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Comparisons of Emissions of Transit 
Buses Using Methanol and Diesel Fuel 

DANILO J. SANTINI AND ]OHN B. RAJAN 

The results of several studies on the emission characteristics of 
methanol- and diesel-fueled buses are summarized. To facilitate 
comparison, the emissions test data at idle and in various driving 
cycles are presented on an hourly or per-mile basis and are ordered 
by the speed of the test. The emissions of specific pollutants from 
methanol-fueled test vehicles varied greatly with average speed 
and depended on the engine technology and the emission control 
devices used. The results suggest that the most likely substitution 
of methanol-fueled buses for diesel-fueled buses is not likely to 
result in net air quality improvements for very low-speed bus 
operations in an urban environment. Under these conditions, the 
negative effects of increases in carbon monoxide, formaldehyde, 
and hydrocarbons may offset the positive effects of particulate 
emissions reduction. In this paper, there is no attempt to weight 
emissions, estimate air quality, or quantify net emissions effects. 

Methanol, the fuel of choice for Indianapolis 500 race cars, 
is a chemical that, with limited engine modifications, can be 
burned in engines originally designed to use gasoline or diesel 
fuel. Methanol is less volatile than these fuels and therefore 
is less likely to contribute to smog from fugitive emissions 
during refueling. Its higher octane rating and more complete 
combustion in spark-ignition engines yield higher engine power 
output and greater thermal efficiency. However, methanol 
lacks a cetane rating, indicating that (a) it burns less com
pletely at low engine load than does diesel fuel in compres
sion-ignition (CI) engines, and (b) it provides little change in 
engine power output. Compared with gasoline, methanol has 
nearly 50 percent less energy on a unit weight basis, which 
means that its use involves either more fuel stops or a doubling 
of the vehicle's fuel tank size. When methanol is compared 
with diesel fuel, the reduction in energy content exceeds 50 
percent. 

The U.S. Environmental Protection Agency (EPA) stan
dards for heavy-duty engines are established in grams per 
brake horsepower-hour (g/bhp-h) on the basis of an engine 
dynamometer test conducted without regard to vehicle weight. 
Although this test may be appropriate for trucks, for which 
it was designed, it will not necessarily give an accurate pre
diction of emissions patterns from typical bus usage. For a 
bus engine, this test cycle would be comparable to a driving 
speed of about 22 mph (1), far higher than the typical speed 
of a bus. This lack of appropriateness has been recognized in 
tests of the two types of methanol bus engines [two-stroke 
with glow plug versus four-stroke with spark-ignition (SI) assist] 
that are candidates for meeting the 1991 standards. 

For this paper, buses are assumed to be available to meet 
the strict 1991 EPA bus engine standards, which call for a 

Center for Transportation Research, Argonne National Laboratory, 
9700 South Cass Ave., Argonne, Ill. 60439. 

reduction of particulate emissions from 0.6 to 0.1 g/bhp-h. At 
present, only alternative-fuel (natural gas and methanol) bus 
engines have met this standard (1). As of early 1990, the 
President's proposed Clean Air Act would ease the present 
bus particulate standard while requiring that transit agencies 
purchase an increasing share of alternative-fuel buses from 
1991 through 1994, requiring 100 percent after 1994. The 
present regulation might effectively require that only alter
native-fuel buses be purchased from 1991 to 1994, because it 
appears unlikely that diesel-fueled heavy-duty engines capa
ble of meeting the bus standard will be available in 1991. 
[They are expected to be available in 1994, when trucks have 
to meet the same standard (I)]. Thus, the appropriate ques
tion to ask now is whether the new alternative-fuel bus engines 
will actually improve air quality if they replace diesel engines 
now in service. This paper summarizes emissions test results 
to develop some insight on this question; test results for model 
driving cycles considered representative of typical bus usage 
are provided (2-8). 

The test data are examined, and the implications of the 
tests for net emissions changes are evaluated. The compari
sons are complex because the two methanol buses use dif
ferent combustion cycles (two-stroke versus four-stroke) and 
different methods of igniting the methanol at low engine load 
(glow plugs versus SI). As expected, these methanol huses 
show somewhat different emissions, but certain similarities 
also exist. 

1. The ability of a platinum catalyst to eliminate the relative 
drawbacks of the methanol engine for such pollutants as car
bon monoxide and hydrocarbons; 

2. The inability of a used platinum catalyst to provide ade
quate reductions in high formaldehyde emissions from the 
methanol engine at idle and low operating speeds; 

3. The evidence that there are relatively moderate catalyst 
effects on NOx; and 

4. The inherent difficulty in igniting methanol at low load 
and engine speed in a CI engine, leading to generally high 
emissions at low operating speeds and idle. 

CHARACTERISTICS OF VEHICLES AND 
PREVIOUS TESTING 

The significant features of the coach and engine systems tested 
in various programs (2, 6) include the methanol and diesel 
versions of the General Motors (GM) coaches and their 277-
hp, direct-injection, Detroit Diesel Corporation (DDC) 6V-
92T A, two-stroke, unthrottled, turbocharged engines and the 
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200-hp, D2566 MUH-type, four-stroke, unthrottled, naturally 
a ·pirated MAN engines used in the MAN SU 240 buses. 
Comparative testing of a MAN and a DDC methanol bus was 
done at the Southwest Research In titute (SWRI) using three 
6V-92T A diesel buses in ervice with the Houston Transit 
Authority as controls (Table 1, columns B-D). One meth
anol-fueled and one diesel-fueled MAN bus, as well as a 
regular DDC diesel in revenue service in the Golden Gate 
area, were also characterized (columns A and E-H) (6). 
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Emissions from later models of the DDC methanol vehicles 
were al ·o examined by Chevron (columns 1 and K) (7). This 
information was p'Ubli hed in conjunction with a retest (col
umn H) of the reengined GM/DOC diesel bus shown in col
umn A and a retest (column I) of the unmodified GM/DDC 
methanol bus shown in column C (7). Both diesel and meth
anol DDC buses purchased by New York City in 1987, tested 
in 1988 (4), and retested in 1989 (5) have 6V-92TA series 
engines (Table 2, columns 1-9). Most recently, New York 

TABLE 1 CHEVRON AND SWRI TEST RESULTS FOR DDC AND MAN DIESEL AND METHANOL ENGINES, 
1986-1990 

Pollutant 
Test, speed (mph) 

Hydrocarbonsd 

Cold idle, Q.O (g/h) 

Hot idle, 0.0 (g/h) 

Simulated, 3.9 (g/mi) 

Transient, 8.8 (g/mi) 

Transient, 12.4 (g/mi) 

Steady-st., 12 .4 (g/mi) 

Steady-st., 24.9 (g/mi) 

Carbon Honoxide 

Cold idle, O.O (g/h) 

Hot idle, 0.0 (g/h) 

Simulated, J.9 (g/mi) 

Transient, 8.8 (g/mi) 

Transient, 12.4 (g/mi) 

Steady-9t,, 12.4 (g/mi) 

Steady-st., 24,9 (g/mi) 

Nitrogen oxides 

Cold idle, o.o (g/h) 

Hot idle, 0.0 (g/h) 

Simulated, 3.9 (g/mi) 

Traniient, 8.8 (g/mi) 

Traniient, 12.4 (g/mi) 

Steady-it., 12.4 (g/mi) 

Steady-st., 24.9 (g/mi) 

Particulates 

Cold idle, O.O (g/h) 

Hot idle, 0.0 (g/h) 

Simulated, J.9 (g/mi) 

Tnnsient, 8.8 (g/mi) 

Transient, 12.4 (g/mi) 

Steady-st., 12 .4 (g/mi) 

Steady-st., 24.9 (g/mi) 

Formaldehydeh 

Cold idle, 0,0 (g/h) 

Hot idle, O.O (g/h) 

Simulated, J,9 (g/mi) 

Transient, 8.8 (g/mi) 

Transient 1 12 .4 (g/mi} 

Steady-st., !2.4 (g/mi) 

Steady-st., 24.9 (g/mi) 

A" 
Unkn.b,c 
DDC/D/82 

None 
Unkn. 
One 

19 

4.9 

2.2 

1.7 

1.6 

nt 

21 

41 

JB 

2.5 

1.5 

nt 

102 

61 

)2 

1J 

15 

nt 

5.4 

6.J 

5 .5 

0.8 

o. 7 

nt 

0.85 

0.4 

0.26 

"' 
0.09 

0.06 

B 
< Hay 85 
DDC/D/<84 

None 
107 ,ooo 
Three 

nt 

19 

7.S 

3 .4 

J.4 

3.4 

1.6 

nt 

25 

19 

25 

22 

J.9 

I. 8 

nt 

17 .5 

29 

27 

27 

19 

IJ 

nt 

5.1 

4.2 

4.S 

l .J 

o. 72 

nt 

2.2 

nt 

nt 

0.24 

0.12 

Jul 85 
DDC/H/8J 

None 
18,900 

One 

522 

IJ3 

56 

44 

76 

64 

440 

290 

167 

126 

68 

SI 

4J 

19 

J .6 

7.9 

7.9 

2.1 

2.6 

6.8 

J.B 

1.2 

0.6J 

1.5 

o. 5 

0.3 

J5 

2J 

6.0 

2. 7 

1.9 

J.9 

1.9 

Jun 85 
KAN/M/84 

Pt/New 
28 ,JOO 

One 

106 

4. 7 

I. 5 

0.8J 

o. 32 

1.2 

O.J7 

56 

2.J 

0.9 

O.SJ 

o. 77 

o.s 

0.34 

47 

67 

2J 

13 

14 .2 

S.J 

J.9 

0.6 

0.0 

0.2 

0.07 

0.1 

0.06 

0.04 

14 

2.1 

0.4 

0.14 

0.16 

0.29 

0.06 

~ 
Hay 88 

KAN/H/84 
Pt/Used 
55,000 

One 

300 

54 

6. 7 

1.0 

l. 7 

1.5 

0.94 

272 

36 

6.0 

O.BJ 

l.J 

o. 75 

0.26 

49 

65 

20 

11 

11 

7.6 

4.S 

J.l 

o. 75 

0.2 

0.06 

0.06 

0.12 

0.02 

J2 

14 

4. I 

o. 72 

0.66 

o.57 

y 
Apr 88 

KAN/H/84 
None 

55,000 
One 

J26 

114 

J8 

22 

21 

14 

14 

Jl6 

177 

57 

32 

26 

J3 

16 

47 

73 

22 

12 

12 

6 .4 

4 .9 

o. 7 

0.62 

0.2 

0.12 

0.12 

0.12 

0.04 

26 

19 

5 .6 

2.6 

J . S 

Jun 88 
KAN/D/84 

None 
58,000 

One 

J2 

14 

4 .4 

2.4 

2.1 

7.J 

2.0 

59 

29 

10 

6.2 

6. 2 

14 

31 

42 

16 

10.1 

13 

4 .9 

4 .9 

4.6 

1.4 

o. 78 

I. I 

0.43 

4.S 

2 .J 

0.6 

0.32 

0.29 

0. 73 

0.23 

Jun 88 
DDC/D/82 

None 
95, 700 

One 

22 

26 

7 .6 

4. I 

7 .2 

J.6 

2.J 

50 

22 

S4 

Sl 

59 

4 .4 

2 .J 

136 

137 

48 

28 

JO 

17 

10 

11 

5 .4 

3.2 

2.4 

s .6 

1.5 

o.6J 

2. s 

l.S 

0.4 

0.19 

0.59 

0.32 

0.09 

I 
May 88 

DDC / H/8J 
None 

65, 100 
One 

I ,037f 

522f 

154f 

79f 

81 f 

59f 

76f 

450 

280 

140 

100 

67 

)6 

17 

J6 

52 

17 

9.1 

11 

4 .1 

3 .8 

4 .J 

2 .4 

o. 7 

O.J2 

0.88 

0.4 

0.2 

44 

31 

B .8 

4 .4 

3.5 

4 .4 

2.5 

Mar 89 
ODC/M/86 

None 
8,400 

One 

690 

160 

BO 

S7 

44 

67 

J. I 

JJO 

2SO 

69 

JJ 

20 

JB 

II 

ll 

15 

7.J 

S.2 

6.9 

0.47 

2.1 

2.S 

1.0 

0.62 

I. 7 

0.19 

0.1 

28 

lS 

4. 7 

1 .6 

1.4 

2 .9 

o. 37 

Apr 89 
DDC/M/86 

Ag/New 
B, 700 

One 

560 

140 

64 

44 

34 

50 

J.J 

320 

240 

69 

JS 

22 

3J 

ll 

13 

7.0 

5.1 

7.S 

l. s 

o.JJ 

I. 9 

l.J 

0.4 

0.19 

0.5 

0.15 

0.06 

13 

6.9 

1.J 

l.J 

0. 79 

1.4 

0.11 

TABLE 1 (continued on next page) 



TABLE 1 (continued) 

•• 
Unkn,b,c <Hay 85 

DDC/D/82 DDC/D/<84 
None None 

Pollutant Unkn. 107,000 
Test, speed (mph) One Three 

Diesel equivalant fuel 

Cold idle, 0.0 (gal/h) nt nt 

Hot idle, 0.0 (p;al/h) l. 1 1.1 

Simulated, 4 (mi/gal) 2 .4 2.4 

Transient, 9 (mi/gal) 3 .8 3.8 

Tran!lient, 12 (mi/gal) nt 3.4 

Steady-st., 12 (mi/gal 6 .5 6. 3 

Steady-st,, l5 (mi/gal) 8.3 8.1 

Jul 85 
DDC/M/83 

None 
18,900 

One 

1.9 

1.9 

2. 7 

Jun 85 
MAN/M/84 

Pt/New 
28, JOO 

One 

1.1 

2.8 

4. 2 

6.3 

9. 7 

E 
Hay 88 Apr 88 

KAN/M/84 MAN/M/84 
Pt/Used None 
55,000 ss,ooo 

One One 

1.2 0.97 

0.89 0.88 

3.2 3.3 

5 .4 5 .6 

5 .3 5 .6 

9.8 

Jun 88 Jun 88 
KAN/D/84 DDC/D/82 

None None 
58,000 95,700 

One One 

U.ti I 1.1 

0.5 0.9 

4.5 3.0 

6 .6 4.8 

4 .9 3.9 

6.8 6.8 

12 9 .9 

May 88 
DDC/M/83 

None 
65, 100 

One 

2.2 

1.8 

1.8 

3 .3 

2.9 

4.6 

7. I 

3 ColufTUl headings include column letter, test date, engine type, catalyst, engine mileage, and number of vehicles tested. 

bunkn. "' unknown. 

rcolumn conlaiu~ SWRI <l.ala (u~Cet· ence unspt!:cified) 89 ccpoctcd i.n Ref. b Coe .'l 1982 CH/ODC Coach 10111, whirh wAs later reengined 
and retested (see col. fl), 

dAll hydrocarbon values are 110MCHE 11 values except col, B, which is "hydrocarbons." 

enc. = not tested. 

fvatues from Re f, 6. 

g:'!.a = not appli c able. 

n~ll columns r e port values for formaldehyde except cot. B, which is "total aldehydes." 

Soucces: Cols, A and C-G, ReL 6; col. B, Ref. 3; and cols. H-K, Re(. 7 (but see footnote f), 

Mar 89 
DDC/M/88 

None 
8,400 

One 

1.6 

1.6 

2.2 

4.6 

4 .9 

6.8 

14 

Apr 89 
DDC/M/88 

Ag/New 
B, 700 

One 

1.5 

1.6 

2.1 

4.2 

4 .2 

7 .6 

14 

TABLE 2 NEW YORK CITY TRANSIT BUS TEST RESULTS FOR DDC DIESEL AND METHANOL ENGINES, 
1988-1989 

Pollutant 
Test, speed (mph) 

Hydrocarbons 
Transient, 3.9 (g/mi) 

Transient, 8.8 (g/mi) 

Carbon monoxide 
Transient, 3, 9 (g/mi) 

Transient, 8.8 (g/mi) 

Nitrogen oxides 
Transient, 3.9 (g/mi) 

Transient, 8.8 (g/mi) 

Particulates 
Tcansient, 3.9 (g/mi) 

Transient, 8.8 (g/mi) 

Aldehydes 
Transient, J.9 (g/mi) 

Transient, 8.8 (g/mi) 

Diesel equivalent fuel use 
Transient, 3.9 (g/mi) 

Transient, 8.8 (g/mi) 

l" 
1988 

OOC/D/87 
None 

28 ,900 
Six 

5 .4 

2.4 

10 

]. 7 

67 

41 

1.2 

o. 7 

0.01 

0.01 

2.5 

4. 7 

2 
1988 

DDC/H/87 
None 

78 
Two 

260 

98 

120 

61 

15 

8.3 

4.3 

1. 8 

1.6 

3.5 

3 
1989 

DDC/H/87 
None 

22 ,687 
Two 

250 

130 

150 

WO 

12 

6.6 

1.0 

0.46 

10 

5.1 

l. 7 

3.4 

4 
1988 

DDC/H/87 
Pt/New 

28 
One 

8.3 

5 .8 

6.9 

17 

3.3 

2.3 

1.8 

3. 7 

5 
1989 

ODC/H / 87 
Pt / Used 
16,838 

One 

61 

42 

51 

36 

13 

7.3 

0.29 

0.14 

23.4 

12. l 

l. 7 

3.5 

6 
1988 

DDC/M/87 
Ag/New 

65 
One 

130 

50 

110 

65 

11 

o. 7 

0.4 

1. 7 

3.7 

7 
1989 

DDC/M/8 7 
Ag / Used 
2J, 114 

One 

190 

120 

300 

170 

11 

0.32 

0.19 

17 

1.6 

8 
1988 

DDC / M/87 
Ag+ Pt/New 

147 
Two 

150 

50 

120 

68 

13 

8.4 

2.1 

1.2 

1. 7 

3. 7 

9 
1989 

DDC/H/87 
Ag+ Pt/Used 

25,053 
Two 

470 

260 

130 

83 

14 

0.31 

0.16 

8.2 

5 .5 

1. 5 

2 .9 

aCvlumn headings include column number, test date, engine type, catalyst, engine mileage, and number of vehicles tested . 

bo/R - oxidation/reduction. 

cMi leage after tuneup to co erect overrich mi.xture was 5 ,657. 

dnr = not reliable. 

ent = not tested. 

Sources: Cols. 1-9, Ref. 5; Cols. 10-11 1 Ref. 8. 

10 
1990 

GM~~~,87 
5,639(5,657)c 

One 

21(15) 

6 .0(5.6) 

180(2.7) 

65(1.5) 

3.2(32.1) 

3.6(17.4) 

0.16(0.09) 

0.15(0.06) 

0.30(0.29) 

0.13(0.13) 

!. 7( 1.8) 

3.5(3.7) 

11 
1990 

GM/NG/87 
O/R 

8,213 
One 

33 

0.8 

0.6 

29.3 

16. 7 

0.13 

0.06 

nte 

nt 
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City has begun testing a compressed natural gas bus (columns 
10 and 11) equipped with two converted light-duty spark
ignited engines, a GM Chevrolet 454-in. 3 engine to provide 
power to drive the bus, and a Ford 140-in .3 engine to provide 
power for air conditioning (8). 

Golden Gate Buses 

The first experiments with methanol buses were conducted 
using Golden Gate Transit District methanol buses , allowing 
comparisons of diesel- and methanol-fueled buses with engines 
manufactured by MAN and DDC. The 1986 SWRI tests of 
these two methanol buses (3) included comparisons with three 
diesel-fueled buses, but these were very-high-mileage buses 
(Table 1, column B). The two GM coaches tested more recently 
by Chevron were in revenue service from early 1984, and the 
two MAN buses were put into revenue service approximately 
6 months later (2). 

In June 1985 the MAN methanol vehicle was sent to SWRI 
in San Antonio, Texas, for chassis dynamometer emissions 
and fuel-economy testing. The mileage on the engine at that 
time was 28,300 mi (Table 1, column D). Routine mainte
nance before the testing included the replacement of a failed 
catalyst. The following month, the GM methanol bus named 
"Methanol One," with 18,900 mi and no catalyst, was tested 
at SWRI (column C). Both buses were returned to service. 
These SWRI tests used three DDC-engine buses borrowed 
from the Houston Transit Authority for comparison (3). The 
Houston Transit DDC buses were relatively old, with 90,000 
to 230,000 mi (column B). 

In early 1988 the two methanol-fueled buses and their 
diesel-fueled counterparts were transported to the Chevron 
Research Truck and Bus Dynamometer facility for emissions 
and fuel-economy testing (6). These tests, in California, cor
rected several flaws in the earlier SWRI tests, including testing 
of emissions with a used catalyst on the MAN MlOO bus (Table 
1, column E) and testing of the MAN bus without a catalyst 
(column F). Further, the testing of the MAN diesel bus (col
umn G) allows a better understanding of how a four-stroke, 
naturally aspirated, diesel-fueled CI engine with SI assist com
pares with a two-stroke, turbocharged, methanol-fueled, glow
plug-assisted CI engine. The Chevron tests also give results 
for a diesel engine at cold idle, which the SWRI tests do not. 

Further DDC Engine Developments 

Tests on improved DDC methanol-fueled vehicles were per
formed in early 1989 by Chevron for DDC, and the results 
from later tests of newer, more advanced DDC methanol 
engines (Table 1, columns J and K) were published in 1990 
(7). These results give emissions data on newer versions of 
the DDC methanol-fueled vehicles with and without a new 
silver catalyst. These data show that more recent versions of 
the DDC vehicles with improved technology provide better 
emissions and fuel-economy characteristics than indicated by 
previous tests, especially at the steady-state speed of 24.9 mph 
(compare columns C, I, J, and K) . In reading the emission 
comparisons presented here, it should be remembered that 
the DDC engine is still under development and that improve-
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ments continue to be made. However, some of the infor
mation presented may indicate physical attributes of methanol 
combustion at low engine speeds in CI engines that are intract
able problems relative to diesel fuel combustion in engines of 
essentially the same design. 

New York City Tests 

New York City (NYC) began its program of evaluating DDC 
engines modified for methanol use in their urban transit sys
tem in early 1988 (4, 5). The emissions of these vehicles were 
examined without catalysts and with three different types of 
catalyst: platinum (Table 2, columns 4 and 5), silver (columns 
6 and 7), and a combination of platinum and silver (columns 
8 and 9). Six diesel buses with 25,000 to 38,000 mi were 
evaluated as controls without the use of catalysts (column 1). 
Future diesel engines burning low-sulfur fuel to meet the 1994 
heavy-duty engine emissions standards are likely to use cat
alytic trap oxidizers and may use particulate traps, but none 
of the diesel buses in these tests was fitted with such devices. 
Two series of emissions and fuel-economy tests have been 
conducted on the six NYC methanol buses (4, 5)-one in 
May 1988, when they had between 28 and 1,786 mi (Table 2, 
columns 2, 4, 6, and 8) and a second in December 1988, when 
they had accumulated 16,838 to 26,005 mi (columns 3, 5, 7, 
and 9). The first round of particulate and formaldehyde emis
sions estimates from the NYC tests are suspect due to a fault 
in the tests. The second round eliminated that fault, and the 
particulate emissions appear to be reasonable in the context 
of other test results presented here. Although the formal
dehyde emissions results for the diesel-fueled buses in NYC 
tests were considerably less than those estimated by Chevron 
for the same test speed (Table 1, columns G and H, and Table 
2, column 1), the aldehyde emissions for methanol buses in 
New York City tests were generally comparable with those 
done by Chevron. 

TEST CHARACTERISTICS 

Testing at SWRI included two simulated transient driving 
cycles and steady-state tests at cold idle, hot idle, and speeds 
of 12.4 and 25.9 mph. The unfiltered bus cycle, a transient 
test cycle reported by Ullman (3) and also used by Chevron 
(6, 7), covers a distance of 2.9 mi in 19 min 51 sec at an 
average speed of 8.8 mph and includes the high-frequency 
co~ponents of the simulated bus speed trace (Figure 1). The 
second transient test cycle used at the SWRI and Chevron 
test facilities, incorporating stylized changes in speed and load, 
is a part of the U.S . Department of Transportation (DOT) 
transient coach-design operating cycle (9) and was identified 
as the central business district cycle. Consisting of a series of 
full-throttle accelerations to 20 mph and sharp decelerations 
to halt and idle, it covered a distance of 2 mi in 9 min 20 sec 
at an average speed of 12.4 mph (Figure 2) . These test results 
are in Table 1. 

In contrast, the NYC tests (Table 2) included only two 
transient driving cycles and no separate idling or steady speed 
tests. The first cycle, which represented driving in Manhattan, 
included a series of starts, brief accelerations, stops, and idling. 
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It covered a distance of 0.65 mi in 10 min at an average speed 
of 3.9 mph. This is similar in pattern to the first 400 sec of 
the SWRI unfiltered bus cycle (Figure 1). The second cycle, 
identified as the NYC composite cycle, covered a distance of 
2.51 mi in 17 min 9 sec at an average speed of 8.8 mph and 
represented citywide travel in a major city (such as a com
muter run between Manhattan and the neighboring bor
oughs). In the analysis, the two transient cycles with average 
speeds of 8.8 mph are treated as equivalent. 

In the tabular and graphical comparisons, the test infor
mation is ordered by average speed and engine temperature, 
from O mph and cold idle through 24.9-mph steady-state tests. 
In order to help compare test results in Tables 1 and 2, a 
simulated 3.9-mph test was constructed by combining hot idle 
emission rates for 56 percent of an hour aml 8.8-mph lransienl 
cycle emissions for 44 percent of the hour, giving an estimate 
of hourly emissions for a bus averaging 3.9 mph. This hourly 
emission was divided by 3.9 to obtain the gram-per-mile 
estimate. 

CRITICAL COMPARISON OF EMISSIONS FOR 
DIFFERENT ENGINES, SPEEDS, AND CATALYST 
CONFIGURATIONS 

In the following analysis, several effects of methanol substi
tution on the emission characteristics of transit buses are 
examined, including emissions of four pollutants for which 
federal emission limits exist, emissions of formaldehyde, cata
lyst effects, and age effects on diesels. Test results for meth
anol buses are only for neat (100 percent) methanol, MlOO. 
The most promising substitutions in terms of emission reduc
tions are identified. 

Carbon Monoxide (CO) Emissions 

In general, CO emissions increase when methanol-fueled buses 
are substituted for diesel-fueled buses. Under all four steady
state conditions, CO emissions from a used, rebuilt 1982 DDC 
diesel engine with 96,000 mi (Table 1, column H) were well 
below those from the new 1989 DDC2 methanol-fueled engine 
with a silver catalyst (column K). 

The lowest CO emissions provided by the MAN methanol 
vehicle (tested in 1986 at SWRI, with the catalyst changed 
just before testing, column D) are slightly higher at cold idle 
than those from the DDC diesel-fueled vehicle (column H). 
Otherwise, however, the 1986 MAN MlOO bus with a new 
platinum catalyst (column D) had lower CO emissions than 
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the MAN diesel with 58,000 mi (column G) or the DDC diesel 
with 96,000 mi (column H). Even in the 1989 tests, when the 
catalyst had been used for 27 ,000 mi (column E), the MAN 
four-stroke, spark-assisted engine with platinum catalyst had 
lower CO emissions in constant-speed operation than either 
the 96,000-mi DDC diesel or the 58,000-mi MAN diesel. 
However, at both cold and hot idle, the ability of the MAN 
platinum catalyst to reduce CO had deteriorated significantly 
at 27,000 mi (compare columns D and E), so that CO emis
sions from the MAN MlOO bus at idle were higher than those 
from either diesel bus. 

The data presented in Tables 1 and 2 show that the reduc
tion of CO emissions in an MlOO transit bus is best achieved 
through the use of a platinum catalyst. The silver catalyst used 
in later versions of the DDC methanol buses (compare col
umns J and K) and in the NYC tests appears to have little 
effect (compare Table 2, columns 3, 6, and 7), and the silver
platinum combination was also ineffective (columns 3, 8, and 
9). The changes with age of the platinum catalyst are signif
icant under both transient and steady-state conditions. Although 
pronounced age effects on the platinum catalyst are demon
strated at cold and hot idle, these effects appear to become 
less important once the vehicle is moving (compare Table 1, 
columns D and E, and Table 2, columns 4 and 5). If this 
pattern continues in future testing of buses with DDC engines, 
then the use of an MlOO bus with platinum catalyst on routes 
with higher average speeds and relatively little idling should 
keep CO emissions reasonably low. The DDC buses tested 
in New York City were driven at average speeds of less than 
10 mph (4, 5); the MAN methanol bus probably averaged 
higher speeds. The loss of effectiveness of the platinum cata
lyst appears to have been greater in the NYC DDC methanol 
bus than in the Golden Gate MAN methanol bus. 

In spite of the discouraging CO emissions results for the 
MlOO buses at idle, the evidence for CO emissions at transient 
cycles of 8.8 mph and above in the MlOO buses is rather 
favorable, but only in comparison with high-mileage diesels. 
The Chevron tests indicate that the old MAN and new DDC 
MlOO buses without catalysts emit CO at about the same rate 
at 8.8 and 12.4 mph (compare columns F and J). In either 
case, this is less than the emissions of DDC buses in current 
use (96,000 mi) (column H). However, the new NYC diesel 
buses (column 1) at 8.8 mph emit much less CO than DDC 
methanol buses. The MAN four-stroke diesel-fueled bus (58,000 
mi) emits far less CO than the DDC diesel (96,000 mi) or the 
MAN MlOO bus (55,000 mi) without a catalyst, but more than 
the MAN MlOO bus (55,000 mi) with a platinum catalyst. 
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At these test speeds, the addition of the used platinum 
catalyst to the MAN MlOO bus reduced CO dramatically, an 
encouraging result for the use of the platinum catalyst on a 
DDC bus. New York City first-round tests indicated that a 
new platinum catalyst could reduce CO emissions from a DDC 
MlOO engine to about the levels from the competing diesel 
engines when averaged over the two cycles (columns 1 and 
4), but catalyst deterioration led to a substantial CO increase 
in second-round tests (column 5). However, even after the 
deterioration, the platinum catalyst in the NYC tests clearly 
controlled CO far better than silver or silver-platinum cata
lysts. One question that arises from the slightly different results 
is whether the slow routes in the NYC case , and perhaps the 
colder East Coast weather, might cause more rapid catalyst 
deterioration than in California, or whether catalyst reliability 
might be related to engine attributes. 

Particulate Emissions 

Both silver and platinum catalysts tend to reduce particulate 
emissions in a methanol-fueled bus, but the platinum catalyst 
is not particularly effective at idle (compare columns F with 
D and J with K). Also, deterioration of the platinum catalyst 
has a deleterious effect on particulate emissions at cold idle 
(compare columns D and E). With or without a catalyst, the 
data in Tables 1 and 2 indicate a sharp reduction in particulates 
if new methanol buses replace used diesel buses, but com
pared with new diesels, the gains are far Jess dramatic (col
umns 1, 3, 5, 7, and 9). 

Oxides of Nitrogen (NO...) Emissions 

Decreases in NO emission through the u e of catalysts on 
methanol buses are ob erved co11 i tentJy only at steady-state 
cruising speed . The reductions from the silver cataly t on a 
DDC methanol bus, although evident al cold idle (where the 
engine temperature is probably below optimal operating lim
its) , gradually decline as the engine warms up and the vehicle 
operate in the steady-state or transient mode. Compared with 
effect on other pollutant , the effects of catalysts on NOx are 
relative) y mall. 

Hydrocarbon (HC) and Methanol Emissions 

Emissions of hydrocarbons and methanol from methanol-fueled 
vehicles are significantly reduced by a functional platinum 
catalyst. Emissions of methanol, an oxygenated hydrocarbon, 
have important air-quality implications. 

The methods of counting methanol as a reactive hydrocar
bon vary, with the later Chevron tests reporting downward 
adjustments in estimated hydrocarbon equivalents due to 
methanol. If reported hydrocarbon emissions from an MlOO 
bus are high, it is reasonable to surmise that almost all of 
these emissions are unburned methanol. In first-round NYC 
tests, the mean ratio of hydrocarbon to methanol emissions 
for MlOO buses was 0.96 (4). The Chevron tests account for 
the fact that methanol is not as reactive per unit of molecular 
weight as are nonoxygenated hydrocarbons emitted by a die
sel. In the Chevron tests, the grams of oxygen are subtracted 
from the methanol emissions to obtain the hydrocarbon equiv
alence of the methanol emissions. Wherever possible in Table 
1, the Chevron estimate of organic material hydrocarbon 
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equivalent (OMHCE) em1ss1ons is presented. In the 1989 
Chevron tests (6), the ratio of OMHCE emissions to methanol 
emissions was 0.45 when the latter exceeded 50 g/mi (or 100 
g/h at idle), and it was 0.54 for the remaining cases, most of 
which were for the catalyst-equipped MAN bus. The NYC 
tests (Table 2) do not yield the adjusted value. 

The NYC first-round estimates of hydrocarbon emissions 
from the DDC vehicle with methanol fuel and an effective 
platinum catalyst are better by an order of magnitude than 
the closest competitor, a DDC vehicle with methanol fuel and 
a silver-platinum catalyst (Table 2). All catalysts used in the 
NYC tests showed substantial deterioration with age in their 
ability to control hydrocarbons (Table 2). The OMHCE emis
sions pattern of reduction and effectiveness of the catalyst 
presented in Table 1 was very similar to the pattern for CO. 
This similarity included significantly greater deterioration in 
effectiveness at cold and hot idle as the catalyst aged, with 
retained effectiveness at speeds of 8.8 mph and faster (6, 7). 

Formaldehyde 

Formaldehyde (HCHO), a potential carcinogen, is of partic
ular concern with the use of methanol as a transportation fuel. 
Evidence presented earlier in this paper indicated that CO 
emissions on bus routes where buses spend a great deal of 
time at idle would increase if a DDC methanol-fueled bus 
without a platinum catalyst were substituted for a used diesel
fueled bus. A platinum catalyst was far more effective than 
a silver catalyst in reducing CO, but the effectiveness was less 
at idle and decreased with age more rapidly at idle than at 
speed. When replacing new DDC diesel buses (column 1, 
Table 2), it does not seem likely that DDC methanol buses 
can reduce CO at low speeds, and they could increase CO 
sharply, depending on catalyst type and age. Bus routes on 
which a great deal of time is spent at idle tend to be in and 
around central business districts (CBDs), where pedestrian 
activity is high and potential population exposure is great. 
Such locations often have high carbon monoxide "concentra
tions," so the control of CO emissions in such locations is 
imperative. 

Unfortunately , the evidence indicates that a used platinum 
catalyst actually creates formaldehyde at idle (6, 7). In the 
Chevron tests, it was estimated that the used platinum catalyst 
increased the formaldehyde emissions of the MAN bus by 
about 20 percent at idle , with a greater increase at hot idle 
(Table 1, columns E and F) . The NYC first-round emissions 
tests indicated that the platinum catalyst had little effect on 
formaldehyde, but the second-round emissions tests (5) indi
cated that the used platinum catalyst roughly doubled formal
dehyde emissions (Table 2, columns 3 and 5). The NYC first
round tests (columns 2 and 6) and the Chevron tests (columns 
J and K) indicated that a new silver catalyst on a DDC engine 
reduces formaldehyde sharply, but the second-round tests 
indicated that the used silver catalyst increased formaldehyde 
(columns 3 and 7). These poor formaldehyde-control results 
with used catalysts at idle and low speed represent a serious 
shortcoming, because the Chevron test results indicated that 
formaldehyde emissions from MlOO engines at cold and hot 
idle far exceed those from their diesel counterparts. 

The Chevron tests did not indicate that the use of a catalyst
equipped MlOO bus in place of a diesel bus would inevitably 
increase formaldehyde at all speeds. For the MAN MlOO bus, 
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some evidence indicates that a platinum catalyst functioning 
near its optimal capability can, under certain conditions, reduce 
formaldehyde emissions below those from the competing die
sel engine. When the Chevron test results for the 58,000-mi 
MAN diesel (6) are compared with those for the 28,300-mi 
MAN MlOO bus with a new catalyst, the MlOO bus has lower 
formaldehyde emissions than the diesel at 8.8 mph and faster 
(columns F and D). However, whP.n the 'i'i,000-mi MAN 
MlOO bus with a used catalyst is compared with the diesel 
engine, the MlOO bus consistently has higher formaldehyde 
emissions, especially at idle (columns F and E). The 28,300-
mi MAN MlOO bus with a new platinum catalyst (J) also 
exhibited lower formaldehyde emissions than the 96,000-mi 
DDC diesel tested by Chevron for speeds of 8.8 mph and 
faster, but not at idle (columns D and II). 

These results imply that to get formaldehyde emissions 
reductions when an MlOO MAN bus with a new platinum 
catalyst replaces an old diesel with no catalyst, two conditions 
must be satisfied. First, the bus cannul spend a large fraction 
of its route time idling at stoplights and bus stops. Second, 
the catalyst must be functioning at or near its optimal capa
bility. For the DDC MlOO bus, the evidence indicates that 
formaldehyde cannot be brought below that of the DDC diesel 
with catalysts tested thus far. It is possible that catalyst devel
opment could ultimately solve this problem. Reportedly, EP A's 
emissions laboratory has been testing electrically heated cata
lysts that successfully reduce formaldehyde emissions from 
methanol-powered cars (10). As with the catalysts discussed 
here, reliable long-term operation of the electrically heated 
catalysts will be critical. 

Other Aldehydes and Ketones 

In addition to evaluating formaldehyde, the Chevron tests 
included measurements of other aldehydes and ketones, 
including acetaldehyde, acrolein, acetone, propionaldehyde, 
crotonaldehyde, methylethylkctonc (MEK), and bcnzaldc
hyde. Within the limits of measurement, the MAN MlOO bus 
with a platinum catalyst consistently had emissions of these 
substances that were equal to or less than those of the MAN 
diesel (6). In about three-fourths of the comparable test cases 
(for seven pollutants and six test conditions totaling 42 pos
sible combinations), the latest version of the DDC MlOO bus 
with a silver catalyst had emissions of these substances more 
than or equal to the tested diesel bus (7). Emissions of ace
taldehyde, acetone, and MEK were generally higher for the 
MlOO engine. In nearly all cases, the MAN MlOO bus emis
sions were less than or equal to those of the DDC MlOO bus. 

SUMMARIES OF EFFECTS OF METHANOL-FOR
DIESEL SUBSTITUTION OPTIONS 

MAN MlOO Replacing MAN Diesel 

Although the MAN bus is relatively uncommon in the United 
States, it is in use at a number of locations. Seattle Metro, 
which has a fleet of MAN MlOO and diesel buses, has found 
the MlOO buses to be considerably more expensive to operate 
(11) and has not ordered a second group. Chicago also uses 
MAN diesel buses. MAN, which once had a U.S. assembly 
facility, has largely withdrawn from the North American mar-
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ket, but it could return if the potential market were large 
enough. One reason for MAN's initial entry may be that it 
offered an opportunity to trade off fuel economy for perfor
mance in an environment of high fuel costs. The Chevron 
tests indicated that at 8.8 mph, the less powerful MAN diesel 
bus had 38 percent greater fuel economy than the DDC diesel 
bus; this advantage fell off to 26 percent at 12 .4 mph (compare 
columns G and H). At hot idle, the MAN hus hrici ri sie;nifir.rint 
advantage over the DDC diesel, with a 44 percent lower fuel
flow rate ( 6). Thus, from the fuel-cost poinl of view, lhe MAN 
diesel bus could reemerge and be competitive in downtown 
areas if diesel fuel prices were to rise sharply relative to those 
of methanol. 

A MAN MlOO bus introduced as a replacement for a 1980s 
MAN diesel bus would reduce particulate emissions dramat
ically (compare columns D with E and F with G), even if the 
catalyst failed. Even with a used platinum catalyst, such a 
substitution should also reduce CO emissions and hydrocar
bon emissions if the MAN MlOO buses replaceu uiesd buses 
on routes where average speed was 8.8 mph or faster; with 
complete catalyst failure, this would not be true. Even with 
a functioning used catalyst, if the average speed were lower 
than 8.8 mph, CO and hydrocarbon emissions might increase. 

DDC MlOO Replacing DDC Diesel 

Detroit Diesel Corporation is the manufacturer of engines 
most commonly found in buses and has been the most active 
developer of an alternative-fuel engine for heavy-duty appli
cations, the DDC MlOO engine reported on here. The sub
stitution of a new DDC MlOO engine for an existing DDC 
diesel engine is the most likely methanol substitution in the 
bus market. At transient driving cycle speeds of 8.8 and 12.4 
mph, the Chevron tests indicate that the substitution of the 
DDC2 model MlOO engine equipped with a silver catalyst 
(column K) for a diesel-fueled DDC engine with 96,000 mi 
(column H) would reduce CO, particulates, and nitrogen oxides 
(NOx), although increasing formaldehyde and hydrocarbons. 
If more time were spent at idle, the substitution would increase 
CO, as well as hydrocarbons and formaldehyde. This substi
tution clearly is not so advantageous as the substitution of the 
MAN MlOO equipped with a platinum catalyst engine for the 
MAN diesel, because far larger increases in formaldehyde 
and hydrocarbons would result, as well as larger increases in 
CO at idle (or smaller decreases at 8.8- and 12.4-mph transient 
cycles). 

MAN MlOO Replacing DDC Diesel 

The substitution of the MAN MlOO bus with a used platinum 
catalyst (column E) for a 96,000-mi DDC diesel bus (column 
H) would reduce all emissions except formaldehyde at speeds 
faster than 8.8 mph. With a new catalyst (column D), for
maldehyde would also be reduced at those speeds, and other 
pollutants from the methanol bus would be even lower. 

Caveat on Improving Diesels 

So far, this comparison has involved new or relatively new 
methanol buses and relatively high-mileage diesel buses. The 
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NYC tests compared recent-model diesels with recent-model 
methanol buses. Because both types of bus are improving, 
this procedure provides the best comparison between two new 
buses. Unfortunately , the NYC tests included only one-the 
8.8-mph NYC composite transient cycle test-that overlaps 
the others included here. With that test as a basis of com
parison, the data in Tables 1 and 2 imply that new diesels 
emit CO and particulates at a considerably lower rate than 
older diesels. The degree to which this is simply a result of 
newness of the engine rather than the level of technological 
development is not certain. Hydrocarbon emissions were also 
slightly lower, whereas NOx emissions were estimated to be 
somewhat higher. The differences for hydrocarbons and NOx 
could be within the margin of test error. However , the well
known particulate-N02 tradeoff is consistent with the noted 
changes in particulate and NOx emissions. As combustion 
temperatures are raised, particulates are reduced and NOx is 
increased. According to these test results , the newer diesels 
have been modified to take advantage of this trade off in 
order to reduce particulate emissions. 

Comparisons of the measured particulate and CO emissions 
at an average test speed of 8.8 mph (Figures 3 and 4) clearly 
show that the newer DDC diesels tested in New York City 
had lower particulate and CO emissions than previous diesels. 
Figure 3 also shows a degree of consistency in the particulate 
emissions estimates for DOC MlOO buses that implies that in 
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this engine, methanol has no inherent, significant superiority 
ov.er the diesel. Either a platinum catalyst or a silver catalyst 
reduces the particulate emissions of the DDC MlOO buses , 
giving the appearance of superiority . However, the diesel 
technology being developed for 1994 may also use catalytic 
materials in combination with low-sulfur fuel to reduce par
ticulates , so the apparent particulate emissions superiority of 
the DDC methanol engine may disappear when like tech
nologies are compared. However, this is a comparison based 
on weight of particulates emitted and not on the health effects 
of the substances in the particles. 

The MAN diesel (Figure 3, bar 4) had particulate emissions 
of0.78 g/mi at 8.8 mph, whereas the MAN methanol bus had 
0.12 g/mi without a catalyst (bar 9) and 0.069 to 0.081 g/mi 
with a catalyst (bars 13 to 14) . Thus, for the four-stroke, 
naturally aspirated engine technology with spark assist, it can 
be argued that the methanol version of the engine is inherent) y 
superior with respect to particulates. In terms of CO emis
sions, the DDC and MAN MlOO buses can be viewed as 
inherently inferior without a catalyst. However, at 8.8 mph, 
the MAN MlOO bus with a platinum catalyst (new or used) 
is clearly superior to either a DOC or MAN diesel. These 
results may indicate an inherent ability to reduce emissions 
by a larger amount when methanol is introduced into naturally 
aspirated, four-stroke, spark-assisted engines rather than into 
turbocharged, two-stroke, glow-plug-assisted engines. 

Fuel Economy 

Comparison of energy-equivalent fuel economy is less favor
able to the MAN methanol engines as substitutes for MAN 
diesels than is the comparison for DDC engines. At all but 
one of the tested speeds (12.4 mph) and idle conditions, the 
energy-equivalent fuel economy of the MAN MlOO engine 
was less than that of its diesel-fueled counterpart (6) . How
ever, the latest version of the DOC engine for which there 
are test results (columns J and K) indicates substantial 
improvement in energy-equivalent fuel economy at higher 
average speeds. Compared with an old 96,000-mi DDC diesel, 
the DDC2 model exhibited improved energy-equivalent fuel 
economy on the 12.4-mph transient cycle test and at the 12.4-
and 24.9-mph steady-state speeds . However, the DOC MlOO 
engine continues to have high fuel consumption at idle, which 
is consistent with the poor emissions and fuel consumption 
performance of this engine at low test speeds in New York 
City. Further, when compared with the fuel economy test 
results for new diesels in New York (column 1) at 8.8 mph, 
the new DDC MlOO engine had lower energy-equivalent fuel 
economy. Overall, these fuel economy and earlier emissions 
results imply that the best initial uses of DDC MlOO buses 
bought in 1991 would be in suburban locations and on express 
bus routes, where average speeds are relatively high. 

Although the MAN MlOO bus gets poorer fuel economy 
than a comparable MAN diesel bus, the MAN engine has less 
power than the DDC engine and, other things being equal, 
tends to consume less energy. The low power of this engine, 
however, makes it less suitable for suburban and express routes, 
where acceleration can be important. Similarly, the MAN bus 
may be unsuitable for hilly terrain. However, for the central 
business districts of large cities with flat terrain, the substi-
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tution of a MAN MlOO bus for an old DOC bus would result 
in less energy consumption and lower emissions than would 
a DOC MlOO bus. 

RELATED JAPANESE RESEARCH 

Like the Uniletl Stales, the Japa11ese ate considering the use 
of methanol as a substitute for diesel fuel. Tax policy in Japan 
has encouraged the use of diesel fuel over gasoline, leading 
to a situation in which diesel-fueled vehicles contribute a rel
atively greater share of pollutant emissions than in the United 
States. In Japan, methanol is being touted primarily for its 
ability to reduce N02 emissions and secondarily for particulate 
reductions. Substitution of methanol-fueled trucks and buses 
in urban fleets is argued to be a potential solution to both 
environmental and energy security problems, with the energy 
security emphasis placed on geographically diverse sources of 
natural gas as a methanol feedstock (12). 

It appears that the Japanese are relying on steady-state (six
mode) test results , which imply that NOx emissions of meth
anol vehicles will be well below their standards (12, 13). The 
12.4- and 24.9-mph steady-state test results in Table 1 imply 
that the substitution of a new catalyst-equipped methanol 
engine for a diesel engine will indeed reduce NO" substan
tially. However, for the four-stroke, naturally aspirated MAN 
bus, the results for low-speed transient cycle operation indi
cate that NO" emissions could actually be increased. Con
sistent with the increase in the NOx emissions of the spark
assisted MAN engine in transient operation versus a decline 
for the DOC glow-plug-assisted engine , Nakasima et al. (14) 
determined that a spark-assisted MlOO test engine had higher 
NOx than its diesel counterpart at high fuel flow rates but that 
the glow plug version had consistently lower NOx. 

Fujita and Ito (15) have studied the behavior of various 
catalyst materials under inlet gas conditions representative of 
methanol engines al cold start, at idle, and under transient 
and steady-state conditions , and they have shown that for
maldehyde and hydrocarbon emissions from steady-state 
operation differ greatly from those of cold start and transient 
operating conditions. For tailpipe emissions, the critical nature 
of the reaction temperature of the catalyst in conjunction with 
the exhaust gas temperature and composition at the catalyst 
inlet was demonstrated. Nishida (13) noted that the catalyst 
used in Komatsu experiments does not function well when 
the exhaust temperature is below about 200°C, " . . . as occurs 
at the cold start of the engine." 

It is possible that the relatively poor emissions performance 
of the DOC two-stroke methanol engine equipped with the 
silver catalyst was a result in part of the characteristically low 
exhaust temperature of that engine combined with the cooling 
effect of methanol combustion (relative to diesel fuel com
bustion) . The best emissions performance of this engine was 
during transient cycle tests, when the engine spent a relatively 
greater share of its operations under high load, which prob
ably raised the operating temperature. It is also likely that 
the choice of catalyst material is a contributor to the poor 
results. Fujita and Ito (15) did not even include silver in their 
tests of five candidate catalysts. Similarly, in U .S. light-duty 
engine and catalyst experiments , McCabe et al. (16) confined 
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their experiments lu plali11u111, palladium, and rhodium , elim
inating silver from consideration and emphasizing the partic
ularly great intrinsic activity of platinum and palladium. 

Fujita et al. (17) found that the presence of nitrous oxide 
in the exhaust gases tended to increase formaldehyde for
mation and that positive or negative changes in temperature 
of the catalyst increased formaldehyde formation. Their find
ing that formaldehyde formation should be greatest at cold 
idle is confirmed by the information in Table 1 and by the 
work of McCabe et al. (16), but their expectation that the 
operation of methanol-fueled vehicles in cold regions could 
increase formaldehyde emissions on acceleration from idle 
cannot be confirmed from the currently available U.S. 
experiments. 

Yanigihara et al. (18) presented test results for a 2.2-liter, 
indirect-injection, four-cylinder diesel that showed that hydro
carbon emissions without a catalyst were "almost the same 
as that of the base diesel at all operating conditions except in 
the region of low load, low engine speed ." Diesel fuel was 
emulsified with methanol in varying proportions as an ignition 
enhancer to overcome the problems in igniting methanol at 
low load and low engine speed. The tendency to emit high 
amounts of unburned hydrocarbons at low engine load and 
speed is confirmed by the comparisons in this paper (Tables 
1 and 2). 

Nishida (13), reporting on Komatsu experiments, noted 
that the oxide catalyst, which was intended lo reduce alde
hydes, also had the desirable effect of reducing hydrocarbons 
and CO. Such catalyst-caused emission reductions are also 
illustrated here . A significant deterioration of a platinum cata
lyst with respect to CO and hydrocarbon emissions was also 
reported in the Komatsu tests. This deterioration was mea
sured at about 12,000 mi, whereas the deterioration illustrated 
in these comparisons occurred after about 20,000 mi (Table 
1, columns D and E; Table 2, columns 4 and 5). Nakasima 
et al. (14) showed that both spark-assisted and glow-plug
assisted methanol engines emit larger amounts of CO than a 
comparable diesel at all fuel injection rates . 

The Komatsu tests showed the tendency of the methanol 
engine to have relatively worse energy equivalent fuel econ
omy at lower speeds on normal roads than in expressway 
driving. At 12.4 mph the energy equivalent fuel economy of 
the Komatsu methanol engine was 85 percent of that of the 
diesel engine, whereas at 50 to 55 mph, the two engines gave 
essentially identical economy. The improving economy as a 
function of increasing speed is roughly analogous to the pat
tern for the latest DOC engine results (compare column H 
and columns J and K). This pattern also shows up in the NYC 
tests, where the percentage decline in energy equivalent fuel 
efficiency is greater at 3.9 mph than at 8.8 mph (Table 2). 
Nakasima et al. (14) showed lower thermal efficiency for 
methanol engines at low fuel flow rates, whereas Nietz (19) 
noted the tendency to consume more energy " when the per
formance requirement ... is relatively low. " 

The deterioration of the relative merits of methanol versus 
diesel engines at very low average speed should be of great 
interest to the Japanese and to those considering the use of 
alternate fuels in congested cities where transit is more fre
quently used. According to Boyle (20), the average speed in 
Tokyo is 8 mph and in London, 10 mph. 



Santini and Rajan 

SELECTED COMPARISONS WITH EMISSIONS 
TESTS FOR LIGHT-DUTY SPARK-IGNITED 
ENGINES 

The heavy-duty engine conversions from diesel to methanol , 
as shown in Tables 1 and 2, appear to result in higher engine
out emissions of hydrocarbons and CO at the same engine 
age without catalysts. In contrast, conversions of light-duty 
engines from gasoline to methanol tend to reduce these pol
lutants. For example, emissions tests of like models of a 2.0-
liter light-duty, spark-ignited, turbocharged engine using pre
mium gasoline, lead-free regular gasoline, methanol, and liq
uid petroleum gas (LPG) on the European Community Emis
sions (ECE-15) urban driving test showed that methanol gave 
the lowest engine-out emissions of hydrocarbons, CO, and 
NOx (21). Further, unlike the results presented here for heavy
duty diesel conversions, methanol's advantage in that con
version of a gasoline engine held up during idle and the two 
steady-state and acceleration components of the ECE-15 test. 
A recent test of a Ford 3.0-liter flexible-fuel vehicle (FFV) 
on the U.S. Federal Test Procedure (FTP) showed similar 
engine-out improvements for hydrocarbons, CO, and NOx 
(but almost five times as much formaldehyde) (16). 

Thus far, however, like the diesels examined in this report, 
the methanol engines have not shown clear environmental 
advantages after use of catalysts when formaldehyde is also 
considered. This is partly the result of the use of catalysts 
adapted to gasoline. To illustrate, with a platinum catalyst 
designed for gasoline vehicles, a Ford FFV had very similar 
catalyst-out average emissions of hydrocarbons, CO, and NOx 
over 100,000 mi of simulated use when operated on gasoline 
and on M85 methanol, but it emitted over three times as much 
formaldehyde on methanol (16). Note the slight relative 
improvement of formaldehyde emissions with use of a catalyst 
compared with the tests described in the previous paragraph. 
The similar average lifetime emissions were due to lower pol
lutant conversion efficiencies of the gasoline-vehicle catalyst 
when it was used on a methanol-fueled vehicle. Ideally, after 
catalyst development and refinement, light-duty methanol 
engines will show the same advantages downstream of the 
catalyst as in the engine-out measurements. In view of the 
apparent increase of some engine-out emissions when heavy
duty CI engines are converted to methanol, the challenge for 
catalyst technology will be greater. 

The development and refinement of catalysts, methanol 
ignition systems, and air-fuel control systems could result in 
much more complete and reliable combustion of methanol on 
cold starts. Such advances could make possible the attainment 
of levels of hydrocarbons and CO promised in the engine-out 
emissions in light-duty engines and the control of formalde
hyde to acceptable levels. McCabe et al. (16) showed that the 
highest rates of formaldehyde emission occurred in the first 
60 sec and that the platinum catalyst did not significantly 
reduce these emissions until after this time. This implies that 
catalyst warming could be very effective. 

Natural gas is also being evaluated as an alternative fuel 
for buses by New York City (8). The substitution of natural 
gas engines for diesel engines is in this case a light-duty, spark
ignited, natural gas engine for a more powerful, heavy-duty, 
CI, DDC diesel with a much higher compression ratio. The 
e:nission tests conducted so far indicate that the natural gas 
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engine, when in good operating condition, can reduce hydro
carbons, CO, NOx, and particulates. However, the problem 
of ensuring precise control of the air-fuel ratio must be met 
if these emission reductions are to be ensured (columns 10 
and 11, Table 2). The engine tested (column 10) emitted far 
greater amounts of CO and hydrocarbons than diesel engines 
when, after about 6,000 mi of service, the air-fuel control 
system allowed the mixture to become overrich (8). 

The use of a light-duty natural gas engine in buses raises 
the question of whether the ultimate solution should involve 
substituting a lower-compression-ratio, spark-ignited metha
nol engine for the current high-compression-ratio, CI, diesel
fueled engines. Nishida (13) raised the issue of the desirability 
of a new basic engine for the methanol engine that should 
replace Komatsu diesels, and Gray and Alson (22) have argued 
that the ideal light-duty methanol engine will be considerably 
different from today's light-duty gasoline engine. 

CONCLUSION 

If no diesel buses are available to meet the 1991 heavy-duty 
bus emissions standard, it appears that methanol buses could 
be selectively introduced on certain routes to reduce most 
emissions, as long as catalyst performance was carefully mon
itored and catalyst replacement was provided as necessary. 
However, the evidence does not support a conclusion that 
methanol buses will be environmentally superior to old diesel 
buses in the places where bus service is most important, the 
congested central business districts of major U .S. cities. It is 
even less certain that they would be environmentally superior 
in the aggregate to new diesel buses, even if those new diesel 
buses did not meet the 1991 particulate emissions standard. 
These are weak inferences at best, because they are not sup
ported by air-quality monitoring and health cost and benefit 
calculations. Nevertheless, the relatively high CO, hydrocar
bon, and formaldehyde emissions of methanol buses at idle 
(a more common condition for buses than for any other vehi
cle) suggest that great caution should be exercised before the 
complete substitution of methanol buses for diesel buses in 
U.S. transit systems is promoted. 

As for natural gas, the amount of emissions test information 
is relatively scanty and is not nearly so detailed as for meth
anol. Consequently, the authors cannot support the wide
spread introduction of natural-gas-fueled buses until emis
sions test information at least as detailed as that presented 
here becomes available. At this time, the interpretation of 
the evidence here is that it would be premature to adopt 
regulations designed to force the complete introduction of 
alternative fuels into the transit industry on the basis of a 
presumption of subsequent improvements in overall environ
mental quality. 

Lest this position be misinterpreted, the authors' concern 
is primarily that adequate research, development, and clear 
demonstration of the technical viability and relative emissions 
superiority of alternative fuels be conducted before wide
spread (i.e., greater than 20 percent of new vehicle sales) 
introduction of these fuels for environmental reasons is pro
moted. Either by starting slowly or by thorough advance proof 
of the technology, the introduction of such fuels will be smoother 
and more commercially successful, and the possibility of a 
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widespread consumer or political backlash to unsuccessful 
technology will be minimized. As the prior section should 
illustrate, the specific bus comparisons made here should not 
be interpreted as a broad criticism of the potential environ
mental benefits of alternative fuels in general or methanol in 
particular. 
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