission cont ro l  
L :chnologies f o r  marine engines  i s  e s s e n t i a l l y  t h e  same a s  the list of 

in te rmedia te  c o n t r o l  technologies .  v i t h  t h e  poss ib le  a d d i t i o n  of e l e c t r o n i c  

t i m i n g  c o n t r o l s .  Exhaust gas  r e c i r c u l a t i o n  vould probably be r u l e d  out f o r  
marine engines ,  due t o  i t s  p o s s i b l e  impact on engine r e l i a b i l i t y ;  v h i l e  

c a t a l y s t s  end t r a p - o x i d i z e r s  vould l i k e l y  be ru led  out by f i r e - s a f e t y  

cons idera t ions .  The emissions s tandards  in Table 5-3 r e f l e c t  these 

l i m i t a t i o n s .  The PH l e v e l  of 0.25 g/BW-hr shovn f o r  t h e  "advanced technology" 

standards--hue numerical ly  ident ica l - - i s  a c t u a l l y  sanewhat more lenient than  
t h e  1991 PM s tandard  f o r  on-highvay vehic les .  This  is due t o  t h e  f a c t  t h a t  PH 

f o r  merine v e s s e l s  would be measured i n  s teady-s ta te  opera t ion ,  v h i l e  t h e  

on-highway s tandard  is based on a h i g h l y  t r a n s i e n t  o p e r a t i n g  cycle .  

Retrofits--As v i t h  locomotive e n g i n e s ,  h igh-horsepwer marine engines 

a r e  commonly upgraded t o  c u r r e n t  technology levels &en they a r e  overhauled, 

and they can achieve an i n d e f i n i t e  l i f e s p a n  through repeated overhauls.  Thus. 
as  v i t h  l o c o m t i v e s .  it would make sense t o  consider  r e q u i r i n g  r e t r o f i t  of 

emissions c o n t r o l s  t o  these  engines .  "he major changes required vould be t h e  
p is tons .  i n j e c t o r s .  and camshafts.  (most o r  all of. vhich vould be replaced i n  

any even t ) ,  p l u s  p o s s i b l e  changes i n  t h e  turbocharger  and a f t e r c o o l e r  system. 
Since the  engine vould a l r e a d y  be dismantled f o r  overhaul ,  the  added cos t  of 

these  changes vould be r e l a t i v e l y  small. For c o s t - e f f e c t i v e n e s s  reasons.  i t  

would be d e s i r a b l e  t o  l i m i t  t h i s  requirement only t o  t h e  l a r g e r  engines .  which 

tend t o  s e e  more i n t e n s i v e  use.  For our purposes. w e  have drawn the, l i n e  

a r b i t r a r i l y  a t  300 HP. b u t  f u r t h e r  research  t o  determine a n  a p p r o p r i a t e  l e v e l  

is recommended. 

Medium-speed engines  

The e s t i m a t e s  of achievable  emissions c o n t r o l  l e v e l s  for 

medium-speed engines  i n  marine s e r v i c e  are i d e n t i c a l  t o  the es t imates  

prev ious ly  presented  for locomotive engines.  The modif ica t ions  required t o  
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these  enginea M u l d  also be e s s e n t i a l l y  t h e  same a s  those required f o r  

l o c o m t i v e  engines:  upgrading engine compoients. r e t a r d i n g  i n j e c t i o n  t i m i n g .  

i n c r e a s i n g  t h e  i n j e c t i o n  r a t e .  and modifying t h e  engine cool ing system t o  

provide lov-temperature a f t e r c o o l i n g .  Due t o  t h e  a v a i l a b i l i t y  of t h e  ocean a s  

a h e s t  s ink ,  t h i s  las t  modi f ica t ion  vould be e a s i e r  and l e s s  =pensive f o r  

marine engines  than f o r  locomotive engines .  

5.6 Cost-Ef f e c t i v e n e s s  Analysis  

Table 5-4 s h o w  sane very rough c a l c u l a t i o n s  of t h e  

cos t -e f fec t iveness  of emissions c o n t r o l  t o  t h e  " intermediate"  level f o r  new 

d i e s e l  engines of t h r e e  types:  medium-speed and high-speed main propulsion 

engines ,  and a high-speed genera tor  engine.  While they a r e  very rough and 

approximate. these c a l c u l a t i o n s  give sane i d e a  of t h e  p o t e n t i a l  

cost-ef f e c t i v e n e s s  of c o n t r o l l i n g  t h e s e  engines ,  compared t o  o t h e r  sources  of 

p o t e n t i a l  emission reduct ions.  As with locomorives. cosr -e f  f e c t i v e n e s s  is 

c a l c u l a t e d  based on t he  reduct ion i n  NO and HC emissions.  and no c r e d i t  or  

penal ty  is t a k e n  f o r  PM emission changes. No c o s t - e f f e c t i v e n e s s  estimates vere  

made f o r  "advanced technology" emission c o n t r o l s  o r  f o r  r e t r o f i t s ,  due t o  t h e  

u n c e r t a i n t y  (and. f o r  r e t r o f i t s .  t h e  g r e a t  v a r i a b i l i t y )  of c o s t s  i n  these 

cases .  

X 

For t h e  medium-speed engine,  che C O S E S  of emission c o n t r o l  assuned i n  

these c a l c u l a t i o n s  a r e  l e s s  than those assumed f o r  a similar engine i n  

locomotive s e r v i c e .  This is due p r i m a r i l y  t o  t h e  lower c o s t s  s s s m e d  f o r  t h e  

lov-temperature a f t e r c o o l e r .  In a locomotive. t h i s  would r e q u i r e  an s i r - a i r  

a f t e r c o o l e r  o r  a l a r g e  s e p a r a t e  a i r r a t e r  hea t  exchanger, e i t h e r  of vhich vould 

be d i f f i c u l t  t o  engineer  i n t o  the l i m i t e d  space a v a i l a b l e .  In  marine 

opera t ion .  an e f f e c t i v e l y  i n f i n i t e  h e a t  sink is a v a i l a b l e  i n  t h e  water  c lose  

overside.  so t h a t  t h e  cos t  of low-tempersture a f t e r c o o l i n g  would be r e l a t i v e l y  

small. Maintenance c o s t s  would a l s o  be l ove r ,  due t o  t h e  absence of t h e  

a i r - a i r  heat exchanger and the  less intensive use .  The o t h e r  c o s t s  assumed f o r  

t h i s  in te rmedia te  c o n t r o l  l e v e l  are p r i m a r i l y  design,  development. and 
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TABLE 5-4. ESTIMATFD COST-EFFECTIVENESS OF EMISSIONS COElPROL 
FDR DIESEL ENGINES USED IN MARINE APPLIGATIONS 

Main Propuls ion  E n g i n e s  
Medium-Speed High-speed 

Generator 
Engine 

MISSION WEIPROL mSTS 

E n g i n e  Horsepower 2.500 500 200 

I n i t i a l  Cost $50.000 $3.000 
Engine Li fe  (yrs) 20 15 
Amortized Cosr fyesr  Q 1OX $5 873 $394 

Fuel Cons. Inc rease  52 5 2  
Annual Fuel Cons. (Gal) 

Basel ine  160.000 

-- 
12.500 

With c o n t r o l s  168.000 13,125 
Added Fuel Cost e $0.80/gal $6.400 $500 

Addl. Ann. Maintenance $3.000 $200 

Annualized Control  Cost $15.273 $1,094 
Per  Engine 

EMISSIONS 
Emission Fac to r s  (lb/1000 ga l . )  

Base l ine  
NOx 5 23 
HC 
PM ~ ~~ 

With Controls  
NOx 
HC 
PM 

32  
14 

238 
20 
18 

Annual Emissions (pounds per engine  p e r  y e a r )  

NOx 83.680 
Base l ine  

HC 
PM 

With Cont ro ls  
NOx 
HC 
PM 

5; 120 
2.240 

39.984 
3.360 
3.024 

Emissions Reduction (pounds per e n E i n e  per yea r )  
NOx 43.696 
HC 
PM 

Cost-F,f f e c t i v e n e s s  ($ / ton )  
NUX + HC 

1,760 
(784) 

$672 

43 6 
32 
24 

238 
20 
20 

5.450 
400 
300 

3.124 
263 
263 

2.326 
138 

38 

$888 

$1,000 
15 

$13 1 

5% 

16.000 
16.800 

$640 

$200 

$97 3 

43 6 
32  
24 

238 
20 
20 

6.976 
512 
384 

3 998 
336 
336 

2.978 
176 

48 

$616 
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c e r t i f i c a t i o n  c o s t s ,  which (while l a r g e )  vould be spread  over s l a r g e  number of 

marine and locomotive engines. The additionrrl  manufactJr ing c o s t s  of 

refinements in i n j e c t o r s .  combustion chambers. i n j e c t i o n  t iming. e tc .  a r e  

r e l a t i v e l y  small. 

For t h e  two high-speed engines,  t h e  approximate emission cont ro l  

cos t s  shown were based on e x i s t i n g  t e c h o l o g y  f o r  on-highvay t r u c k  engines.  
Technologies assumed were: turbocharging ( f o r  engines that  don't  have i t  

a l r e a d y ) ,  low-temperature a f t e r c o o l i n g ,  re ta rded  i n j e c t i o n  timing. increased 

boost pressure.  and opt imiza t ion  of combustion chamber and i n j e c t o r  

c h a r a c t e r i s t i c s .  The major c o s t s  i n  t h i s  package are f o r  t h e  turbocharger and 

a f t e r c o o l e r .  and t h e  design and c e r t i f i c a t i o n  c o s t s  f o r  t h e  engine.  These were 
assumed t o  be f a i r l y  high. a s  the  marine market is l i m i t e d ,  and Caasr Guard and 

American Bureau of Shipping r e g u l a t i o n s  pose a formidable b a r r i e r  t o  new 

technologies .  

As Table 5-4 i n d i c a t e s .  t h e  p o t e n t i a l  c o s t s f  f e c t i v e n e s s  of emissions 
c o n t r o l  f o r  new marine engines  is about $600-$900 per ton. This is qu i t e  

a t t r a c t i v e  when compared t o  t h e  c o s t s  p e r  ton fo r  o t h e r  a v a i l a b l e  NO and HC 

reduct  ions.  
X 
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6.0 FARX EQUIPKENT 

Self-parered farm equipment inc ludes  t r a c t o r s ,  combines, movers, and 

o t h e r  se l f -propel led  machinery used in  a g r i c u l t u r e .  For t h e  l a s t  20 years. the 
engines used i n  these  v e h i c l e s  have been ovemhelmingly d i e s e l ,  and they a r e  

respons ib le  f o r  mst d i e s e l  f u e l  consumption on farms. Engines i n  non 

se l f -propel led  equipment such as  i r r i g a t i o n  ptrpps. engine-dr iven  blowers, 

conveyors, e t c .  a r e  r e s p o n s i b l e  f o r  a r e l a t i v e l y  s m a l l  f r a c t i o n  of t o t a l  f u e l  

c o n s m p t i o n  and emissions,  and are  n o t  discussed here .  

6.1 Enxine C h a r a c t e r i s t i c s  and Operating Conditions 

The l a r g e s t  group of a g r i c u l t u r a l  d i e s e l  engines  a r e  those used i n  

t r a c t o r s .  T r a c t o r  engines  tend t o  be na tura l ly-asp i ra ted .  d i rec t - in jec ted .  

4-stroke engines of moderate speed and pcuer output (15-180 HP) and four  t o  s i x  
cy l inders .  Engines used in small u t i l i t y  t r s c t o r s  ,are pr jmar i ly  Group 4 

engines of 15-50 HP and Japanese manufacture. S imi la r  engines  are  a l s o  used i n  

lavn and garden e q u i p m n t .  Larger t r a c t o r  engines  i n  t h e  40-180 HP range a r e  

o f t e n  produced by t h e  t r a c t o r  b u i l d e r ,  and are s p e c i f i c s l l y  d e s i g n e d  fo r  

t r a c t o r  u s e .  I n  a d d i t i o n  t o  supplying m t i v e  pover. these engines  are of ten  an 

i n t e g r a l  pa r t  of t h e  s t r u c t u r a l  framevork of t h e  t r a c t o r ,  v i t h  s p e c i a l l y  

re inforced  o i l p a n s  and engine blocks t o  c a r r y  t h e  s t r u c t u r a l  load. These 

engines a r e  c l a s s e d  i n  Group 11. and a nmber of them have been adapted f o r  use 

( i n  a non-s t ruc tura l  r o l e )  i n  highway t r u c k s  as well. Examples include the  

John Deere 300 and 400-series engines  and t h e  Ford 6-cyl inder  d i e s e l  engines. 

Recant y e a r s  have shown an increas ing  t r e n d  t o  h i g h e r  t r a c t o r  p o v e r  

r a t i n g  and t r a c t o r s  of 400 HP and above are ncw a v a i l a b l e  i n  four  vheel  dr ive 

t r a c t o r s .  These high-povered engines  a r e  genera l ly  adapted from those used i n  

on-highway t r u c k .  and a r e  o f t e n  turbocharged and i n t e r c o o l e d  f o r  increased 

output (Implement a n d ,  Trac tor .  1986). Truck-type engines  have a l s o  seen 

increas ing  use i n  smaller  t r a c t o r s .  w i t h  makers such as Perkins and I suzu  

supplying engines t o  t r a c t o r  makers such a s  Hassey Ferguson and White. 
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T r a c t o r s  undergo a v a r i e d  and r igorous  duty cyc le .  I n  a d d i t i o n  t o  

plowing. p lan t ing .  c u l t i v a t i n g .  hay b a l i n g ,  and o t h e r  hesvy a g r i c u l t u r a l  vork. 

t r a c t o r s  are used f o r  moving. p u l l i n g  vsgons. f ront-end loading,  d r i v i n g  fence 
pos ts ,  blowing snov. bul ldozing.  and even l i g h t  esrthmaving jobs.  The smaller  

u t i l i t y  t r a c t o r s ,  as t h e i r  name implies. terrd t o  aec a g r e a t e r  v a r i e t y  of 

a p p l i c a t i o n s .  v h i l e  the  l a r g e r  and more poverful t r a c t o r s  are pr imar i ly  used 

f o r  heavy f i e l d  vork. 

Combines. windrovers. c o t t o n  pickers .  and o t h e r  s p e c i a l i z e d  

non-tractor  a g r i c u l t u r a l  equipment undergo a l e s s  v a r i e d  d u t y  cycle .  Engines 

f o r  these  v e h i c l e s  a r e  o f t e n  equipped v i t h  medium-heavp duty  t r u c k  engines such 

as :he Navis ta r  DT 466 and t h e  C a t e r p i l l a r  3208. These may be 

na tura l ly-asp i ra ted  or turbocharged. I n  o t h e r  cases.  adapea t ions  of t r a c t o r  

engines o r  ( i n  a f e v  c a s e s )  special ly-designed engines  a r e  used. 

A weighted average of Harvest  Publ i sh ing ' s  1985 T r a c t o r  Survev. the 

l a r g e s t  number of t r a c t o r s  i n  use vere made by John Deere and I n t e r n a t i o n a l  

Harvester .  both of which had produced about approrimstely 27 percent of t h e  

t o t a l .  Other s i g n i f i c a n t  t r a c t o r  manufacturers include Massey Ferguson. Ford, 

Allis-Chalmers. White. and J.I. Case. a l l  of whom had produced from 7 percent 

to 10 percent  of t h e  t r a c t o r s  i n  use. H i s t o r i c a l l y .  John Deere. I n t e r n a t i o n a l .  

Ford, and Case have produced t h e i r  own t r a c t o r  engines.  v h i l e  Massey Ferguson. 

A l l i s .  and Uhi te  tend t o  use purchased engines.  

The a g r i c u l t u r a l  equipment o p e r a t i o n s  of J.I. Case and I n t e r n a t i o n a l  

Harvester  vere r e c e n t l y  merged, and new t r a c t o r s  produced by Case-IH w i l l  

presumably be designed around t h e  "B" and "C" engines  produced by Case and 

C u m i n s  i n  a j o i n t  v e n t u r e  arrangement. These engines a r e  a l s o  t a r g e t e d  f o r  

t h e  l ight-heavy and medium-heavy t r u c k  markets. 

6.2 Current Emission F a c t o r s  

The b e s t  d a t a  on emission f a c t o r s  f o r  farm equipment a r e  contained i n  

a r e p o r t  t o  t h e  C a l i f o r n i a  Air Resources Board by Environments1 Research and 
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Technology (ERT) (1982). This  r e p o r t  was sponsored by the  farm equipment. 

c o n s t r u c t i o n  equipment. and engint  i n d u s r r i e s  t hmugh  t h e i r  respect ive 

a s s o c i a t i o n s .  and strmmarizes massive amounts of manufacturer-supplied data .  

Although t h e  report deala s p e c i f i c a l l y  with C a l i f o r n i a ,  t h e  emission f ac to r  

data  contained i n  it are the  bes t  a v a i l a b l e  f o r  remainder of the  U.S. a s  wel l .  

These d a t a  a r e  presented i n  Table 6-1. 

The d a t a  i n  t h e  ERT r e p o r t  s u f f e r  from several l i m i t a t i o n s .  The most 
important of these  is the  absence of p a r t i c u l a t e  measurements. AE s r e s u l t .  

t h e  PM emission f a c t o r s  i n  Table 6-1 were taken from AP-42 (EPA. 1985). These 

f a c t o r s  a r e  based on emissions meaaurements on a l i m i t e d  sample of farm and 

c o n s t r u c t i o n  equipment engines t e s t e d  a t  Southwest Research i n  t h e  e a r l y  70's 

(Hare e t  a l . .  1975). I n  canments on our Task One interim r e p o r t ,  the  Engine 

Manufacturer ' s  Assoc ia t ion  (EHA) c r i t i c i z e d  our use of these  f a c t o r s ,  s t a t i n g  

tha t  they a r e  no longer  r e p r e s e n t a t i v e  of farm and c o n s t m c t i o n  equipment 

today (Young. 1987). This c r i t i c i s m  has s a e  v a l i d i t y .  e s p e c i a l l y  fo r  t he  

l a r g e r  t ruck-derived engines  used i n  h igher -powsed equipuent .  No examples of 

these engines were t e s t e d  i n  t h e  SWRI program, and it is not c l e a r  t h a t  the  

emission f a c t o r s  developed f o r  t h e  smal le r  engines  a r e  a p p r o p r i a t e  here .  As a 

r e s u l t ,  we have s u b s t i t u t e d  a value of 0.80 g/BHP-hr (based on pre-control 

p a r t i c u l a t e  emissions from heavy-duty t r u c k  engines)  f o r  the  EPA e m i s s i o n  

f a c t o r  f o r  four-wheel d r i v e  t r a c t o r s .  

For t w o r h e e l  dr ive  t r a c t o r s  and o t h e r  a g r i c u l t u r a l  equipment. we 

e l e c t e d  t o  r e t a i n  t h e  EPA emission f a c t o r s .  While i t  is t r u e  t h a t  many 'of the 

s p e c i f i c  engine models t e s t e d  by Hare e t  a l .  a r e  no l o n g e r  i n  use,  there  is  

l i t t l e  evidence t o  suggest  t h a t  the  new engines  t h a t  replaced them a r e  any 

c l eane r ,  and no more recent  emission6 d a t a  a r e  a v a i l a b l e .  Research t o  obtain 

more recent  and a p p l i c a b l e  emissions data is  s t m n g l y  reccmuended. 

Another l i m i t a t i o n  of t h e  ERT d a t a  is t h a t  they a r e  based on  an 

adapta t ion  of the  o l d  13-mode s t e a d y - s t a t e  t e s t  cycle ,  and thus  do not  account 
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TABLE 6-1. EMISSION FACPORS FOR FARH EQUIPMENT 

MISSION FACTORS (G/BHP-HR) 

HC1 co1 N O J  Pl? 

Equipment Type 
Trac to r ,  2UD 100+ HP 
Trac tor ,  4WD 
Trac tor .  2WD. 20-90 HP 
Combines, Self-propel led 
Windrover. Se l f -propel led  
F ie ld  Forage Harvesters 
Cotton P icke r s  
Cotton Sprayers  
Orchard Sprayers  
Compact Loaders 

Fuel-Weighted Emission Fac to r s  
lb/1000 g a l  

g/BHP-hr 

1.84 
0.89 
2.16 
1.90 
2.21 
0.96 
2.23 
2.23 
2.23 
1.13 

72 
1.81 

4.23 
3.20 
6.42 
3.25 
6.85 
2.84 
3.78 
3 . 1 8  
3.78 
4.29 

182 
4.59 

11.59 
10 -98 
10.94 
13.36 
10.50 
9.98 
7.78 
7.70 
7.70 
9.69 

456 
11.50 

3 1.28 
0.80 
1.28 
1.51 
1.51 
1.51 
1.51 
'1.51 
1.51 
1.51 

50 
1.25 

Sources : 

'ERT. 1982. 

'EPA, AP-42, 1985. 

3Radian estimate. 
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f o r  any t r a n s i e n t  e f f e c t s .  This is also t r u e  of t h e  PM d a t a  developed by Hare 
e t  a l .  Thin is not a problem' f o r  most ca tegor ies  of farm equipment. s ince  

combines. windrowers. l a r g e  t r a c t o r s ,  e t c .  tend t o  be used pr imar i ly  i n  n e a r l y  

s t e a d y - s t a t e  operacion. It may be a problem f o r  t h e  smaller tractors, however. 

as  these  u n i t s  tend  t o  experience a f a i r  amount of c y c l i c  opera t ion .  and i t  is 

c e r t a i n l y  a problem f o r  t h e  compact loaders .  This issue is discussed f u r t h e r  

i n  S e c t i o n  6.4. 

Table 6-1 a180 shows a set of "fuel  weighted" emission factors f o r  

farm e q u i p r e n t .  These a r e  simply t h e  average of the  emission f a c t o r s  fo r  each 

equipment c l a s s ,  v i t h  each c l a s s '  c o n t r i b u t i o n  weighted by i ts  estimated 

f r a c t i o n  of t o t a l  d i e s e l  f u e l  consumption by farm equipment. The estimates of 

d i e s e l  f u e l  conslrmption by each c l a s s  a r e  shown i n  Table 6-2. 

0 

6.3 Engine Population and Emissions Inventory 

Reasonably complete information on farm equipment populat ions and 

e m i s s i o n  c h a r a c t e r i s t i c s  is a v a i l a b l e .  Population da ta  a r e  a v e i l a b l e  i n  

nmerous  s t a t i s t i c a l  slrmmaries of t h e  a g r i c u l t u r e  s e c t o r ,  and i n  es t imates  

developed by the  Farm Implement and Equipment I n s t i t u t e .  t h e  indus t ry  

a s s o c i a t i o n .  Table 6-2 shows our e s t i m a t e s  of t o t a l  popula t ions ,  usage. f u e l  

consumption. and emissions fo r  the major classes of se l f -propel led  farm 

equipment. These estimates a r e  based on FIEI r e v i s i o n s  t o  UmA populat ion 

numbers. and t o  t h e  ERT es t imates  of average horsepower and hours of usage per  

year  (Young, 1987). As t h e  table i n d i c a t e s .  t h e  g r e a t  bulk of a g r i c u l t u r a l  

e q u i p m n t  emissions--accounting f o r  about 85 percent of t h e  to ta l - -e re  due t o  

t r a c t o r s .  w i t h  combines t h e  only o t h e r  major source. 

Table  6-2 inc ludes  an e s t i r a t e  of the t o t a l  nationwide f u e l  consump- 

t i o n  by a g r i c u l t u r a l  equipment. c a l c u l a t e d  from t h e  FIEI d a t a  and a s s m i n g  f u e l  

consumption of  0.4 lb/BHP-hr. A l s o  shown i n  t h e  t a b l e  is t h e  Departnent of 

Energy's e s t i m a t e  of total d i s t i l l a t e  f u e l  d e l i v e r i e s  i n  the  a g r i c u l t u r a l  

s e c t o r  f o r  1985. This va lue  i s  c l o s e l y  comparable t o  t h e  value c a l c u l a t e d  from 

t h e  F I E I  d a t a .  
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u m s t  by d e f i n i t i o n .  fann equipment emissions a r e  concentrated i n  

r u r a l  a reas .  Although some farming o f t e n  occurs even in highly urbanized 

regions.  such a s  t h e  South Coast A i r  Basin of C a l i f o r n i a ,  d i e s e l  farm equipment 

f o r  only 0.25 percent of t h e  NOx inventory i n  t h e  SCAB. For comparison. i n  t h e  

heavi ly  a g r i c u l t u r a l  Fresno area (which. l i k e  the  SCAB. is not  i n  a t ta inment  of 

t h e  Federal  ozone s t a n d a r d s )  d i e s e l  farm equipment accounts  f o r  about 6 percent  

of t h e  NOx inventory.  These es t imates  were obtained by ad jus t ing  s i m i l a r  

f i g u r e s  f o r  g a s o l i n e  and. diesel-powered equiprrent ( I n g a l l s .  1985) t o  r e f l e c t  

only d i e s e l  engine-pwered equipment. 

Us ing  r e g i o n a l  s a l e s  f i g u r e s  from the  J u l y  1985. Petroleum Harket ing 

Xon th ly  ( E I A .  1985). a good n a t i o n a l  d i s t r i b u t i o n  of farm equipment emissions 

can be determined. It  should be recognized t h s t  t h i s  d i s t r i b u t i o n  is based on 

t h e  premise t h a t  a g r i c u l t u r a l  s e c t o r  f u e l  s a l e s  and engine emissions a r e  

s i m i l a r l y  r e l a t e d  i n  a l l  reg ions  of t h e  country.  Using t h i s  t ack ,  the New 

England s t a t e s  account f o r  - 4  percent  of farm r e l a t e d  emissions.  Mid-Atlantic 

s t a t e s  account f o r  2.8 percent and, the r e s t  of the  e a s t e r n  seaboard s t a t e s  

make up 8.4 percent .  The Midwest accounts  fo r  a l i o n ' s  s h a r e  49.2 percent of 

farm generated p o l l u t a n t s .  The South and Northwest add another  16.7 percent 

and 6.0 p e r c e n t ,  r e s p e c t i v e l y .  t o  t h e  farm emissions t o t a l .  F ina l ly ,  t h e  West 

is respons ib le  f o r  the  remsining 16.5 percent .  

6 . 4  Zniss ions  Test Cvcles 

A s  noted i n  Sec t ion  6-2. most types of s e l f - p r o p e l l e d  farm equipment 

a re  used i n  e s s e n t i a l l y  s t e a d y - s t a t e  operat ion.  For combines ,and o t h e r  

s p e c i a l i z e d  equipment. t h e  engine g e n e r a l l y  experiences only a very l imited 

range of o p e r a t i n g  condi t ions .  For t r a c t o r s .  t h e  range of o p e r a t i n g  condi t ions 

is l a r g e r ,  vary ing  from high-speed, low load running i n  l i g h t  t a sks  t o  

sus ta ined  n e a r - f u l l  power output  i n  heavy work. For most t a s k s ,  however, the  

engine speed and p w e r  requirements do not vary g r e a t l y  from second t o  second, 

so t h a t  a s t e a d y - s t a t e  t e s t  cyc le  would probably be adequate f o r  measuring 

emissions.  Although t r a c t o r s  i n  f i e l d  opera t ion  do experience sane cyc l i c  

opera t ion  (when t u r n i n g  a t  t h e  end of a row, for i n s t a n c e )  these cyc les  a r e  
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long enough that the  t r a n s i e n t  e f f e c t s  would probably be n e g l i g i b l e .  Hovever. 
t r a n s i e n t  emissions measurements (using a r e d i s t i c  cyc le )  on a c t u a l  t r a c t o r  

engines  would be d e s i r a b l e  i n  o r d e r  t o  confirm t h i s  assumption. 

An except ion t o  t h e  genera l  r u l e  of s t e a d y - s t a t e  opera t ion  would 

occur i n  the  case O f  compact loaders; and of tractors used f o r  u t i l i t y  work 

(such a s  f ront -end  loading)  vhich  involves  repeated short-cycle  o p e r a d o n .  For 
these  u n i t s ,  some S o r t  of Cycl ic .  t r a n s i e n t  d u t y  cycle .  similar t o  the  

c o n s t r u c t i o n  equipment t e s t  cyc les  discussed i n  S e c t i o n  7.3. might be more 

appropr ia te .  A t  t h i s  p o i n t .  the  a c t u a l  ex ten t  and emissions e f f e c t s  of c y c l i c  

opera t ion  i n  s m a l l e r  t r a c t o r s  a r e  unc lear .  and f u r t h e r  r e s e a x h  t o  resolve t h i s  

quest ion i s  recommended. 

6 . 5  F e a s i b i l i t y  of Emissions Control  

A s  noted above. most t r a c t o r  and o t h e r  a g r i c u l t u r a l  equipment engines 

a r e  c;assed i n  Group 2 ,  with  the remainder being c l a s s e d  i n  Group 4. As both 

of these  engine groups a r e  c l o s e l y  r e l a t e d  K O  on-highvsy engines ,  most emission 

c o n t r o l  technologies  developed f o r  on-highvsy use should be r e a d i l y  adaptable .  

The d i f f e r e n c e s  i n  duty cycle .  a p p l i c a t i o n  requirements.  and e n v i r o w e n t a l  

condi t ions between t h e  tvo  types of a p p l i c a t i o n s  w i l l  impose some l i m i t a t i o n s ,  
however. In p a r t i c u l a r .  t h e  c l o s e  i n t e g r a t i o n  of t h e  engine  and t h e  equipment 

i n  t r a c t o r s .  l o a d e r s ,  and some o t h e r  equipment types could r e s u l t  i n  delays or 

l a rge  ecogomic p e n a i t i e s  due t o  t h e  adopt ion of emission c o n t r o l s .  

T r a c t o r s ,  l o a d e r s ,  and ( t o  a l e s s e r  ex ten t )  o t h e r  farm machines a r e  

l i t e r a l l y  designed around t h e  p h y s i c a l  dimensions and o p e r a t i o n a l  c a p a b i l i t i e s  

of t h e  engine.  The phys ica l  dimensions of the  engine determine the  loca t ion  of 

t h e  t r a c t o r ' s  hood and frame, and any changes t o  t h e s e  dimensions may r e q u i r e  

redesign of major p o r t i o n s  of t h e  s t r u c t u r e .  I n  t h e  same way. gear and f i n a l  

d r i v e  r a t i o s .  h y d r a u l i c  system c h a r a c t e r i s t i c s ,  and o t h e r  design v a r i a b l e s  a r e  

determined by t h e  torque/speed c h a r a c t e r i s t i c s  of t he  engine ,  and any major 

changes i n  t h e s e  c h a r a c t e r i s t i c s  may involve major expense. 
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Unlike passenger cars .  vhich undergo major design changes every few 

yea r s ,  farm equipment designs have a r a t h e r  long l i f e  cyc le .  The econcmic l i f e  
of a t r a c t o r  o r  combine design i s  of t h e  order  of t e n  yea r s ,  a f t e r  vhich the 

u n i t  v i l l  be completely re-engineered and re-tooled. A t  any given time. some 

p o r t i o n  of a manufacturer ' s  product l i n e  is undergoing t h i s  re-engineering. s o  

t h a t  each manufacturer t y p i c a l l y  br ings  out some n e v  equipment designs each 

year. 

TO avoid undue f i n a n c i a l  and engineer ing burden on t h e  indus t ry .  it 

vould be d e s i r a b l e  t o  incorpora te  any major changes requi red  for m i s s i o n s  

c o n t r o l  i n  new models as  they a re  redesigned. r a t h e r  than imposing a s ing le  

requirement across  t h e  board. One approach t o  implementing t h i s  requirement 

would be  through an  averaging. t r a d i n g ,  and banking arrangement. such as is n a r  

being considered f o r  heavy-duty t r u c k  engines.  Beginning v i t h  some interim 

emissions c o n t r o l  l e v e l  vh ich  could be achieved v i t h o u t  s i g n i f i c a n t  e x t e r n a l  

rhanges t o  the engine.  the  r e q u i r e d  corporate  average emissions l e v e l s  could be 

reduced each year  u n t i l  they reached t h e  ultimate c o n t r o l  l e v e l s  d e s i r e d .  I n  

t h i s  way, s t r i n g e n t  emission c o n t r o l s  could be designed i n t o  nev models as they 

a r e  r e l e a s e d .  

Est imates  of t h e  achievable  intermediate-term and long-term (advanced 

technology) c o r p o r a t e  average emission c o n t m l  l e v e l s  f o r  a g r i c u l t u r a l  engines 

a r e  shown i n  Table 6-3. Tvo s e t s  o f  standards a r e  presented:  one based on a 

s t e a d y - s t a t e  t e s t  cyc le ,  and t h e  o t h e r  on a test cyc le  including t ransient  

opera t ion .  The former vould be appl icable  t o  combines. windrowers. l a rge  

t r a c t o r s .  and o t h e r  equipment operared pr imar i ly  i n  s t e a d y - s t a t e  condi t ions .  

The l a t t e r  vould apply t o  l o a d e r s ,  and p o s s i b l y  t o  small u t i l i t y  t r a c t o r s .  The 

major d i f f e r e n c e s  between these tvo  t e s t  cyc les  are i n  t h e  PM and HC s tandards 

achievable:  ach ievable  NO emiss ions  a r e  l i t t l e  a f f e c t e d  by t r a n s i e n t  opera t ing  

condi t ions .  
X 
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TABLE 6-3. ESPIMATm ACHIEVABLE EMISSIONS COhTROL STANDARDS 
PDR DIESEL ENGINES USED I N  FARM EQUIPMENT 

Equivalent 
Emissions Emission 

L i m i t  Fact  o r  
(g/BHP-hr) ( lb/1000 ga l . )  

STEADY--ATE TEST CYCLE 

Intermediate  Control  Level 
N O .  
HC 
Pn 

Advanced Technoloxy 
N O .  
HC 
PM 

TPANSIENT TEST CYCLE 

Intermediate  Control  Level 
N O .  
HC 
PM 

Advanced Techno1op;y 
NOx 
HC 
PM 

8.00 
0.50 
0.50 

6.00 
0.20 
0.15l 

8.00 
1.00 
0.80 

6.00 
0.301 
0.15 

3 17 
20 
20 

238 
8 
6 

317 
40 
32 

238 
12 
6 

Source: Radian estimates. 

Due t o  high load  f a c t o r s ,  t h e  a b i l i t y  of farm equipment t o  meet t h e  0.1 
g/BHP-hr s t a n d a r d  e s t a b l i s h e d  for highway t r u c k s  is quest ionable .  
used a more c o n s e m a t i v e  estimate. 

We have 
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As with  t h e  previous s e c t i o n s .  t h e  reader  is warned t h a t  these a r e  

engineer ing estimates only, based on very l imi ted  data, and intended only t o  

i n d i c a t e  t h e  p o t e n t i a l  b e n e f i t s  of r e g u l a t i o n  i n  t h i s  a r e s .  Addit ional  

research t o  confirm these  es t imates  would be e s s e n t i a l  before  these  or anv_ 

o t h e r  e a i s s i o n  s tandards  were incorporated i n t o  law. 

Near-term emissions c o n t r o l  technologies  a p p l i c a b l e  t o  a g r i c u l t u r a l  

equipment include:  re ta rded  i n j e c t i o n  t iming, increased  i n j e c t i o n  pressures ,  

improvements i n  a i r  flow and combustion chamber geometry. and s i m i l a r  engine 

opt imiza t ion  measures. I n  addi t ion .  turbocharging would be f eas ib l e  i n  many 

(but by no means a l l )  equipment models which sre c u r r e n t l y  u s i n g  n a t u r a l l y -  

a s p i r a t e d  engines .  Addition of low-temperature. s e p a r a t e  c i r c u i t  a f t e r c o o l i n g  

vould a l s o  be p o s s i b l e  f o r  scme e x i s t i n g  turbocharged or turbocharged/af ter-  

cooled engines ,  but . aga in .  not  a l l  of them. I t  should be noted t h a t  a l l  of 

these  steps  would involve sane economic waste, as t h e  v e h i c l e  d r i v e t r a i n  would 

be unable ,  in most cases ,  t o  absorb t h e  increased power output  a v a i l a b l e  v i t h  

turbocharging and/or a f t e r c o o l i n g .  This would r e q u i r e  t h a t  the  engine be 

derated to match its previous power l e v e l .  

O t h e r  near-term technologies  appl icable  t o  a g r i c u l c u r a l  engines 

include exhsust  gas r e c i r c u l a t i o n  (ECR) and/or i n d i r e c t  i n j e c t i o n  i n  the small  

Group 4 engines  used f o r  u t i l i t y  t r a c t o r s  and compact l o a d e r s ,  and poss ib ly  i n  

higher-powered. low usage engines  such a s  those i n  combines. EGR is unl ike ly  

t o  s e e  much a p p l i c a t i o n  i n  l a rge  t r a c t o r s .  due t o  i t s  adverse e f f e c t s  on engine 

vear  and d u r a b i l i t y .  Trap-oxidizers would a l s o  be a p p l i c a b l e  i n  a p p l i c a t i o n s  

such as  combines. where t h e  high and p r e d i c t a b l e  engine load would e l imina te  

r e g e n e r a t i o n  problems. 

Advanced emission c o n t r o l  technologies .  which could be designed i n t o  

new equipment models as they a r e  produced, include turbocharging w i t h  

moderately l o w - t a p e r a t u r e  a f t e r c o o l i n g  i n  most engines. e l e c t r o n i c  i n j e c t i o n  

t iming and governor cont ro l .  f u r t h e r  op t imiza t ion  of combustion chamber, 

a i r f l o w .  and i n j e c t i o n  c h a r a c t e r i s t i c s .  reduced o i l  consmpt ion .  and t rap-  
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o x i d i z e r s  v i t h  precious-metal  c a t a l y s t s  fo r  HC c o n t r o l .  These l a s t  would 

r e q u i r e  the  use  of lov-sulfur  f u e l .  but  EPA is p r e s e n t l y  consider ing mandating 

t h i s  i n  any event.  Due t o  t h e  r e l a t i v e l y  high load f a c t o r s  experienced. 

t rap-oxid izer  regenera t ion  vould be much l e s s  of a problem i n  a g r i c u l t u r a l  

a p p l i c a t i o n s  than in on-highway t rucks.  For t h e  same reason, however. 

formation of p a r t i c u l a t e  s u l f a t e s  by t h e  c a t a l y s t  vould be more of a problem. 

These c o n s i d e r a t i o n s  are r e f l e c t e d  i n  t h e  escimetes shown i n  Table 6-3. 

Because of t h e  l i m i t e d  space  a v a i l a b l e  fo r  hea t  exchangers and the 

adverse opera t ing  condi t ions  imposed by f i e l d  work. a i r - t o - a i r  hea t  exchangers 

would be i n f e a s i b l e  f o r  most a g r i c u l t u r a l  machines. These same condi t ions 

would l i m i t  the  s i z e  and p o t e n t i a l  e f f e c t i v e n e s s  of separa te -c i rcu i t  

a f t e r c o o l e r s  or  o t h e r  lov-temperature a f t e r c o o l i n g  techniques.  For these 

reasons.  t h e  degree of NO r e d u c t i o n  achievable  i n  farm equipment would be l e s s  

than that which could be achieved i n  on-highvay t rucks  or marine engines .  This 

is r e f l e c t e d  i n  t h e  higher  NOx s t a n d a r d s  shown i n  Table 6-3. 

x 

6.6 C o s t  -Ef f ec r iven es s Analysis  

Table 6-4 shows sane e r t r e n e l y  rough c a l c u l a t i o n s  of t h e  c o s t s  and 

cos t -e f fec t iveness  of c o n t r o l l i n g  emissions t o  the  " intermediate"  l e v e l  shown 

i n  Table 6-3. Due t o  t h e  u n c e r t a i n t y  of Costs and technology involved i n  

reaching the  "advanced technology" l e v e l ,  no meaningfu l  cost-ef fec t iveness  

es t imates  for t h a t  c o n t r o l  l e v e l  were p o s s i b l e .  

Cost-effect iveness  e s t i m a t e s  a r e  presented f o r  t h r e e  d i f f e r e n t  types 

of a g r i c u l t u r a l  equipment: a l a r g e  four-wheel d r i v e  c r a c t o r .  a small u t i l i t y  

t r a c t o r .  and a combine. Emission c o n t r o l s  assumed f o r  t h e  l a rge  t r a c t o r  

include re ta rded  t i m i n g ,  increased  i n j e c t i o n  pressure,  and a low-temperature 

a f t e r c o o l e r .  p lus  combustion chamber opt imiza t ion .  This  technology vas  assumed 

t o  be adapted from on-highvay v e r s i o n s  of t h e  same engine.  For t h e  small 

t r a c t o r .  re ta rded  i n j e c t i o n  t i m i n g  r e t a r d a t i o n .  combustion chamber and a i r f l o w  

opt imiza t ion ,  and moderate EGR were assumed. For t h e  combine engine,  we 

assumed the  u s e  of a canmercial ly-avai lable  t r u c k  engine r a t i n g  r a t h e r  than the  

off-highway v e r s i o n  of t h e  engine.  v i t h  a corresponding i n c r e a s e  i n  c o s t .  
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TABLE 6-4. ESTIMATED COST-EFFECTIVENESS OF EnISSIONS COKPROL 
FOR DIESEL ENGINES USED I N  FARM EQUIPKENT 

Large 4WD Small 
Trac tor  T rac to r  Combine 

COST OF MISSION COWl'ROLS 

E n g i n e  Horsepower 

I n i t i a l  Cost of Controls  
Engine L i f e  ( y r s )  
Amortized Cost /year  B 10% 

Fuel Cons. Increase  
Annual Fuel Cons. (Gal) 

Basel ine 
With con t ro l s  

Added Fuel Cost B $O.8O/gal 

Add l .  Ann. Maintenance 

Annualized Conrrol. Cost Per Unit 

MXSSIO?~S 
Emission Fac tors  (lb/1000 gal . )  

Basel ine 
N O x  
HC 
PM ~ ~~ 

W i t h  Controls  
NOx 
HC 
PM 

2 27 

$1.500 
15 

$197 

2% 

4.300 
4.386 

$69 

$100 

$306 

435 
35 
32 

317 
20 
20 

Annual Emissions (lbs per u n i t  per year )  
Basel ine 

N O x  1.871 
HC 15 1 
PM 138 

W i t h  Cont ro ls  
NDx 
HC 
PM 

1.390 
88 
88 

Emissions Reduction (Ibs per  u n i t  p e r  year)  
NDx 480 
HC 
PM 

Cost-Effect iveness  ($ / ton)  
NOx + HC 

63 
50 

S845 

56 

$300 
15 

$39 

5% 

220 
23 1 

$9 

$3 0 

$5 8 

434 
75 
51  

3 17 
40 
32 

95 
17 
11 

73 
9 
7 

22 
7 
4 

136 

$500 
15 

$6 6 

5% 

700 
735 
$28 

$5 0 

$104 

530 
86 
60 

317 
20 
20 

371 
60 
42 

233 
15 
15 

138 
46 
27 

$2.960 $848 .~ . 
PM $3.067 57.607 $1,900 
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7.0 a)NSPRUCTION AND INDUSPRIAL EQUIPENT 

Construct ion equipment inc ludes  e a r t h m v i n g  and r e l a t ed  machinery 

such as  bulldozers. graders .  scrapers, loaders ,  c ranes ,  backhoes. and 

off-highway trucks. I n d u s t r i a l  equipmsnt such aa front-end loaders  and 

i n d u s t r i a l  t r a c t o r s  is also included in t h i s  category.  as  a r e  s p e c i a l i z e d  

m i n i n g  and logging machines such as log  sk idders .  

7.1 EnRine C h a r a c t e r i s t i c s  and Operating Conditions 

D i e s e l  engines used i n  c o n s t r u c t i o n  and i n d u s t r i a l  equipment ( C I E )  

range from l e s s  t h a n  40 HP f o r  f o r k l i f t s  and small  l o a d e r s  t o  more than 800 HP 

for t h e  l a r g e s t  earthmoving machines and off-highway t r u c k s .  Y o s t  C I E  engines 

a r e  r e l a t i v e l y  small ,  na tura l ly-asp i ra ted .  moderate-speed engines  c lassed  i n  

Groups 2 and 4 .  Many of these a r e  g e n e r a l l y  s p e c i a l l y  designed f o r  t h e i r  

a p p l i c a t i o n s .  o r  adapted from engines  used i n  small  a g r i c u l t u r a l  t r a c t o r s .  The 

l a r g e r  engines used i n  l a rge  e a r t h w v i n g  and s i m i l a r  machinery a r e  l e s s  

numerous. but--due t o  t h e i r  h i g h  pover output and g r e a t e r  ut i l izat ion--account  

f o r  a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  emissions from t h i s  category. These 

engines  a r e  c lassed  i n  Groups 2 and 3,  and a r e  of ten  adapted from t r u c k  engine 

designs (or v i c e  v e r s a ) .  Many of these l a r g e r  engines use turbocharging and 

(sometimes) i n t e r c o o l i n g  t o  increase  t h e i r  pover output.  

Usage p a t t e r n s  i n  c o n s t r u c t i o n  and i n d u s t r i a l  equipment engines a r e  

as  v a r i e d  a s  the equ ipmen t  types themselves. Hydraulic pumps t o  power t h e  

bocms. l i f t s .  buckets.  b lades ,  and o t h e r  implements are a l a rge  p a r t  of t h e  

engine load i n  mst types  of cons t ruc t ion  and i n d u s t r i a l  equipnent.  and i n  some 

cases  (e.g. h y d r o s t a t i c a l l y  dr iven  crawlers )  they are n e a r l y  t h e  e n t i r e  load. 

Some cranes and l a rge  ear thmwing machines u s e  d i e s e l - e l e c t r i c  systems l i k e  

those i n  locomotives. I n  most c o n s t r u c t i o n  equipment, however. a l a r g e  p a r t  of 

the engine power requirement is f o r  moving t h e  machine. through a d i r e c t  

mechanical l inkage  w i t h  t h e  wheels o r  tracks. 
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Hydros ta t ic  and d i e s e l - e l e c t r i c  d r i v e  systems allow the  engine t o  

maintain a d a t i v e l y  cons tan t  speed. although t h e  engine  torque requi red  a t  

t h a t  speed play f l u c t u a t e .  Direct mechanical dr ive .  on t h e  o t h e r  hand, imposes 

l a rge  t r a n s i e n t  changes i n  speed and load on t h e  engine.  The need t o  generate 

full o r  n e a r - f u l l  engine torque a t  l o v  engine speeds i n  many opars t ing  cyc les  

leads  t o  high t r a n s i e n t  smoke, and probably high p a r t i c u l a t e  emissions as w e l l .  

D i e s e l  engines  i n  c o n s t r u c t i o n  machinery nust o p e r a t e  i n  a b r u t a l  

physical  environment. This  i s  e s p e c i a l l y  t r u e  of engines  i n  mechanical-drive 

a p p l i c a t i o n s .  where shock and v i b r a t i o n  loads may be t r a n s m i t t e d  through t h e  

d r i v e t r a i n  t o  t h e  engine.  R e l i a b i l i t y  is a l s o  very important--fai lure '  of a few 

l a rge  machines could s e r i o u s l y  d i s r u p t  a c o n s t r u c t i o n  schedule.  .This imposes 

s t r i n g e n t  requirements  f o r  robus tness  and r e l i a b i l i t y  on t h e  engine.  To be 

commercially f e a s i b l e ,  any emission c o n t r o l s  would have t o  be s i m i l a r l y  robust  

and r e l i a b l e .  

7.2 Current Emission F a c t o r s  

The bes t  d a t a  on emission f a c t o r s  fo r  c o n s t r u c t i o n  and i n d u s t r i a l  

equipment a r e  contained i n  a r e p o r t  t o  t h e  C a l i f o r n i a  A i r  Resources Board by  

Environmental Research and Technology (ERT) (1982). This r e p o r t  vas sponsored 

by the farm equipment. c o n s t r u c t i o n  e q u i p a n t .  and engine i n d u s t r i e s  through 

t h e i r  r e s p e c t i v e  a s s o c i a t i o n s .  and includes massive amounts of 

manufacturer-supplied data .  Although the r e p o r t  d e a l s  s p e c i f i c a l l y  with 

C a l i f o r n i a ,  t h e  emission f a c t o r  data contained i n  it are t h e  b e s t  a v a i l a b l e  f o r  

remainder of t h e  U.S. a s  w e l l .  These data a r e  presented i n  Table 7-1. 

As discussed  i n  S e c t i o n  6-2, t h e  d a t a  in t h e  ERT r e p o r t  s u f f e r  from 

s e v e r a l  l i m i t a c i o n s .  The most important  of t h e s e  is t h e  absence of p a r t i c u l a t e  

measurements. A s  a r e s u l t .  t h e  PM emission f a c t o r s  i n  Table  7-1 were taken 

from AP-42 (EPA. 1985). M A ' s  c r i t i c i s m  of these  e m i s s i o n  f ac to r s .  and our 

response. have  a l r e a d y  been d iscussed  i n  S e c t i o n  6-2. A5 vas  a l s o  t h e  case 

w i t h  farm equipment. we decided t o  r e t a i n  t h e s e  f a c t o r s  e s s e n t i a l l y  f o r  lack of 
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TABLE 7-1. ESPIMATED CURRENT EMISSION FACTORS FOR DIESEL ENGINES 
USED IN CONSIRUCPION AND INWSTRIAL EQUIPMENT 

MISSION FACTORS (WBHP-HR) 

HC1 CO1 N ( h 1  PH2 

E q u i p m e n t  Type 
Track Type Tractor .  90+ HP 
Track Tip. Tractor 20-89 HP 
Track Type Loader, 90+ HP 
Track Type Loader, 20-89 HP 
Wheel Loader > 2-1/2 cubic  yard 
Wheel Loader < 2-1/2 cub ic  yard 
I n d u s t r i a l  Wheel T rac to r  
Skid-Steer Loader 
Wheel Tractor  Scraper  
Of f-Highvay Truck* 
Motor Grader 
Hydraulic Excavator. All 
Trencher 
Concrete P:.ver** 
B i t  urn i n  ou s Paver 
Rol ler  Compactor, Vibratory 
Roller Compactor, S t a t i c  
Crane, Wheel 
Crane, Cravler  
Crane, Hyd.. Wheel. 1-Station 
Crane, Hyd.. Wheel. Multi-Station 
Log Skidder 
Pipe Layer 

Fuel-Weighted Emission Fac to r s  
lb/1000 ga l  

g/BHP-hr 

0.37 
1.33 
0.47 
1.80 
0.60 
1.29 
1.76 
1.76 
0.55 
0.37 
0.36 
1.22 
1.10 
1.10 
0.99 
1.06 
0.88 
0.59 
0.59 
0.80 
0.68 
0.61 
0.59 

29 
0.74 

1.65 
2.91 
1.56 
3.02 
2.07 
3.26 
1.34 
7.34 
2.45 
2.28 
1.54 
3.18 
4.51 
4.57 
5.19 
6.72 
5.33 
4.99 
4.99 
7.80 
3.71 
3.18 
4.99 

117 
2.94 

6.60 
9.63 
7.76 

10.97 
8.31 
9.24 

11.91 
11.91 

7.46 
8.15 
7.14 

11.01 
10.02 
10.02 
11.18 
14.27 
11.84 
12.45 
12.45 
14.69 
12.47 
9.82 

12.45 

3 60 
9.08 

0.69 
0.66 
0.66 
0.69 
0.81 
0.81 
1.27 
1.21 
0.79 
0.50 
0.63 
0.90 
0.90 
0.90 
0.90 
0.78 
0.78 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 

31 
0.77 

~ 

Also whee l  dozer. pavemenc cold p l ane r .  

**Also generators.  pumps, compressors 

Sources : 

ERT, 1982. 1 

%PA, AP-42. 1985. 
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any more a p p l i c a b l e  data. As the  PM f a c t o r s  used f o r  c o n s t r u c t i o n  equipment 
a r e  genera l ly  lower than thobe used i n  farm equipment ( r e f l e c t i n g  t h e  more 

modern. l a r g e r .  and c leaner  engines  t e s t e d ) .  they may be conaidered l e s s  

ob jec t ionable  as a r e s u l t .  Research t o  obta in  more r e c e n t  and appl icable  

emissions data f o r  c o n s t r u c t i o n  equipmant is s t r o n g l y  recommanded. however. 

Also shown i n  Table 7-1 are a set of "fuel-weighted" emission f a c t o r s  

for  conat ruc t ion  and i n d u s t r i a l  equipment. These are t h e  weighted averages of 

t h e  emission f a c t o r s  for each equipment type,  with t h e  weighting propor t iona l  

t o  the  f u e l  consumed by each type of machine. Fue l  consumption es t imates  f o r  

each machine type a r e  shown i n  Table 7-2. 

A major l i m i t a t i o n  of both t h e  ERT d a t a  and t h e  AP-42 p a r t i c u l a t e  

f a c t o r s  is t h e  f a c t  t h a t  both v e r e  based on t h e  o ld  13-mode s teady-s ta te  t e s t  

cyc le ,  and t h u s  do not account f o r  any t r a n s i e n t  e f f e c t s .  Since most 

cons t ruc t ion  equipment o p e r a t i o n  involves  a h i g h l y  t r a n s i e n t  du ty  c y c l e ,  t h i s  

is a much g r e a t e r  problem f o r  c o n s t r u c t i o n  and i n d u s t r i a l  equipment than fo r  

farm equipment. Many cons t ruc t ion  equipment o p e r a t i n g  c y c l e s  r e q u i r e  f u l l  or 

n e a r - f u l l  engine torque a t  low engine  speeds--a s i t u a t i o n  which can produce 

very h igh  p a r t i c u l a t e  emissions.  The frequent  p u f f s  of b lack  smoke m i t t e d  by 

many c o n s t r u c t i o n  machines operated on such cycles  a r e  testimony t o  t h e  

p o t e n t i a l  f o r  high emissions.  As a r e s u l t .  t h e  HC and PM m i s s i o n s  f ac to r s  

shown i n  Table 7-1 may s i g n i f i c a n t l y  u n d e r s t a t e  t h e  r e a l  emissions.  Research 

t o  reso lve  t h i s  i s sue  is recanmended. 

7.3 Engine Population and Emission Factor  Data 

Popula t ion  and emission estimates for c o n s t r u c t i o n  and i n d u s t r i a l  

equipment are l i s t e d  i n  Table 7-2. The u t i l i z a t i o n  and duty-cycle data i n  

t h i s  t a b l e  v e r e  taken from t h e  ERT r e p o r t  t o  t h e  Cal i fornia  A i r  Resources Board 

(1982). A t  t h e  t i m e  our Task 1 interim r e p o r t  VSB prepared. no na t iona l - leve l  

populat ion d a t a  v e r e  a v a i l a b l e  f o r  c o n s t r u c t i o n  and i n d u s t r i a l  equipment. A s  a 

r e s u l t .  n a t i o n a l  popula t ions  were c a l c u l a t e d  by s c a l i n g  u p  t h e  C a l i f o r n i a  
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populat ions est imated a s  a p a r t  of t h e  ERT study. This  was accomplished by 

d iv id ing  t h e  C a l i f o r n i a  popula t ion  by t h e  r a t i o  02 1979 C a l i f o r n i a  s a l e s  t o  

1979 U.S. s a l e s  of cons t ruc t ion  and i n d u s t r i a l  equipment. 

I n  commnts on our i n t e r i m  repor t .  t h e  Engine Manufacturer 's  

Associat ion accepted t h i s  geners l  approach. but suggested t h a t  the est imated 

populat ions be ad jus ted  dovnward t o  r e f l e c t  d e c l i n i n g  s a l e s  of cons t ruc t ion  and 

i n d u s t r i a l  equipment s i n c e  1979 (Young. 1987). Since t h a t  time, however. 

Construct ion Equipment Magazine h a s  published t h e  r e s u l t  of a nationwide survey 

of cons t ruc t ion  equipment users. i n c l u d i n g  populat ion e s t i m a t e s  f o r  n e a r l y  a l l  

major c l a s ses  of c o n s t r u c t i o n  equipment (Landers. 1987). These populat ion 

es t imates .  adapted t o  f i t  t h e  c l a s s i f i c a t i o n s  used i n  t h e  ERT r e p o r t .  a r e  the  

ones shovn i n  Table 7-2. Although t h e  equipment c l a s s e s  i n  t h i s  survey vere 

not p r e c i s e l y  co inc ident  wi th  those i n  t h e  ERT r e p o r t .  the  correspondence was 

c lose  enough i n  every case t o  allow a reasonable a l l o c a t i o n  t o  be made. 

Several  cazegor ies  shovn i n  Table 7-2 r e q u i r e  some a d d i t i o n a l  

explanat ion.  The Cons t ruc t ion  Eauioment survey est imated t h e  ntrmber of backhoe 

loaders .  which t h e  ERT r e p o r t  lumped with o t h e r ,  similar machines as  

" i n d u s t r i a l  wheel t r a c t o r s " .  The Construct ion Equipment es t imate  of 189,000 

backhoe loaders  was a r b i t r a r i l y  increased  by 40 percent  t o  r e f l e c t  t h e  presence 

of o t h e r  c l a s s e s  of i n d u s t r i a l  t r a c t o r s  not included i n  the  survey. This vas 

then reduced by 20 percent  t o  r e f l e c t  t h e  a s s m e d  f r a c t i o n  of gaso l ine  engines 

i n  the populat ion.  

The ERT r e p o r t  included no equipment category f o r  sk id-s teer  loaders ,  

al though these  a r e  extremely ccmuun small  cons t ruc t ion  machines. We assumed 

t h a t  t h e  emission f a c t o r s  and usage p a t t e r n s  fo r  these  machines would be 

similar t o  those f o r  i n d u s t r i a l  wheel t r a c t o r s .  and f u r t h e r  assumed tha t  80 
percent  of t h e  s k i d - s t e e r  loaders  reported vere d i e s e l  pcwered. These 

es t imates  a r e  r e f l e c t e d  i n  Table 7-2. I n  addi t ion .  the  Construct ion Equioment 

s u n e y  contained no d a t a  for l og  s k i d d e r s  or pipe layers .  Populat ion es t imates  

f o r  these equipment types v e r e  c a r r i e d  over from our Task 1 in te r im repor t .  
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T o t a l  f u e l  consumption and p o l l u t a n t  emissions by cons t ruc t ion  and 

i n d u s t r i a l  equipment were c a l c u l a t e d  us ing  t h e  same approach a s  for farm 

equipment. and a r e  a l s o  reported i n  Table 7-2. As t h i s  t ab l e  ind ica t e s .  no 

one category of conet ruc t ion  and i n d u s t r i a l  equipment is daninant.  The four 

l a r g e s t  c a t e g o r i e s  a r e  track-type t r a c t o r s .  l a r g e  wheel loaders ,  hydraul ic  

excavators .  and off-highway t r u c k s .  but many o t h e r  equipment ca tegor ies  a r e  

a l s o  major c o n t r i b u t o r s .  

Table 7-2 a l s o  shows t h e  total f u e l  consumption ca lcu la ted  from t h e  

ERT data  and. f o r  comparison. the t o t a l  f u e l  consumption for "off-highvay" 

equipment es t imated by DOE. As t h e  t ab le  shovs. t h e  DOE es t imate  is 

only about h a l f  of the  va lue  c a l c u l a t e d  from our e s t i m a t e s .  Whether t h i s  is 

due  t o  an overest imate  on our p a r t  (as  a resul t  of u n r e a l i s t i c a l l y  high load 

f a c t o r s .  usage es t imates .  or average horsepower. f o r  i n s t a n c e ) .  or t o  an 

underest imate  on DOE'S p a r t  is unc lear .  A6 a m a t t e r  of i n t e r e s t .  t h e  emissions 

which would r e s u l t  from assuming t h a t  t h e  WE value is cor rec t .  and s c a l i n g  

back t h e  ERT es t imates  p r o p o r t i o n a l l y ,  a r e  a l s o  shown. 

7 . 4  Emissions Test Cycles 

As discussed i n  S e c t i o n  7 . 2  above, t h e  opera t ing  cycles  of many types 

of cons t ruc t ion  machinery include l a rge  t r a n s i e n t  changes i n  engine speed and 

load. A front-end loader .  f o r  ins tance .  cyc les  between full engine paver and 

low-load opera t ion  a t  l e a s t  t h r e e  times i n  t h e  course of a loading cyc le ,  & i c h  

may take only 15-30 seconds t o  complete. Hydraulic excavators  and o t h e r  

ConstIUCtiOn machines e x h i b i t  similar large c y c l i c  swings i n  engine load and 

speed. These o f t e n  r e s u l t  i n  high v i s i b l e  smoke emissions,  and i t  is l i k e l y  

t h a t  they cause high PM emissions as vel l .  

Due t o  t h e  l a rge  n m b e r  of machine des igns  and duty cyc les ,  i t  would 

be i m p r a c t i c a l  t o  develop an emissions t e s t  cycle  r e f l e c t i n g  each s p e c i f i c  

opera t ing  p a t t e r n .  However. by recording speed and load measurements on a 

l a rge  number of engines  i n  d i f f e r e n t  types of cons t ruc t ion  machines, i t  migh t  

be p o s s i b l e  t o  develop a "generic" t r a n s i e n t  test cycle  which would r e s u l t  i n  
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adequate c o n t m l  of t r a n s i e n t  emissions e f f e c t s  over a wide range of cycles .  

An engine c e r t i f i e d  on t h i s  t e s t  cyc le  could then be used i n  any cons t ruc t ion  

machine. 

To a l l o v  f o r  t h e  f a c t  t h a t  scme c o n s t r u c t i o n  mechinerg engines (those 

in paving machines. or compressors. f o r  i n s t a n c e )  do not  experience l a rge  

t r a n s i e n t  speed and load changes, t h e  r e g u l a t i o n s  might permit a manufacturer 

to c e r t i f y  an e n g i n e  us ing  a cyc le  of h i s  own devising. a8 long aa he could 

shov t h a t  t h e  cyc le  vaa r e p r e s e n t a t i v e  of opera t ion  i n  a s p e c i f i c  equipment 

model o r  models. The engine vould then be l i m i t e d  t o  use  i n  t h a t  type o f  

equipment. This would avoid imposing technologies  to c o n t r o l  t r a n s i e n t  or lov 

speed/high load emiss ions  on engines  which do not experience these  Operating 

condi t ions .  I t  would a l s o  encourage manufacturers t o  develop equipment designs 

whose power requirements a r e  more compatible w i t h  l ov  emissions.  

7.3 F e a s i b i l i t y  of Emissions Control  

Most c o n s t r u c t i o n  and i n d u s t r i a l  equipment engines a r e  c lassed  i n  

Group 2 or Group 4 .  v i t h  some high-powered earthmoving machinery being equipped 

w i t h  Group 3 engines .  All t h r e e  of these  e n g i n e  groups a r e  c l o s e l y  r e l a t e d  t o  

on-highway engines .  so t h a t  most emission c o n t r o l  technologies  developed f o r  

on-highway use should be r e a d i l y  adaptab le .  As with farm equipment. however, 

the d i f f e r e n c e s  i n  duty cycle .  a p p l i c a t i o n  requirements,  and environmental 

c o n d i t i o n s  between t h e  two types of a p p l i c a t i o n s  w i l l  impose same l i m i t a t i o n s .  

I n  p a r t i c u l a r .  t h e  c l o s e  i n t e g r a t i o n  of the  engine and t h e  machine as a whole, 

a l r e a d y  discussed i n  r e l a t i o n  t o  farm equipment, is an important  cons idera t ion  

f o r  cons t ruc t ion  and i n d u s t r i a l  equipment as w e l l .  

Like farm machinery, b u l l d o z e r s ,  loaders .  compactors. and s i m i l a r  

machines a r e  l i t e r a l l y  designed around t h e  phys ica l  dimensions and o p e r a t i o n a l  

c a p a b i l i t i e s  of t h e  engine.  and any change i n  physical  d imens ions  or torque 

c a p a b i l i t i e s  may r e q u i r e  redes ign  of major p o r t i o n s  of the  e q u i p m n t .  As w i t h  

farm machinery. t h e  eccncrnic l i f e  of a n  equipment design is of t h e  o r d e r  of t e n  
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years. a f t e r  vh ich  t h e  u n i t  vi11 be completely re-engineered and re-tooled. 

Thus, t o  avoid undue f i n a n c i a l  and engineer ing  burden on the  industry.  it vould 
be d e s i r a b l e  t o  phase i n  any emission r e g u l a t i o n s  s t r i n g e n t  enough t o  r e q u i r e  

s i g n i f i c a n t  engine changes. u s i n g  s n  approach such as the  averaging. t rad ing .  

and banking arrangement discussed i n  Sec t ion  6.5. 

Est imates  of the  achievable  intermediate-term and long-term (advanced 

technology) c o r p o r a t e  averape emission c o n t r o l  l e v e l s  f o r  cons t ruc t ion  and 

i n d u s t r i a l  equipment engines  a r e  shown i n  Table  7-3. These es t imates  a r e  

i d e n t i c a l  t o  t h e  es t imates  of achievable  farm equipment emissions s tandards  i n  

Table 6-3. Two sets of s tandards  a r e  presented: one based on a s t e a d y - s t a t e  

t e s t  cycle.  and t h e  o t h e r  on a t e s t  cyc le  including t r a n s i e n t  opera t ion .  The 

former would be a p p l i c a b l e  t o  p a w r s .  compressor motors. and o t h e r  engihes 

opera t ing  i n  more-or-less s t e a d y - s t s t e  condi t ions ,  while  t h e  l a t t e r  vould 

apply K O  the  g r e a t  m a j o r i t y  of cons t ruc t ion  equipment types and models. 

hs i n  t h e  previous s e c t i o n s .  t h e  reader  is  varned t h a t  these a r e  

engineer ing e s t i m a t e s  only .  based on very l i m i t e d  data, and intended only t o  

i n d i c a t e  the p o t e n t i a l .  b e n e f i t s  of r e g u l a t i o n  i n  t h i s  a rea .  Addit ional  

research t o  confirm these  es t imates  vould be e s s e n t i a l  before these o r  any 

o t h e r  emission s tandards  were incorpora ted  i n t o  lav .  

Near-term emissions c o n t r o l  technologies  appl icable  t o  cons t ruc t ion  

and i n d u s t r i a l  equipment a r e  i d e n t i c a l  t o  those f o r  farm equipment. These 

include:  re ta rded  i n j e c t i o n  t iming, increased i n j e c t i o n  pressures .  improvements 

i n  a i r  flow and combustion chamber geometry. and similar engine opt imiza t ion  

measures. Turbocharging vould a l s o  be f e a s i b l e  i n  sane equipment models ,which  

a r e  c u r r e n t l y  us ing  n a t u r a l l y - a s p i r a t e d  engines.  and lov-temperature. 

s e p a r a t e - c i r c u i t  a f t e r c o o l i n g  would be poss ib le  f o r  i n  sane models c u r r e n t l y  

us ing  turbocharged or  turbocharged/aftercooled engines .  As with farm 

equipment, t h e s e  s t e p s  would involve sme econanic waste. ss t h e  vehicle  

d r i v e t r a i n  would be unable .  i n  ms t  cases ,  t o  absorb t h e  increased  power output 

a v a i l a b l e  with turbocharging and/or a f t e r c o o l i n g .  Other near-term technologies  
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a p p l i c a b l e  t o  c o n s t r u c t i o n  and i n d u s t r i a l  equipment include exhaust gas 

r e c i r c u l a t i o n  (EGR) and/or  i n d i r e c t  i n j e c t i o n  i n  t h e  Group 4 engines .  

Advanced emission c o n t r o l  technologies ,  vhich could be designed i n t o  

new equipment models as  they a r e  produced. include turbocharging v i t h  

moderately low-temperature a f t e r c o o l i n g .  e l e c t r o n i c  i n j e c t i o n  t i m i n g  and 

governor c o n t r o l .  and f u r t h e r  op t imiza t ion  of combustion chamber. a i r f l o v .  and 

i n j e c t i o n  c h a r a c t e r i s t i c s .  Since many c o n s t r u c t i o n  machines requi re  high 

torque output a t  l o v  RPM. variable-geometry turbochargers  vould a l s o  be vel1 

s u i t e d  both f o r  emissions c o n t r o l  and f o r  improving performence. F ina l ly ,  

t rap-oxid izers  v i t h  p r e c i c u s - = t a l  c a t a l y s t s  vould be v e l l - s u i t e d  f o r  PM and HC 

c o n t r o l .  Due t o  t h e  r e l a t i v e l y  high load f a c t o r s  experienced. t rap-oxid izer  

regenera t ion  vould be much l e s s  of a problem i n  c o n s t r u c t i o n  equipment than i n  

on-highvsy t rucks ,  and t rap-oxid izers  have i n  fact  been appl ied  t o  scme 

underground m i n i n g  machines (Brev e t  a l . ,  1987). The high  load f a c t o r s  vould 

produce a g r e a t e r  problem v i t h  p a r t i c u l a t e  s u l f a t e  formation due t o  t he  

c a t a l y s t .  however. n e c e s s i t a t i n g  the  use of lov-su l fur  fue l .  These 

c o n s i d e r a t i o n s  a r e  r e f l e c t e d  i n  t h e  es t imatea  shovn i n  Table 7-3. 

As v i t h  farm equipment, the  c o n s t r a i n t s  of phys ica l  space and 

opera t ing  environment vould r u l e  out t h e  use of a i r - t o - a i r  a f t e r c o o l e r s  i n  most 

cons t ruc t ion  and i n d u s t r i a l  equipment. and vould limit the  a p p l i c a b i l i t y  of 

o t h e r  lov-temperature a f t e r c o o l i n g  techniques.  Thus. t h e ,  NOx reduct ions 

achievable  vould be l e s s '  than those i n  on-highway t r u c k  engines .  This is 

r e f l e c t e d  i n  t h e  h igher  NO s t a n d a r d s  shovn i n  Table 7-3. x 

7.6 Cost -Ef f e c t  iven es 6 Analysis  

Table 7-4 shovs sane extremely rough c a l c u l a t i o n s  of t h e  c o s t s  and 

cos t -e f fec t iveness  of c o n t r o l l i n g  emissions t o  the  " intermediate"  l e v e l  shovn 

i n  Table 7-3. The u n c e r t a i n t i e s  i n  t h e  c o s t s  and technology involved i n  

reaching the "advanced technology" l e v e l  vere  such t h a t  no m e s n i n g f u l  

c o s t - e f f e c t i v e n e s s  e s t i m a t e s  for t h a t  c o n t r o l  l e v e l  v e r e  p o s s i b l e .  
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TABLE 7-3. EmI!"ED ACHIEVABLE EMISSIONS CONPROL STANDARDS FOR DIESEL 
ENGINES USED I N  CONSTRUmION AM) INDUSTRIAL EQUIPNENT 

Equivalent  
Emissions Emission 

L i m i t  Fact o r  
(g/BHP-hr 1 (lb/1000 gal . )  

SPEADY-STATE TEST CYCLE 

Intermediate  Control  Level 
NOX 
HC 
pn 

Advanced Technoloqy 
NOX 
HC 
PM 

T W S I E V T  TEST CYCLE 

Intermediate  Control  Level 
NOX 
HC 
PM 

Advanced Technology 
NOx 
HC 
PM 

8.00 
0.50 
0.50 

6.00 

0.15 
0.201 

8.00 
1.00 
0.80 

6.00 
0.301 
0.15 

317 
20 
20 

238 
8 
6 

3 17 
40 
32 

238 
12 
6 

Source: Radian e s t i m a t e s .  

Due to high load f a c t o r s .  t h e  a b i l i t y  of cons t ruc t ion  equipment t o  achieve 
the 0.10 g/BHP-hr s t a n d a r d  e s t a b l i s h e d  f o r  highway t rucks  is quest ionable .  
We have used a more c o n s e w a t i v e  es t imate .  
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Coet -ef fec t iveness  e s t i m a t e s  a r e  presented f o r  t h r e e  d i f f e r e n t  types 

of cons t ruc t ion  equipment: a hydraul ic  excavator.  an i n d u s t r i a l  u t i l i t y  

t r a c t o r .  and a concre te  paver.  The excavator  and t rac tor  represent  t r a n s i e n t  

opera t ion  a t  high and low pover levels. r e s p e c t i v e l y ,  while t h e  concrete paver 

is r e p r e s e n t a t i v e  of s t e a d y - s t a t e  operat ion.  Ercepr for t h e  t r a n s i e n t  

o p e r a t i n g  cyc le  experienced by t h e  hydraul ic  excavator ,  t h e s e  machines e x h i b i t  

very s i m i l a r  power l e v e l s  and opera t ing  c h a r a c t e r i s t i c s  t o  t h e  t h r e e  

a g r i c u l t u r a l  equipment types analyzed i n  Table 6-4. 

Emission c o n t r o l s  assuned for t h e  hydraul ic  excavator  included 

re ta rded  timing. increased  i n j e c t i o n  pressure ,  and a separa te -c i rcu i t  

or a i r - a i r  a f t e r c o o l e r ,  plus combustion chamber opt imiza t ion .  This technology 

was assumed t o  be adaptable  from similar on-highway engines .  For the  small 

t r a c t o r ,  re ta rded  i n j e c t i o n  timing. combustion chamber and a i r f l o w  optimiza- 

t ion .  and moderate EGR =re assumed. These c o n t r o l  techniques  (and indeed, t he  

t r a c t o r  i t s e l f )  a r e  i d e n t i c a l  t o  those a s s m e d  for t h e  small a g r i c u l t u r a l  

t r a c t o r  i n  Table 6-4. For the  concre te  paver engine. a8 w i t h  the  combine, we 

assumed t h e  use of a commercially-available t r u c k  engine r a t i n g  r a t h e r  than  t h e  

off-highvay vers ion  of the  engine.  

The c o s t - e f f e c t i v e n e s s  of emissions c o n t r o l  f o r  cons t ruc t ion  

equipment was c a l c u l a t e d  i n  the  same way as  f o r  farm equipment. We a l l o c a t e d  

75 percent  of t h e  c o n t r o l  c o s t ,  more or l e s s  a r b i t r a r i l y .  t o  reducing NO and 

HC emissions,  and the r ema in ing  25 percent t o  PM. The r e s u l t i n g  

c o s t - e f f e c t i v e n e s s  v a l u e s  of $750 t o  $2.050 p e r  t o n  of NO, p l u s  HC. and $4.000 

t o  $9,000 per ton f o r  PM a r e  a l s o  i n  t h e  lov-to-middle p o r t i o n  of t h e  cos t  

range for o t h e r  emissions c o n t r o l  s t r a t e g i e s .  and are comparable t o  those f o r  

farm equipment. Unlike m i s s i o n  reduct ions  from farm equipment, however. these  

reduct ions  would occur p r i m a r i l y  i n  urban areas .  These cost-ef f e c t i v e n e s s  

es t imates  a r e  thus  d i r e c t l y  conperable  t o  those of o t h e r  urban-oriented c o n t r o l  

s t r a t e g i e s .  \ 

I 

I 
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TABLE 7-4. ESTIMATED COST-EFFECTIVENESS OF EMISSIONS COWROL 
FOR DIESEL ENGINES USED I N  U)NSTRUCTION EQUIPMENT 

Indust. ~~ 

Wheel Concrete Hydraulic 
Ercavat or T r a c t o r  Paver 

COST OF MISSION COKPROLS 

Engine Horsepcwer 

I n i t i a l  Cost of Contro ls  
Engine Life  (yrs) 
Amortized Cost /year  Q 10% 

F u e l  Cons. Inc rease  
Annual Fuel Cons.  (Gal) 

Baseline 
With c o n t r o l s  

Added Fuel Cost @ SO.BO/gal 

Addl. Ann. Maintenance 

Annualized Control  Cost 
Per U n i t  

EMIS SIONS 
Emission Fac to r s  (lb/1000 g a l . )  

Basel ine  
NOx 
HC 
PM 

W i t h  Controls  
NOx 
HC 
PM 

200 

$1.200 
10 

$195 

2% 

7.800 
7.956 

$125 

$150 

$470 

43 7 
48  
36 

3 17 
40 
32 

Annual Emissions ( l b s  per u n i t  per yea r )  
Base l ine  

NOX 3,409 
374 HC 
281 PM 

NOx 2.522 
3 18 HC 
255 PM 

W i t h  Controls  

Emissions Reduction ( l b s  per u n i t  per  y e a r )  
8 87 
56 
26 

N C 2  
HC 
PM 

56 

$300 
10 

$49 

5% 

660 
693 
$26 

$40 

$115 

472 
70 
50 

317 
40 
32 

312 
46 
33 

2 20 
28 
22 

92 
18 
11 

185 

$600 
10 

$9 8 

5 %  

2.000 
2.100 

$80 

$60 

$238 

397 
44 
36 

3 17 
20 
20 

794 
88 
72 

666 
42 
42 

128 
46 
30 

Cost-Effect iveness  ($ / ton)  
$1.567 $2.045 
$5.323 $3.961 

$748 NOx + HC 

PM $8.969 
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It is worth not ing  t h a t  t h e  c o s t  p e r  t o n  of p a r t i c u l a t e  emissions 

e l i m i n a t e i  i n  Table 7-4 nay be g r e a t l y  overestimated f o r  the  excavator and 

i n d u s t r i a l  t r a c t o r .  due t o  the  poss ib le  substantial e - e a t i m e t e  of t h e  

emissions reduct ion .  This is due t o  the  f a c t  t h a t  the  b a s e l i n e  emissions vere  

c a l c u l a t e d  from t h e  s t e a d y - s t a t e  PM emission f a c t o r s  developed by Hare e t  a l . ,  
(19751, while the "cont ro l led"  emission l e v e l  is based on engine c a p a b i l i t i e s  

under t r a n s i e n t  condi t ions .  Since uncontrol led t r a n s i e n t  emissions a r e  o f t e n  

much higher  than those i n  s teady s t a t e .  t h e  emissions b e n e f i t s  of t h e  

intermediate- level  s tandards  may have been s i g n i f i c a n t l y  underestimated. 
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8.0 MOBILE REFRIGERATION UNITS 

Small, engine-pwered r e f r i g e r a t i o n  u n i t s  a r e  used t o  provide cool ing 
f o r  r e f r i g e r a t e d  t ra i lers .  sh ipping  con ta ine r s ,  t r u c k  bodies ,  and r a i l  ca r s .  

These u n i t s  are  overwhelmingly d i e s e l  p w e r e d ,  due t o  t h e  high e f f i c i e n c y  of 

t h e  d i e s e l  engine  and t h e  ready a v a i l a b i l i t y  of its f u e l .  Although they a r e  

i n d i v i d u a l l y  small i n  p w e r  output.  t h e  large n,umber of r e f r i g e r a t i o n  u n i t s  i n  

use and t h e  l a r g e  number of o p e r a t i n g  hours per u n i t  make them a 

not- inconsiderable  c o n t r i b u t o r  t o  t o t a l  d i e s e l  emissions.  

Mobile r e f r i g e r a t i o n  u n i t s  have rece ived  r e l a t i v e l y  l i t t l e  s tudy ,  

compared t o  t h e  o t h e r  equipment c a t e g o r i e s  considered i n  t h i s  report, and t h e  

funds a v a i l a b l e  f o r  -h is  pre l iminary  s tudy  d id  n o t  p e r m i t  an in-depth 

i n v e s t i g a t i o n .  As a r e s u l t ,  t h e  e s t ima tes  presented  h e r e  a r e .  even more 

unce r t a in  than those  i n  t h e  prev icus  sec t ions .  More ex tens ive  inves t iga t ion ,  

i nc lud ing  a c t u a l  emissions t e s t i n g  of a sample of r e f r i g e r a t i o n  u n i t s .  is 

scrongly recommended. 

8. I Engine C h a r a c t e r i s t i c s  and Operat ing Condit ions 

Diesel engines  used f o r  mobile r e f r i g e r a t i o n  a r e  t y p i c a l l y  small .  

na tu ra l ly -a sp i r a t ed ,  high-speed engines  c l a s sed  i n  Group 4. Power r a t i n g s  

range from l e s s  than 10 H.P. up t o  around 70 %P f o r  sane t ruck  u n i t s .  whi le  

r a i l c a r  r e f r i g e r a t i o n  u n i t s  are  r epor t ed  t o  have an average of 88 H.P. Both 

d i r e c t - i n j e c t e d  (DI) and i n d i r e c t - i n j e c t e d  (ID11 engines  are used, but  t he  

market t r e n d  i s  toward increased  use of D I  engines.  This is due t o  t h e  g rea re r  

f u e l  e f f i c i e n c y ,  lower h e a t  losses. and easier co ld  s t a r t i n g  of t h e  D I  engines.  

Diesel engines  i n  mobile r e f r i g e r a t i o n  u n i t s  t y p i c a l l y  run 

cont inuous ly  whi le  t h e  u n i t  is i n  use. being shut  o f f  only when :he car or 

t r a i l e r  w i l l  not be used f o r  an extended period. I n  wst u n i t s ,  the  engine and 

compressor a r e  s i z e d  t o  d e a l  w i th  t h e  maximum a n t i c i p a t e d  cool ing  load.  This 
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may inc lude  c o o l i n g  down a just-loaded cargo, a s  vel1 a s  keeping it  cool under 
t h e  moat extreme climatic condi t ions  expected. As a r e s u l t .  they a r e  

s u b s t a n t i a l l y  oversized f o r  normal cool ing requirements.  Host mobile 

r e f r i g e r a t i o n  u n i t s  handle  t h i s  by c y c l i n g  b e w e n  full-power opera t ion  w i t h  

t h e  compressor running and l e t t i n g  t h e  engine i d l e  vhen t h e  compressor is  no t  

needed. Thus. depending on t h e  cool ing  requirements of t h e  load, t he  engine  

o f t e n  spends t h e  g r e a t  bulk i t s  t i m e  i d l i n g .  

TO reduce f u e l  consumption. sOme newer mobile r e f r i g e r a t i o n  u n i t s  a re  
incorpora t ing  a more complex c o n t r o l  strategy--for ins tance .  us ing  full-speed 

o w r a t i o n  f o r  r a p i d  coo ldwn  vhen required,  and' a slower. more f u e l - e f f i c i e n t  

speed f o r  keep-cool opera t ion .  Systems a l l o v i n g  automatic  shutdown and res ta r t  
of t h e  engine when it is needed are  a l s o  a v a i l a b l e .  We vere unable t o  
determine t h e  degree of market p e n e t r a t i o n  of t h e s e  systems. but it i s  be l ieved  

to be r e l a t i v e l y  small. 

8.2 Current  Emission Fac tors  

Emissions data for  engines used i n  mobile r e f r i g e r a t i o n  a r e  

unavai lab le .  Table  8-1 shows some rough estimates of t h e s e  f a c t o r s ,  based on 

d a t a  f o r  s i m i l a r  engines  i n  o t h e r  appl ica t ions .  For r a i l c a r  r e f r i g e r a t i o n  

unirs. rhe most cannon engine  is t h e  DDA 2-71. The emission f a c t o r s  shown a r e  

based on a 6V-71 engine  (Hare e t  al . .  1975) .  This engine  has more cy l inders .  

but is otherwise  similar t o  t h e  2-71 i n  combustion technology. The KOx 

emissions f o r  t h i s  engine  r e p o r t e d  by Hare. e t  a l .  have been ad jus ted  downward 

sanevhat.  and t h e  PH emissions a d j u s t e d  uprard t o  reflect t h e  e f f e c t s  of 

wear i n  t h e  i n j e c t o r  l i n k a g e  and changes i n  engine technology s i n c e  1975. 

Even less informat ion  is a v a i l a b l e  on emissions from engines  i n  t r u c k  

and c o n t a i n e r  r e f r i g e r a t i o n  u n i t s .  The emission f a c t o r s  shown i n  Table 8-1 f o r  

t h e s e  u n i t s  are  Radian estimates, based on t y p i c a l  emiss ions  performance f o r  

small D I  and I D 1  diesel engines ,  and may wel l  be g r o s s l y  vmng.  It i s  l i k e l y  

t h a t  these emiss ions  values vary  g r e a t l y  from manufacturer  t o  manufacturer.  so  

even a f e w  emissions da t a  p o i n t s  would n o t  h e l p  g r e a t l y  t o  improve t h e  

e s t i m a t e s .  
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TABLE 8-1. ESTIMATED CURRENT EMISSION FACPORS FOR DIESEL 
ENGINES USED EDR MOBILE REFRIGERATION 

M I S S I O N  FACIORS 

g / B H P - h r  lb/1000 g a l .  

1 Railroad Car Units  

HC 

W 
NOX 
PM 

Truck/Container U n i t s  2 

HC 
co 
NOX 

PM 

1.0 
4.0 

16.0 

0.4 

1.2 

5 . 0  
8 .0  

0 . 6  

40 
159 

634 

16 

48 

198 

317 

24 
~~ 

Sources: 

'Radian esrimazes based on DDA 2-71 engine.  
2 Radian est imates  based on typ ica l  small D I  and ID1 engines.  
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8.3 Engine Populat ion and Emissions Inventory 

Estimated na t ionvide  populat ion,  f u e l  conswnption. and emissions for  

d i e s e l  engines  used i n  mobile r e f r i g e r a t i o n  u n i t s  a r e  shown i n  Table 8-2. 

E s t i m a t e s  of t h e  n a t i o n a l  popula t ibn  of t r u c k  and c o n t a i n e r  r e f r i g e r a d o n  u n i t s  

were obta ined  by s w i n g  annual sales da ta  (obtained from Refr igera ted  

Transpor te r  magazine) aver an es t imated  15 y e a r  u s e f u l  l i f e .  The nwnber of 

r e f r i g e r a t e d  t r a i n  u n i t s  vas taken from statist ics of t h e  Associat ion of 

American Rai l roads  (1986).  The average horseparer.  load  factors. and 

hours-of-operation s h o w  f o r  t h e s e  u n i t s  a re  Radian estimates. based on l i m i t e d  

d a t a  and conversa t ions  v i t h  persons involved i n  t h e  i n d u s t r y .  

Like t h e  i n d u s t r i e s  vhich u s e  them. mobile r e f r i g e r a t i o n  u n i t s  should 

tend t o  be concent ra ted  i n  urban a reas  and t h e i r  immediate surroundings.  as 

these a r e  t h e  major t e r m i n i  fo r  r e f r i g e r a t e d  r a i l c a r s  and t r u c k  t r a i l e r s .  The 

degree of urban o p e r a t i o n  f o r  t h e s e  u n i t s  is  probably s imilar  r o  char  of t h e  

v e h i c l e s  vh ich  t r a n s p o r t  them: t r a i n s  and on-highway t r u c k s .  

8.4 Emissions Tes t  Cycle 

Emissions from a mobile r e f r i g e r a t i o n  u n i t  a r e  a f f e c t e d  by t h e  

o v e r a l l  design of t h e  u n i t .  including t h e  compressor. heat-exchangers, and 

c o n t r o l  s y s t e n  as vel1 a s  t h e  engine.  An a p p r o p r i a t e  t e s t  procedure should 

t h e r e f o r e  measure emissions a g a i n s t  t h e  usefu l  outpuc of t h e  system: i . e .  B?U 

of cool ing suppl ied  under s p e c i f i e d  condi t ions  (which should include c y c l i c  

o p e r a t i o n ) .  This  would r e su l t  i n  emissions c r e d i t  f o r  shutdown/restar t  r a t h e r  

than cont inuous i d l e .  use of more e f f i c i e n t  compressors, and o t h e r  design 

f e a t u r e s  which would reduce emissions i n  t h e  r e a l  world. Unfortunately.  

s u f f i c i e n t  d a t a  t o  spec i fy  such a rest cycle  were unavai lab le  f o r  t h i s  

prel iminary s tudy.  Thus, t h e  d i s c u s s i o n  of achievable  emissions s tandards  i n  

Sec t ion  8 . 5  i s  l i m i t e d  t o  g/BHP-hr nunbers only. 
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8.5  F e a s i b i l i t y  of Emissions Control 

E m a s i o n  c o n t r o l  techniques appl icable  to mobile r e f r i g e r a t i o n  

engines  i n  t h e  in te rmedia te  term inc lude  i n d i r e c t  i n j e c t i o n  or optimized 

d i r e c t - i n j e c t i o n  combustion systems. r e t s r d e d  i n j e c t i o n  timing. combustion 

chamber opt imizat ion.  and exhaust gas  r e c i r c u l a t i o n ,  The emissions s tandards 

est imated t o  be achievable  through t h e s e  techniques a r e  shown i n  Table 8-3. 

These s tandards  sre based on t h e  1988 on-highway t r u c k  s tandards  (adjusted r o  

r e f l e c t  steady-state o p e r a t i o n ) ,  and are probably sanevhar conserver ive.  Many 
e x i s t i n g  ID1 engines  can undershoot these s tandards  by a cons iderable  margin. 

Wade and co-workers (1985) have also demonstrated t h e  c a p a b i l i t y  t o  c o n t r o l  

s m a l l  DI engine emissions to l e v e l s  w e l l  below t h e  v a l u e s  shown. As before,  

however, the  reader  i s  caut ioned t h a t  these es t imates  a r e  prel iminary only, and 

t h a t  a d d i t i o n a l  r e s e a r c h  to confirm these  est imates  would be needed before  

these o r  any o t h e r  emission s t a n d a r d s  were incorporated i n t o  law. 

The major advanced emission c o n t r o l  technologies  a p p l i c a b l e  t o  mobile 

r e f r i g e r a t i o n  engines  would be c a t a l y t i c  t rap-oxidizers .  i n  combination w l t h  

EGR and an e l e c t r o n i c  engine c o n t r o l  system. The f i g u r e s  for "advanced 

technology" i n  Table 8-3 r e f l e c t  t h e s e  technologies .  The major problem facing 

:rap-oxidizer development i n  motor vehicles is t h e  u n p r e d i c t a b i l i t y  of the  

opera t ing  condi t ions .  which complicates  regenerat ion system design. Since 

rhe engine i n  a mobile r e f r i g e r a t i o n  u n i t  is under complete independenr 

cont ro l .  t h e  r e g e n e r s t i o n  system could be simple. Successful  t rap-oxid izer  

o p e r a t i o n  i n  a s i m i l a r  a p p l i c a t i o n  ( a  diesel-powered h e a t - p u p )  was 

demonstrated some y e a r s  ago by Volkswagen. 

8.6 Cost-Ef f e c t i v e n e s s  Analysis  

Table  8-4 shows sane very  rough es t imates  of t h e  cos t -e f fec t iveness  

of t h e  "intermedia'.e" emissions c o n t r o l  l e v e l s  i n  mobile r e f r i g e r a t i o n  u n i t s  

for r a i l c a r  and t m c k / c o n t a i n e r  sentice. The c o n t r o l  c o s t s  shown a s s m e  rhe 

a p p l i c a t i o n  of engine modi f ica t ions ,  re ta rded  t i m i n g .  and e i t h e r  EGR o r  
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TABLE 8-3. ESPIMATED ACHIEVABLE EMISSIONS COmROL STANDARDS 
FOR DIESEL ENGINES USED IN MOBILE REFRIGERATION 

E q u i v a l e n t  
E m i s s i o n s  E m i s s i o n  

L i m i t  Fact or 
(g/BHP-hr) (lb11000 g a l . )  

I n t e r m e d i a t e  COntIOl L e v e l  
NOr 
HC 
PM 

Advanced T e c h n o l c a y  
NOr 
HC 
PM 

6.00 
1 .oo 
0.50  

5.00 
0.30 
0.10 

230 
40 
20 

190 
12 

4 

Source:  Radian estimates. 
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TABLE 8-4. ESIIMATED COST-EFFECTIVENESS OF MISSIONS'COmROL 
FOR DIESEL ENGINES USED I N  MOBILE REFRIGERATION 

Truck  and  
T r a i n  car Conta i n e  r 

COST OF MISSION M m O L S  

E n g i n e  H o r s e p w e r  

I n i t i a l  Cost o f  C o n t r o l s  
E n g i n e  L i f e  (yrs)  
Amor t i zed  C o s t / y e a r  @ 10% 

F u e l  Cons.  I n c r e a s e  
Annual  F u e l  Cons .  (Gal) 

B a s e l i n e  
Wi th  c o n t r o l s  

Added F u e l  C o s t  0 $0.80/gal 

Addl .  Pnn. M a i n t e n a n c e  

A n n u a l i z e d  C o n t r o l  C o s t  P e r  U n i t  

BISSICNS 
Emiss ion  F a c t o r s  ( l b / 1 0 0 0  g a l . )  

B a s e l i n e  
NOx 
HC 
PM 

With  C o n t r o l s  
NOx 
HC 
PM 

Annual Z m i s s i o n s  (lbs p e r  u n i t  per vear )  
Base i ine  

NOx 
HC 
PM 

With  C o n t r o l s  
NOx 
HC 
PM 

Emissions R e d u c t i o n  ( l b s  wr u n i t  per y e a r )  
NOx 
HC 
PM 

C o s t - E f f e c t i v e n e s s  ( $ / t o n )  
N O x  + HC 

88 

$600 
15 

$ 79 

3% 

7.800 
8.034 
$187 

$ 80 

$346 

634 
40 
16 

238 
40 
20 

4,945 
312 
125 

1.912 
32 1 
161 

3.033 
(9) 
(36) 

$229 

27 

$400 
15 

$ 53 

2% 

1.500 
1.530 

$ 24 

$ 40 

$1 17 

317 
48 
24 

238 
60 
20 

47 6 
72 
36 

3 64 
61 
31 

111 
11 
5 

$1,909 
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wrbocharg ing  and a f t e r c o o l i n g  f o r  emission con t ro l  purposes.  These c o s t  

es t imates  a r e  h igh ly  uncertain--much more i n v e s t i g a t i o n  of t he  technology and 

opera t ing  c o n s t r a i n t s  would be r equ i r ed  t o  develop r e l i a b l e  c o s t  es t imates  f o r  
these  engines .  

A s i m i l a r  l e v e l  of unce r t a in ty  surrounds t h e  emission reduct ion  

es t imates .  Due t o  t h e  absence of da ta  on c u r r e n t  emissions.  t he  emission 

reduct ions  a v a i l a b l e  a r e  unce r t a in ,  a s  is t h e  cos t - e f f ec t iveness  of con t ro l .  

As Table 8-4 i n d i c a t e s ,  hovever. emissions con t ro l  for  these  engines could 

p o t e n t i a l l y  be h igh ly  c o s t - e f f e c t i v e .  wi th  a cos t  p e r  t o n  of HC and NO removed 

ranging from $229 t o  $1.909. This broad range sugges t s  t h e  l e v e l  of 
unce r t a in ty  i n  rhe da t a .  Fu r the r  research t o  a r r i v e  a t  a more p rec i se  

q u a n t i f i c a t i o n  of t h i s  p o t e n t i a l  is recunmnded. 

x 
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9.0 SWY. CDNCLUSIONS AND RECWMENDATIONS 

This s e c t i o n  p u l l s  t o g e t h e r  and smmarizes t h e  results d e t a i l e d  i n  

the  preceding f i v e  s e c t i o n s .  and p r e s e n t s  our conclusions and recommendations. 

9.1 Smuav and Conclusions 

AE t h e  preceding f i v e  s e c t i o n s  have shovn. t o t a l  p o l l u t a n t  emissions 
from off-highvay d i e s e l  engines  a r e  la rge  both i n  abeolu te  terms and i n  

propor t ion  t o  t h e i r  t o t a l  nmbers .  parer outpur.  and f u e l  consmpt ion .  Table 

9-1 sunmsrises t h e  es t imated popula t ion ,  annual f u e l  consumption. and emissions 

for t h e  f i v e  c l a s s e s  of off-highway d i e s e l  engines considered i n  t h i s  r epor t .  

Off-highvay d i e s e l  engines  are est imeted t o  produce about 2.75 m i l l i o n  tons  of 

NOx per  year ,  187.000 t o n s  of p a r t i c u l a t e  mat te r ,  232.000 tons  of unburned HC. 

and 959.000 tons  of CO. These v s l u e s  a r e  about 12.6 percent .  2.4 p e r c e n t .  one 

percent.  and 1.25 percent .  r e s p e c t i v e l y .  of estimated t o t a l  emissions of t h e s e  

p o l l u t a n t s  from a l l  sources  na t ionvide  (EPA. 1986). 

More s i g n i f i c a n t  than t h e  off-highway diesel  c o n t r i b u t i o n  t o  t h e  

t o t a l  emissions inventory i s  the  off-highway c o n t r i b u t i o n  t o  t h e  t o t a l  for all 
mobile d i e s e l  engines ,  both on and off-highvey. Table 9-2 shovs t h i s  

c a l c u l a t i o n .  As t h i s  t a b l e  i n d i c a t e s .  off-highvay d i e s e l  engines  a r e  

responsible  for a d i s p r o p o r t i o n a t e  f r a c t i o n  of t h e  t o t a l :  accounting f o r  56 

percent of the  NO emissions.  57 percent  of W emissions,  and 48 percent  of HC 

emissions from mobile d i e s e l  engines ,  but only  41 percent of t h e  d i e s e l  f u e l  

burned. Their c o n t r i b u t i o n  t o  PFl emissions is less than propor t iona te ,  

however. a t  36.5 percent  of the  t o t a l .  Due t o  l imi ted  data, the  numbers i n  

Table 9-2 ace scmevhat crude. but t h e  conclusion is inescapable:  off-highvay 

d i e s e l  engines  are c u r r e n t l y  an important source of emissions.  comparable i n  

magnitude t o  on-highvay d i e s e l s .  

X 

Diese l  engines i n  on-highvsy v e h i c l e s  have been subjec t  t o  emission 

r e g u l a t i o n s  f o r  msny years ,  and have r e c e n t l y  rece ived  a great deal o f  
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TABLE 9-2. COMPARISON OF NATIOWIDE FUEL CONSUMPTION AND EMISSIONS 
OFF-HIGHWAY VS. ON-HI(;HUAY DIESELS 

Fuel 
Consumption Emissions (tons/yr)  
(1.000 g a l )  HC CQ NO pn X 

Off-Highway Diese l s  (mid-1980s)1 

Locomotives 3,409,476 30.999 308.558 901.645 37.041 

1.833.278 33.462 140,278 444.158 20.164 Marine Vesse ls  

3.021.561 108.603 274,669 688.874 75.103 Farm Equipment 

3.279.661 47.820 191,064 590.372 50.021 Const./Ind. Equipr. 

10.921 44.347 115.520 . 4.991 

12.038.143 231.805 958.916 2.740.569 187.320 

Mobile Refrigerarion 494,167 

T o t a l  Off-Highvay 

On-Highwav-Diesels (calendar 1984) 2 

NA 242.290 693.832 2.136.563 297,357 Heavy-Dut y Vehicles 

28.634 44,052 28.634 

T o t a l  On-Highway 17,279.65 0 25 1.110 722.466 2.180.615 325.991 

LiRht-Duty Vehicles  NA 8.820 

Total: A l l  Mobile 29.317.793 482.915 1.681.382 4.921.184 513.311 
Diese l  Engines 

Off-Highvay as  
Percent of All 
Mobile D i e s e l s  

41.1% 48.0% 57.0% 55.7% 36.5% 

L Source: Radian es t imates .  

'Source: EPA (1986) .  
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regula tory  a t t e n t i o n .  which w i l l  l e a d  t o  s t i l l  lover emissions i n  the fu tu re .  

Off-highway engines.  s i n c e  ihey do not  f a l l  under EPA's s t a t u t o r y  au thor i ty .  

have n o t  been regula ted .  For t h i s  reason,  p o l l u t a n t  emissions per u n i t  of 

work produced o r  fuel constrmed by an average off-highway d i a s e l  a r e  much 

higher  than those f o r  an on-highuay engine,  and the  p o t e n t i a l  f o r  fu tu re  

reduct ions  i n  emissions is  correspondingly g r e a t e r .  

AE discussed i n  Sec t ions  Three through Eight .  emission c o n t r o l  

technology f o r  on-highway d i e s e l  engines  is w e l l  developed. and t h i s  technology 

could be t r a n s f e r r e d  t o  mst  off-highvay engines  a s  w e l l .  Off-highway d i e s e l  

engines can be divided i n t o  high-speed and medium-speed c l a s s e s .  having r a t e d  

opera t ing  speeds above o r  below 1300 RPM. r e s p e c t i v e l y .  Except f o r  ra i lway 

locomotives. t h e  g rea t  major i ty  of off-highway d i e s e l  engines a r e  high-speed 

types. These share  many des ign  f e a t u r e s  v i t h  on-highway t r u c k  and l i g h t d u t y  

vehic le  engines ,  so t h a t  most emissions c o n t r o l  technologies  demonstrated i n  

on-highway engines  would he r e a d i l y  t r a n s f e r a b l e .  Medium-speed engines  a r e  

used i n  railway locomotives and saae marine v e s s e l s .  Emissions c o n t r o l  

technology f o r  these  engines  i s  less developed. but  even t h e  l i t t l e  work t h a t  

has been done shows t h e  p o t e n t i a l  for major reduct ions  i n  emissions.  

Sec t ions  Four through Eight  include a case-by-case discussion of 

appl icable  emission c o n t r o l  technologies  and achievable  e m i s s i o n s  s tandards  f o r  

d i e s e l  engines  used i n  each c l a s s  of off-highway equipuent.  Table 9-3 

smmarizes  the  emissions s tandards  est imated t o  be achievable  by each c l a s s .  

a s  w e l l  a s  the  percentage r e d u c t i o n  from present  l e v e l s  represented  by these  

s tandards .  I n  t h e  in te rmedia te  term. engines i n  a l l  c l a s s e s  except farm 

equipment and c o n s t r u c t i o n  equipment were e s t i m t e d  t o  be capable  of meet ing  

emissions s t a n d a r d s  comparable t o  t h e  C a l i f o r n i a  1988 NO and PM s tandards  f o r  
off-highway v e h i c l e s .  Construct ion and farm equipment were est imated t o  

r e q u i r e  a h igher  NO l i m i t .  due t o  t h e  l i m i t e d  p o t e n t i a l  f o r  turbocharging and 

a f t e  rcool ing  . 

X 

X 

Given t i m e  t o  develop advanced emission c o n t r o l  technology, i t  was 

est imated t h a t  engines  i n  ra i lway locomotives and marine v e s s e l s  would be s b l e  

t o  comply v i t h  emissions s tandards  comparable t o  t h e  Federal  1991 s tandards  f o r  
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TABLE 8-3. MISSIONS STANDARDS ESTIMATED TO BE ACHIEVABLE 
BY EACH UASS OF OFF-HIGHWAY D I E S Z S  

I n t e r m e d i a t e  Advanced Techno1 ogy 
Standard  P e r c e n t  S tandard  P e r c e n t  

(g/BHP-h r) Reduct ion  (g/BHP-hr) Redu c t  i o n  

Locomotives 

NO 
H C L  
PM 

Marine Vessels 
Medium-Speed E n g i n e s  

NO 
H C L  
PM 

High-speed E n g i n e s  
NO 

PM 
HCL 

Farm Eouipment 

NO 
HCL 
PM 

Cons r r u c t  i o n  Equipment 

Mobi l e  R e f r i g e r a t i o n  

NO 
HCL 
PM 

6.0 
0.50 
0.50 

6.0 
0.50 
0.50 

6.0 
0.50 
0.50 

8.0 
0.50 
0.50 

0.0 
0 .so 
0.50 

6.0 
1 .o 
0.50 

55% 
5 2% 
1% 

5 5% 
5 2% 
1% 

45% 
3 8% 
17% 

3 0% 
7 2% 
60% 

12% 
3 2% 
3 6% 

492 
10% 
2% 

5.0  
0.30 
0.20 

5.0 
0.30 
0.20 

5.0 
0.50 
0.25 

6.0 
0.20 
0.15 

6.0 
0.20 
0.15 

5.0 
0.20 
0.10 

63% 
7 1% 
6GZ 

63% 
7 1% 
6 0% 

5 5% 
38% 
59% 

l e x  
8 9% 
86x 

3 4% 
73% 
81% 

5a 
73% 
80% 

Source: Radian estimates 
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on-highway vebic les .  while  those i n  mobile r e f r i g e r a t i o n  u n i t s  should be ab le  

t o  comply with stcmdards comparable t o  t h e  1994 on-highway l A m i t s .  

Construct ion and farm equipment could meet PM s tandards  similar t o  t h e  1994 

l e v e l s ,  but--due t o  t h e i r  h igher  load factors--might not  be ab le  t o  achieve 

the  l e v e l  of 0.10 g/BHP-hr mandated f o r  on-highway engines.  An is a l s o  true 

of on-highway engines.  a r e d u c t i o n  in diese l  fuel sulfur content  might be 

requi red  t o  achieve these  low p a r t i c u l a t e  l eve l s .  I n  a d d i t i o n ,  cons t ruc t ion  

and farm equipment vould a l s o  r e q u i r e  a s l i g h t l y  h igher  NO l i m i t  than t h a t  

mandated f o r  on-highway enginea.  due t o  the l i m i t e d  p o t e n t i a l  f o r  

lov-temperature charge cool ing.  . 

X 

The r e a d e r  is warned t h a t  che emissions l i m i t s  shown i n  Table 9-3 a r e  

engineer ing es t imates  only, based on very l i m i t e d  data, and inteoded only t o  

i n d i c a t e  t h e  p o t e n t i a l  b e n e f i t s  of r e g u l a t i o n  i n  t h i s  a r e a .  As discussed 

below, a d d i t i o n a l  research  t o  confirm these  es t imates  would be essent ia l  before  

these  or any o t h e r  emission s t a n d a r d s  v e r e  incorporated i n t o  law. 

Figures 9-1 through 9-3 show t h e  p o t e n t i a l  e f f e c t s  of introducing t h e  

m i s s i o n s  s tandards  l i s t e d  i n  Table  9-3 on NO HC. and PM emissions from each 

class of off-highway engines .  The le f tmost  b a r . f o r  each  c l a s s  r e p r e s e n t s  the 

c u r r e n t  s i t u a t i o n .  with no emissions c o n t r o l .  The middle b a r  r e p r e s e n t s  t h e  

emissions t h a t  vould be experienced if a l l  e x i s t i n g  engines  met the  

" intermediate"  emissions s tandards .  and t h e  rightmost b a r  t h e  emissions t h a t  

would r e s u l t  i f  a l l  e x i s t i n g  engines  m e t  t h e  "advanced technology" s tandards .  

The net  reduct ion  i f  every off-highway engine i n  use met t h e  "advanced 

technology" s t a n d a r d s  would be about 1.4 m i l l i o n  tons  of NO 162.000 tons  of 

HC. and 146.000 tons  of PM per year. or 5 2  percent. 70 percent ,  and 78 percent ,  

r e s p e c t i v e l y .  of t h e  c u r r e n t  e m i s s i o n s  of these  p o l l u t a n t s .  I n  r e a l i t y ,  of 

course t h i s  would t a k e  a very long time t o  achieve.  due t o  the need t o  turn  

over  t h e  e x i s t i n g  engine populat ion.  

X *  

x9 

The c o s t - e f f e c t i v e n e s s  of c o n t r o l l i n g  off-highway d i e s e l  emissions t o  

a t  l e a s t  the intermediate-term s t a n d a r d s  shown is estimated t o  be very 

favorable  compared t o  t h e  c o s t s  of o t h e r  a v a i l a b l e  emission c o n t r o l  measures of 
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s i m i l a r  s i g n i f i c a n c e .  Estimated cos t -e f fec t iveness  va lues  f o r  a number of  

s p e c i f i c  equipment types a r e  shovn i n  Table 9-4. While based on crude 

prel iminary coa t  es t imates .  these  va lues  a r e  bel ieved t o  somevhat conservative 

( i n  t h e  sense of =-stating emissions c o n t r o l  cos t s ,  and thus  t h e  cos t s  per  

t o n  of p o l l u t a n t s  e l imina ted) .  Despite t h i s .  t h e  c o s t  es t imates  f o r  cont ro l  of 

NOx and HC range from a few hundred t o  about three thousand d o l l a r s  per  ton. 

For comparison. the f u e l  coat alone f o r  reducing the  1991 NOx 

s tandard  f o r  heavy-duty on-highvay engines from 5.0 eo 4.0 g/BHP-hr (a s t e p  

which is o f t e n  suggested)  is  est imated a t  about $2.000 p e r  t o n  ( a s s m i n g  a 4 

percent f u e l  economy penal ty  and f u e l  a t  $0.80 per g a l l o n  excluding t axes ) .  

The incremental  cos t -e f fec t iveness  of t h e  1994 PM s tandard  of 0.1 g/BHP-hr f o r  

heavy-duty on-highway engines  has been est imated a t  about seven t o  eleven 

thousand d o l l a r s  per t o n  (Weaver and Klausmeier. 1987a). 

9.2 Rec a n m i d a t  i c n s  

b Much research  remains t o  be done t o  develop a =re complete 

understanding of off-highway vehic le  emissions.  c o n t r o l  technology. 

and cos t .  The following a r e  scme key areas  f o r  f u r t h e r  research.  

1. Improved duty  cyc le  c h a r a c t e r i z a t i o n  f o r  a l l  off-highway engine 

c l a s s e s ,  l ead ing  t o  i rqroved emissions measurements and t o  t h e  

developuent of  r e p r e s e n t a t i v e  t e s t  procedures. 

2. Development of s u i t a b l e  emissions measurement techniques fo r  

of f-highway v e h i c l e s  (such as marine v e s s e l s  and cons t ruc t ion  

equipment) f o r  which dynamometric techniques a r e  impract ical .  

This w i l l  probably r e q u i r e  p o r t a b l e  sampling equipment t o  

measure d i e s e l  emissions during normal opera t ion  of t h e  vehic le .  

3. Extensive emissions measurements on c u r r e n t  production engines ,  

and on in-use equipment, l ead ing  t o  more a c c u r a t e  emission 

f a c t o r s .  
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TABLE 9-4. ESPIMATm COST-EFFECTIVENESS OF "INTERMZDIATE LEVEL" 
EnISSIONS CDNPROLS FOR DIFEERENT CLASSES OF OFF-HIGHWAY 
VEHICLES 

Cost E f f e c t i v e n e s s  ($ / ton)  1 

NO- + HC PM 

Locomotives 

New 
R e t r o f i t  

Marine Vessels 

Uedium Speed 
High-speed Propulsion 
High-speed Generator 

Farm Equipment 

Large 4vD Trac tor  
Small T r a c t o r  
Combine 

Construct ion Equipment  

Hydraulic Excsvator 
I n d u s t r i a l  Trac tor  
Concrete Paver 

Uobile Re f r i g e r a t  or 

$1.073 
1.332 

672 
888 
616 

045 
2.960 

048 

740 
1.567 
2.045 

3.067 
7.607 
1,900 

8.969 
5.323 
3.961 

2 
2 

-- R a i l c a r  U n i t  2 29 
Truck/Container Unit 1,909 -- 

'Approximate estimates based on engineer ing judgement and l i m i t e d  data.  See 
text Chapters 4-8 f o r  assumptions and l i m i t a t i o n s .  

'PM reduct ions  a t  " intermediate"  c o n t r o l  l e v e l  a r e  es t imated as  small or 
negat ive  f o r  t h e s e  c a t e g o r i e s .  This i s  due t o  low PM emissions t o  begin v i t h .  
and t h e  e f f e c t s  of t h e  NOx/PM t r s d e o f f .  
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1 

4. Development of improved es t imates  of engine populat ions.  age and 

technology, u t i l i z a t i o n .  and f u e l  consumption in  order t o  

provide a c c u r a t e  emissions inventor ies .  

5 .  Assessment of urban-area and regional-scale  e f f e c t s  of 

off-highway v e h i c l e  emissions.  

6. Study of e f f e c t s  of a v a i l a b l e  emission c o n t r o l  technologies  i n  

i n d i v i d u a l  engines and vehic les .  It is recommended t h a t  EPA 
perform only pre l iminary  s t u d i e s  i n  tis area .  as experience h a s  

shown t h a t  d e t a i l e d  development and opt imiza t ion  of emissions 

c o n t r o l s  is b e s t  l e f t  t o  t h e  manufacturers.  

7 .  Much mote d e t a i l e d  a n a l y s i s  of t h e  c o s t s  of con t ro l ,  including 

c o s t s  of accommodating any changes i n  engine performance and/or 

t r a n s i e n t  response.  \ 

8 .  Evaluat ion of in-use d e t e r i o r a t i o n  i n  emissions i n  of f-highway 

equipment, inc luding  t h e  e f f e c t s  of tampering and malmaincenance 

of emissions c o n t r o l s .  A recent  s tudy f o r  t h e  C a l i f o r n i a  ARB 

(Weaver and Klausmeier. 1987b) concluded t h a t  these e f f e c t s  

could r e s u l t  i n  heavy-duty t ruck  OM emissions more than double 

the  a p p l i c a b l e  s tandards.  and s i m i l a r  increases  might  be 

expected i n  off-highway engines.  

a I n  t h e  event t h a t  emissions r e g u l a t i o n s  a r e  considered f o r  farm and 

c o n s t r u c t i o n  equipment engines ,  c a r e f u l  c o n s i d e r a t i o n  should be given 

t o  phase-in mechanisms i n  order  t o  avoid undue burden on the  

indus t ry .  An averaging. t r a d i n g ,  and banking approach with 

"crawling" t a r g e t  l e v e l s ,  such a s  that discussed  i n  Sect ion 

6 . 5 .  would be one f a i r l y  s t ra ight forward  way t o  do t h i s .  
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In the event that emissions regulations are  considered for new 

medium-speed marine and locomotive engines .  consideration should a l s o  

be given to es tab l i sh ing  r e r r o f i t  requirements for  o lder  engines in  
these categories .  These requirements could most conveniently apply 
a t  the t i m e  of rebuild.  . 
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