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ABSTRACI' 

'!his paper investigates the cost-effectiveness of three strategies for 

reducll¥.1 particulate am sulfur-oxide anissions frcm diesel transit 

buses. '1he strategies, in o%der of incz:easll¥.1 effectiveness, involve 

low--a:ranatic fuel, particulate traps, am. methanol fuel. All three are 

evaluated umer optimistic assunptions. '1bree alternate .imioes of 

emissions are considered: one eqnaJ to total particulates (includirg 

those fonned in the a1::Joosphere frcm emitted sulfur dioxide) : one based an 

California •s ambient air-quality stamaros: am one based an statistically 

estimated effects an m:>rtal.ity. At the fuel prices considered m:,st 

likely, methanol is far nm:e costly than other strategies per unit 

reduction in total particulates: but this disadvantage is greatly reduced 

using the other irdioes. In addition, methanol achieves the greatest 

absolute emissions reduction. With the nmtal.ity-based irxlex, the 

incremental. cost of the methanol strategy aver particulate traps in the 

Ios Angeles basin o::mes to $1.6 million per incremental reduction in 

expected deaths. 

To be published in Transportation Research Record, 1988. This work is 
supported by a grant fromThe John Randolph Haynes and Dora Haynes 
Fotm.dation. The author is grateful to Jane t.t>rrison for research assistance, 
and to the following people for helpful comments: Stephenie Frederick, 
Charles Lave, Jane t.t>rrison, Dan Santini, and four anonymous referees. 
However, responsibility for the results and opinions expressed lies solely 
with the author • 
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REIXJCING TRANSIT-BUS EMISSIONS: 
<XMPARATIVE COSTS AND BENEFI'IS OF MEIHANOL, 

PARI'IaJIATE TRAPS, AND FUEL M::>DIFICATION 

'IWo recent directions in tx>licy toward air tx>llution and ene?:gy have 

c.ambined to focus attention on w:ban transit buses. First, new federal 

emissions standards for diesel-powered vehicles are especially strict for 

transit buses, and will probably force early decisions on technologies 

with substantial startup costs. Second, a broad interest in methanol as a 

motor fuel brings attention to transit buses as a test case and !X)SSible 

starting !X)int for methanol conversion: reasons include easily regulated 

public agencies; central fueling facilities; high current emissions of 

particulates and sulfur oxides (two of the most well established health 

hazards); and emissions at street level in places with high population 

exposures. 

An earlier study (l) found evidence that reducing the number of deaths 

from cancer associated with particulates and sulfates may by itself 

justify the likely costs of converting transit buses in the IDs Angeles 

air basin to methanol, even starting from the low-sulfur diesel fuel now 

required there. SUlfate reduction accounted for about two-thiros of the 

estimated benefits. 

However, one nrust also consider alternative means of reducing diesel 

emissions such as cleaner fuel and trap-oxidizers (also known as 

particulate traps) • Weaver et al. (~) review these and other 

technologies, and carrpare the costs of reducing particulates by various 

methods assuming successful technological development. several findings 

are noteworthy. 

First, they find that lowering the sulfur content of diesel fuel to 

that now required in SOUthem California (0. 05 percent by weight, about 
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one-sixth the national average) more than pays for itself in :reduced 

engine wear and less frequent changes of lubricating oil; and that 

:refiners would find it to their advantage to simultaneously lower the 

fuel's aromatic content. (Aromatics are ccarp:,un::ls containing a benzene 

ring. ) As a bonus, all this would reduce emissions of sulfur oxides, 

particulates, hydrocarbons, and nitrogen oxides. rihey also estimate that 

:refiners could lower aromatic content still further at a small extra 

oost. 'Ihese results are controversial and hard to :reconcile with the 

authors• expectation that, absent government regulation, diesel-fuel 

quality will deteriorate. Nevertheless, we will see that low-sulfur fuel 

is an attractive strategy even urrler nru.ch. more pessimistic assumptions. 

For these reasons, it seems best to include 0.05 percent sulfur fuel as 

part of a base case for analyzing any more ambitious strategies. 

Weaver et al. also find that once low-sulfur, low-aromatic fuel is 

adopted as a baseline, trap-oxidizers offer a cheaper means than methanol 

of removing additional particulates from the air. 'lhe cost estimates are 

$4. 71 and $10.34 per kilogram of particulates for two different trap 

designs, compared with $13. 03 for methanol urrler their most optimistic 

assumptions. 

In this paper, I further explore such cost-effectiveness cxm,parisons 

by introducing several variations and refinements to Weaver et al.'s 

analysis. First, as just noted, I adopt low-sulfur fuel as a baseline, 

but with less optimistic assumptions about engine wear and aromatic 

content. Second, I incorporate sulfur-oxide (~) emissions into the 

effectiveness measure, exploring the consequences of various estimates of 
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its noxiousness relative to that of particulates. '!him, I examine the 

incremental cost-effectiveness of using a methanol strategy to achieve 

reductions beyond those achieved by clean fuel arrljor particulate traps. 

Finally, I vary the price of methanol fuel. 'Ihe result is a confinnation 

of the promise of particulate traps, and a clearer delineation of the 

potential role of methanol. 

I adopt relatively optimistic assumptions throughout for :both 

particulate traps and methanol, assuming success of current efforts to 

overcame technological barriers. I also use data from the Ios Angeles air 

basin for many of the needed parameters, though the c:xxnparisons of 

pollution-control strategies should be representative of most U.S. urban 

areas. 

EFFECI'IVENESS MEASURES 

I consider three different methods of weigh.in] the damaging effects of 

particulates and sox. (Nitrogen oxides, or lIDx, are not considered 

due to their irore complex role in photochemical-oxidant fonnation.) The 

first is the measure of "total particulates" that Weaver et al. use in the 

findirgs discussed above; it incorporates the fact that SOx became 

particulates in the atrta;phere, a phenomenon they tenn "indirect 

particulates. 11 'Ihe second weighs each emission according to its 

contribution toward causing any of the ambient pollution standards to be 

reached in the air basin, a concept intrcrluced by Babcock (.J) • The third 

weighs them aocording to their relative contributions to irortality, using 

the statistical evidence of rave and his coworkers (i,.2). F.ach of these 

is discussed in the subsections that follow. 
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All these measures ignore distinctions among particulates of different 

sizes. It is l10v1 known that the m::>St damaging particulates are the 

smaller ones (.§). Indeed, california has :replaced its ambient particulate 

standard with one for particles of diameter 10 microns or less. Since 

diesel emissions are mainly in this size catego:ry, the severity of their 

effects is probably larger than impliai by the methods used here. '!his 

would make particulate traps :relatively more attractive campared to 

methanol. On the other hand, omission of methanol's ~ :reductions 

biases the results in the other direction (presuming that any local 

ozone-sea.verging benefits of~ are more than offset by its 

contribution to areawide smog). Both of these limitations can be overcome 

through further research. 

Total Particulates 

Total particulates are the result of both direct particulate emissions 

and atmospheric :reactions involving gaseous emissions. 'lbe sulfur in 

diesel fuel is emitted in oxygenated compounds known collectively as 

sulfur oxides (SC>x). A small portion of these emissions, mainly 

consisting of sulfuric acid droplets, belong to a catego:ry of particulates 

known as sulfates. The rest of the &>x emissions are sulfur dioxide 

(S02), a gas that reacts in the a'b.oosphere to fonn additional 

particulates of the sulfate class, including sulfuric acid and anunonium 

sulfate. Based on a'b.oospheric nmeling (1), the california Air Resources 

Board staff estimates that each gram of so2 emitted produces 1.2 grams 

of particulates in the atmosphere rn, pp. 60-63). Citing this estimate, 

Weaver et al. define: 

Total Particulates = P + so4 + 1.2(S02) 
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-where P , so4 , and so2 denote direct emissions of carlx:>naceous 

(i.e. non-sulfate) particulates, sulfates, and sulfur dioxide, 

respectively, from a transit bus. 

Severity Index 

'!his index is based on california' s ambient air quality standards, and 

is constructed somewhat analogously to the federal Pollutants standards 

Index, as descrilied in the U.S. Code of Federal Regulations (40 CFR Part 

58, Appernix G). The idea is s.inply to assume that all :relevant effects, 

such as health, visibility, and damage to plants and materials, have been 

incorporated in setting these standards. Hence the :relative severity of a 

pollutant is measured by the increase in ambient concentration, as a 

fraction of the :relevant standard, that it causes. Computing this 

requires not only knowledge of the standard, but a model of the 

:relationship between emissions and ambient concentrations. 

'!hat :relationship is carrg;>licated by the facts that ambient standards 

are set for both sulfates and so2, and that the latter consists of two 

joint standards, one with particulates and one with~- The latter is 

ignored here; but the joint standard for so2 and particulates, based on 

a well-established synergism (.2, p. 16), is acx:xrunted for in the same way 

as in the Pollutants standards Index: by assmning that the standard 

establishes a degree of severity for the product of the two 

concentrations. 

The specific assumptions are: 

(i) Ambient concentrations of total suspended particulates are 

proportional to the "total particulate" emissions as defined in the 

previous subsection (except that, for s.inplicity, I ignore here the slight 
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difference between the two carponents of SOx) : 

~=<\hp 

Etp = ~ + l.2Esox 

Esox = Eso4 + Eao2 

where~ is ambient particulate ooncentration and E designates total 

emissions of a pollutant throughout the air basin. 

(2) 

(3) 

(4) 

(ii) Ambient ooncentrations of sulfates and of so2 are each 

proportional to 00,c emissions, with different proportionality constants: 

Cso4 = ~Esox 
Cso2 = clao2Esox • 

(5) 

(6) 

(iii) 'lhe damage from an ambient concentration pertaining to a given 

standard is proportional to the ratio of the ooncentration to the 

standard, for each of the following three standards: c;, c804 , and 

~ 2 , the latter being the product of the particulate concentration and 

the so2 ooncentration that together define the standard. Furthermore, 

the damages from these three ratios are additive, and the amount of damage 

that occurs when any of the three standards is reached is the same. 

Denoting damage by D and a proportionality constant by b, this irrplies 

that: 

(7) 

By substituting equations (2)-(6) into (7), we can calculate the 

relative severities of the two types of emissions (particulates and SOx) 
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as the partial derivatives of D with respect to~ and Esox. 

Dividing by b, denoting the results by I\> and Dsox, and using 

(2), (5), and (6) to eliminate the proportionality constants, we have: 

(8) 

(9) 

'lhe three standards are those applying to Califomia in July 1983, 

just prior to the new fine-particle standard. In all three cases the 

averaging pericxi is 24 hours (when there is more than one standard for the 

same pollutant, I use only the 24-hour average). Ambient concentrations 

are taken to be the highest 24-hour average observed at the davm.town IDs 

Angeles monitoring station during 1985. Emissions are those estimated for 

the South coast Air Quality Management District, which includes IDs 

Angeles and Orange Counties, plus those parts of San Bernanlino and 

Riverside Counties that are geographically part of the basin; 

unforhmately, emissions data are for 1983, since 1985 estimates are not 

yet available. 

Table 1 lists the data. Note that neither of the standards involving 

sulfur was violated, though they were violated at monitoring stations 

further inland. Hence the proportionality assumption (ii), which ilnplies 

that a given increase in concentration is just as damaging whether or not 

any particular threshold has been reached, is important. '!his assurrption 

is supported by several lines of evidence. First, most epidemiological 
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studies have failed to firrl thresh.olds (e.g. J, p. 51), though some 

possible evidence is noted by Lipfert (13, p. 208). Second, beliefs in 

thresholds have failed to hold up urrler scnrt:iny by four separate panels 

of the National Academies of Sciences and Engineering for four separate 

pollutants (.li, pp. 6, 190, 366-7, 400). Third, even if thresholds exist 

for individuals, averaging over time, space, and people with varying 

sensitivities will tend to remove the thresh.old effects from aggregate 

population responses. See (15, pp. 111-112) for further discussion. 

'Ihe resulting values are Dp = .0104 and Dsox = .0310 , with 

ratio Dsox/Dp = 2. 97. Hence we define 

Severity Index = P + 2. 97 (SOx) 

Mortality Index 

(10) 

'lhe statistical work reviewed in (1) finds that particulate and 

sulfate concentrations affect mortality across U.S. metropolitan areas. 

'Ihe results are measured as elasticities of .0119 and .0500, 

respectively. Particulate concentration is assumed proportional to 

carl:x:maceous particulate emissions, and sulfate concentration to sox 

emissions. Hence the proportional rise in mortality Ll?VM caused by bus 

emissions P and (SOx) is: 

A?VM = .0119x[Pfip] + .0500( (SOx)fEsoxJ • 

Total emissions E in the air basin are again taken from the last two 

rows of Table 1, resulting in 

ll r,vM = 54.4xl0-12 [P + 17.0(SOx)] • 
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Hence I define: 

Mortality Index = P + 17. 0 (SOx) • (13) 

Note that all three of the indices are defined in units of kilograms of 

can:,onaceous particulate emissions. 

SCENARIOS 

Five scenarios, a baseline and four control strategies, are analyzed. 

F.ach is described in a subsection below. 'Ihe resulting parameters are 

smmnarized in Table 2. 

Baseline 

Weaver et al. (1) make a persuasive case that low-sulfur fuel similar 

to that already required in Southern California is an attractive measure 

for any area with an air-pollution problem. Using the U.S. Department of 

Energy's Refinery Evaluation Modeling System, a linear-programming model 

of refinery operations, they project the additional cost to be well within 

the 3 cent-per-gallon differential now observed between Southern 

California and other areas (2, p. 234). 'lhis projection allONS diesel 

fuel to be segrec:Jated from residual oil in the refining process, but it 

does not permit the sulfur content of residual oil to be increased; 

instead, the extra sulfur is recovered and sold. Because of this 

segrec:Jation, it becomes feasible (and, according to the model's results, 

even cheaper) to lower the aromatic content of the diesel fuel by about 8 

percentage points, providing possible side benefits of better cold 
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starting and lower emissions of particulates, hydrocarbons, and NOX. 

FU.rthenrore, recent laoorato:cy evidence suggests that lowering sulfur 

content would substantially reduce engine wear and associated maintenance 

requirements. Finally, the lower sulfur content improves the operation of 

particulate traps by pennitting catalytic oxidation of hydrocarbons 

without creating excessive sulfates (1, p. 236) • 

'llle findings on both engine wear and aromatic content are novel and 

await verification. But even without those advantages, desulfurization is 

an attractive control strategy because of its simplicity, ease of 

introduction, and applicability to all existing diesel vehicles. Hence, I 

assume that any area giving serious consideration to methanol would first 

adopt the .os percent sulfur st:amard for diesel fuel, and analyze all 

strategies relative to that. I do not assume either the reduction in 

aromatics or the increase in engine life suggested by Weaver et al. 's 

analysis, since those benefits have not yet been confinned. I do 

include, however, the reduced maintenance requirements that they 

estimate: an $8,000 engine ove:maul at 234,000 instead of 180,000 miles, 

plus a $35 oil change eve:cy 6,500 instead of eve:cy 5,000 miles. 

I assume that each bus runs 34,115 miles per year and lasts T=12 

years: this was the case for Southern California in 1984 (16), and is 

similar in other areas of the U.S. Following Weaver et al. , the baseline 

fuel economy is set at 3.81 miles per gallon. I also assume a real 

interest rate r of 8 percent per year compounded continuously; thus 

expenses occuring at t years are disrounted by the factor e -rt , and 

an initial capital expense is annualized by the capital-recove:cy factor 

r/ (1-e-rT) = 0.1296. 

10 



Virtually all sulfur in the fuel is emitted as same sulfur carrp:>U11d. 

According to Weaver et al. , about two percent of the sulfur ( atomic weight 

32) is emitted as sulfates, mainly H2so4 (atomic weight 98); the rest 

is emitted as sulfur dioxide (so2 , atomic weight 64). With fuel 

weighin:J 3.249 kg/gal arrl containing 0.05 percent sulfur by weight, a bus 

burning one gallon every 3.81 miles therefore emits 0.026 g/mi sulfates 

arrl .836 g/mi S02-

Emissions of carbonaceous particulates, in contrast, depend greatly on 

engine design, fuel, age, maintenance i;x,licies, arrl method of 

measurement. '!he most appropriate data for our purposes are from buses in 

actual use, tested with the Envirnamental Protection Agercy (EPA) 's 

transient bus cycle. 'lhree buses measured in this way by the southwest 

Research Institute had particulate emissions averaging 6.24 g/mi (17, 

Table 12) • SUbtracting o .16 g/mi of sulfates ( obtained by the same method 

as above but for fuel with 0.3 percent sulfur), we have carbonaceous 

particulate emissions of 6.08 gjmi. 

I.ow-Aromatic Fuel 

As already noted, Weaver et al. find that same reduction in aromatics, 

to 20.3 percent, would occur as a byproduct of producing low-sulfur fuel. 

'!hey also analyze a fuel in which aromatics are lowered still further, to 

17 percent, finding that this adds only 0.3 cents per gallon to the cost. 

Extrapolating linearly to estimate the cost of reducing aromatic content 

from our baseline value of 28. 7 percent to 17. 0 percent yields 1.1 cents 

per gallon as the extra cost of this low-aromatic fuel. Refiners surveyed 

by the califomia Air Resources Board rn, pp. 74-79) were more 

pessimistic, but the basis for their estimates arrl their assumptions about 

sulfur requirements are unclear. 
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other properties of low-aromatic fuel are taken directly from Weaver 

et al. No change in engine life or maintenance is attributed to the 

aromatics reduction. FUel economy tends to be lower during steady 

operations but higher during wann-up, so is assumed unchanged on average. 

carbonaceous particulate emissions are reduced 30 percent, based on engine 

tests (18). 

Particulate Traps 

Weaver et al. analyze two types of traps now under development: 

ceramic monolith and wire mesh. Although the ultimate comparative 

advantages of these and other types are still in doubt, Weaver et al. find 

the ceramic monolith to be both cheaper and more effective. I therefore 

adopt their estimates for the ceramic monolith with a catalytic 

afterburner (pennitted by the low-sulfur fuel) as representing a 

realistically optimistic strategy. 

'lhese estimates are: $1,100 capital cost; $350 maintenance cost every 

45,500 miles; 3 percent degradation of fuel economy; 85 percent reduction 

in cartx:>naceous particulates from the trap, and an mispecified reduction 

from the aftert:>umer which I take to be an additional 5 percent; and a 4 

percentage-point rise in the portion of sulfur emitted as sulfates, caused 

by oxidation of so2 in the afterburner. 

I.ow-Aromatic Fuel and Particulate Traps 

'Ibis scenarios combines the extra cost of low-aromatic fuel with the 

extra vehicle costs and fuel-economy penalty of the particulate traps. I 

use Weaver et al. 's estimate of a 95 percent reduction in carbonaceous 

particulates. 
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Methanol 

In this scenario, buses use methanol fuel either by retrofitting 

during engine overhaul or by purchasing new buses designed for methanol. 

'lhe extra cost for a new bus has been estimated at $6,000-$7,000 by 

General Motors, assuming regular production (19, p.125) • Of course, 

further refinement of the technology may reduce this differential. I use 

Weaver et al.'s "optimistic" estimate of $5200. 

'lhe effects on engine life, routine maintenance, and engine-overhaul 

frequency are not yet known due to the brevity of field tests of 

methanol-powered buses. However, there is good reason to fear that 

methanol's corrosiveness will cause at least as much piston wear and 

lubricating-oil degradation as current high-sulfur fuel. 'Ihis is what 

Weaver et al. adopt as their optimistic case: with the assumptions 

outlined in the baseline scenario, this adds $582 per year to the 

annualized cost of upkeep. 

I adopt Weaver et al. 's "optimistic" fuel economy of 1. 81 miles per 

gallon of methanol. Since methanol's energy content is about 45 percent 

of that of diesel fuel, this is equivalent to assuming that a methanol 

engine is about 7 percent more efficient than a diesel engine - a figure 

probably at the optimistic end of the range of reasonable claims. As for 

emissions, I adopt Weaver et al. 's optimistic estimate of a 95 percent 

reduction in carbonaceous particulates: sulfur oxides are entirely 

eliminated. 

Fuel Prices 

'lhe comparisons to be made here are very sensitive to the price 

differential between diesel and methanol fuel. Since world markets are in 
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flux, this differential is quite uncertain and its effects on the 

cost-effectiveness comparisons are explored later. In this section, 

however, it is useful to have a single price for each scenario. 

'Ihe price of mnnber 2 diesel fuel delivered directly by refiners to 

large end users has varied widely, rar¥3ing between 40 and 86 cents per 

gallon in 1985-87, and was in the neighbo:rhood of 55 cents for most of 

1987 (20, Table 9. 7). '!he future price will probably show a loncJ-tenn 

upward trend as petrolemn becomes scarcer. Hence a reasonable price for 

scenarios with 12-year time horizons is somewhat above the midpoint of the 

40-86 cent rar¥3e. I take it to be 75 cents and add 3 cents for 

desulfurization. 

For methanol, the market is even more uncertain. 'Ihe indust:ry is 

currently depressed, with a lot of excess capacity. Chemical-grade 

methanol has recently been purchased for California fleets at delivered 

pric.es of 55-60 cents per gallon. A significant increase in demand would 

help relieve the excess capacity and could force the market up a rising 

short-nm supply curve; along with a general upward trend in world energy 

pric.es, this would tend to raise the price of methanol. On the other 

hand, economies of scale in transportation (which aoeotmts for a 

substantial portion of the delivered price) and the marketing of a 

lower-purity fuel-grade product would have the opposite effect. Hence for 

the optimistic scenario, I adopt a price equal to the lower end of the 

recent range, 55 cents per gallon. Note that when energy content is 

corrected for, this is $1.22 for the arnotm.t of energy contained in one 

gallon of diesel fuel; hence the price differential assumed here is ($1. 22 

- $0. 78) = $0.44 per diesel-equivalent gallon. 
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Cost-Effectiveness 

Table 3 shows the extra cost, c:x:mq;,ared to the baseline scenario, of 

each of the four control strategies un:ier the above assunptions. It also 

shows, for each of the three alten"la.te effectiveness measures, the 

percentage reduction in that measure and the cost per unit of reduction, 

labeled "cost-effectiveness." Recall that on each index, a change of one 

unit produces pollution damage equivalent to one kilogram of particulates; 

hence we may think of the indices as being in units of 

"particulate-equivalent kilograms. 11 

'Ihese cc::m-parisons verify at least two of Weaver et al.'s findings. 

First, lowering the aromatic content of fuel is the most cost-effective 

way to achieve relatively small pollution reductions, even starting with 

low-sulfur fuel as a baseline. '!his is true for all three measures, 

despite my pessimistic assumptions about the cost of reducing aromatics. 

However, this strategy does not achieve a very high degree of control, 

especially when sulfur oxides are given high weight. 

Second, particulate traps achieve pollution reductions at lower unit 

cost than methanol. Again, this is true using any of the three measures. 

Using Weaver et al. 's total-particulates measure, for exarrg;:,le, particulate 

traps cost $3.63 per kilogram removed, whereas methanol conversion costs 

nearly $20. By way of comparison, the california Air Resources Board 

estimates the cost of reducing emissions of fine particulates from 

industrial boilers and oil-fired utility boilers at $1.59 - $2.67/kg (.§, 

pp. 89-90). 

Nevertheless, the use of weights reflecting the damaging potential of 
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sulfur emissions substantially reduces the cost disadvantage of methanol 

relative to other strategies. For example, the mortality index is reduced 

at a cost of $3. 95/kg by particulate traps, or $6. 65/kg by methanol. 

Incremental Cost-Effectiveness 

No matter which effectiveness measure is used, control stringency and 

cost-effectiveness both increase as we move to the right in Table 3. To 

determine whether the more stringent strategies are justified, we ll'O.lSt 

look at the incremental cost of achieving a higher degree of stringency, 

and compare that with the social benefit of further control or with the 

cost of making the same reduction fran other sourc.es. 

'lll.e rows labeled "incremental cost-effectiveness" show, for each 

strategy, the per-unit cost of reducing an emissions index below its value 

for the next most stringent strategy. 'Ihese figures portray the classic 

rising marginal control cost as portrayed in the staroa:rd economic theory 

of pollution control (21, p. 89) • '!here is one exception: using the 

mortality index, the per-mrl.t incremental cost of adding fuel mcxlification 

to a particulate-trap strategy is higher than that of going to methanol 

(which is $7. 53/kg relative to particulate traps alone, not shown in the 

table). 

Using total particulates or the severity index as measures, the 

additional reduction involved in going from particulate traps (with or 

without low-aromatic fuel) to methanol comes at a markedly higher cost 

than previous reductions. With the mortality index, however, the figures 

portray a modest upward progression from fuel mcxlification to particulate 

traps to methanol. '!he incremental cost of reducing the mortality index 

from 76 percent of the baseline value to 1.5 percent of the baseline value 

by means of methanol conversion is about $7. 50 per kilogram. only $2. 20 

more than the incremental cost of particulate traps themselves. 
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Cost-Effectiveness of Mortalit;y Reduction 

Because the mortality index is derived from estimates of reduced 

mortality, its results can be restated directly in tenns of reduced risk 

of death to residents of the air basin. Multiplyirg equation (12) by the 

IDs Angeles air basin's annual mortality rate of 8025 per million, and by 

its population of 10.62 million, gives the change in expected annual 

deaths due to a unit change in the index. 'llle result, 4.64xl0.;..6 , is 

used to compute the last two rows of Table 3. (Because the combination of 

particulate traps and fuel modification does not appear promisirg usirg 

this index, it is omitted as a control strategy in these two rows.) The 

reduction in expected mortality from cx>ntrollirg a sirgle bus is 

multiplied by 4432, the number of buses operating (16), in order to 

express it as the reduction in expected annual deaths in the air basin. 

For example, converting the entire fleet to methanol would reduce deaths 

in the basin by an expected 14.33 per year. 

These numbers enable us to assess the value that one would have to 

place on a small reduction AP in an average person's annual risk of 

dying in order to justify each increasing degree of cx:>ntrol stringency for 

transit buses. This value, divided by AP , is called the ''value of 

life," somewhat misleadirgly because it is not the annmt that a person 

would pay to avoid certain death (1, 22). Freeman (n, p. 39) calls it 

the ''value of statistical life." Table 3 implies that fuel modification 

is worthwhile if the value of statistical life is between $340,000 and 

$1.14 million: that particulate traps are warranted if the value of life 

is between $1.14 million and $1. 62 million: and that methanol conversion 

is warranted at values above that. 

By way of comparison, recent studies of labor markets carefully 

reviewed by Kahn (24) suggest that workers in the U.S. are willirg to 
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forego about $800 per year in order to reduce their risk of fatal injury 

by 1 in 10, 000 per year. '!his implies a value of statistical life of $8 

million. 'Ibis value of statistical life would amply justify the most 

stringent control strategy considered here. namely methanol. Another way 

to view this number is to multiply it by 4.64x10-6, the estimate derived 

above of change in expected deaths per kilogram of particulates removed, 

to obtain a social value of particulate reduction of $37 /kg. '!he 

corresponding value for SOx is $630/kg. 

At the more conservative $2 million value of statistical life 

recammended by Viscusi (2.2, p. 106) , methanol is still justified if the 

estimated costs am mortality reductions are correct. It must be 

remembered, moreover, that these figures include only particulates am 

sox; that they include mortality but not sickness, materials damage, 

impaired visibility, or other adverse effects; am that they ignore the 

higher population exposures caused by transit buses' p:roximity to crowds 

of people. Hence the overall effectiveness of the control strategies may 

be substantially higher than accomrt:ed for here. 

Effect of Methanol-Diesel Price Differential 

'!he cost of the methanol strategy presented here is dominated by its 

higher fuel cost. At the prices assumed, methanol costs 56 percent more 

than diesel for the same amount of energy. Even with a more efficient 

engine, this leads to an extra fuel cost of $3,382 per year per bus, 

nearly three times as large as the annualized extra vehicle cost. Hence, 

any comparison between strategies is sensitive to these ver.y uncertain 

fuel prices. 

Table 4 presents just the comparison between particulate traps am 

methanol, but with the methanol-diesel price differential ranging from 

zero to $1. 11 per amount of energy contained in a gallon of diesel fuel. 
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A zero price differential CX>Ul.d occur, for example, if methanol CX>Ul.d be 

made from coal at 71 cents per gallon as estimated by Gray and Alson (19, 

p. 27), and if diesel-fuel prices were to rise to $1.29 per gallon, about 

30 percent above their 1981 level. 

If the ene:tgy-eguivalent price differential were to fall to zero, 

particulate traps would become a distinctly less favorable strategy 

because methanol cxmversion would egµa1 or dominate it on all three 

effectiveness measures. Even at the highest methanol price shown, 

methanol's cost per wtlt reduction in the mortality irrlex is a moderate 

$15/kg, well below the social value of $37 estimated above. (Methanol's 

incremental cost-effectiveness relative to particulate traps, not shown on 

the table, is $18/kg at that price.) Hence a strong case can be made for 

methanol even at this substantially higher price if one believes mortality 

reduction to be worth the amount suggested by the discussion above. 

'!he IDw-SUlfur Baseline 

'!his same methodology can be used to check the internal consistency of 

~ argmnent that low-sulfur fuel is a sensible baseline scenario. As 

discussed earlier, a pessimistic estimate of the cost of reducing sulfur 

content from the current national average of 0.29 percent (~, p. 232) to 

0.05 percent is only 3 cents per gallon. Making no allowances for 

offsetting savings in maintenance or engine life, this strategy still 

costs only $269 per year per bus; whereas it reduces annual emissions of 

so4 and so2 by 4.3 arrl 136.9 kg per bus. '!his produces very favorable 

cost-effectiveness values: $1.59 for total particulates, $0.64 for the 

severity index, and an astonishing $0.11 for the mortality index. '!he 

latter implies a cost of only $24,000 per statistical life "saved." Even 
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using the total-particulate measure, which assigns no m:>re damage to 

sulfates than to any other particulate matter, the low-sulfur fuel has a 

cost-effectiveness as good as any of the strategies considered in the rest 

of this paper, and better than particulate traps or methanol. 

'lhere can be little doubt that reducing sulfur content of diesel fuel 

at least to 0.05 percent is a sourrl first step for control of particulates 

and sulfur compounds. 'Ihe case is so strong as to inunediately suggest the 

need to carefully estimate the cost of reducing it even further: such a 

strategy might turn out to be m:>re cost-effective than any of the 

strategies considered here. An:i as note:l earlier, it has the additional 

advantages of simplicity, ease of introduction, and applicability to 

existing vehicles. 

CONCWSION 

'!he comparison of strategies for reducing diesel emissions depends 

critically on the weight placed on sulfur oxides relative to camonaceous 

particulates. Accounting for particulates only, even including those 

produced indirectly in the a'bnosphere from gaseous emissions, methanol 

appears a far m:>re costly strategy than either lOW'-aramatic fuel or 

particulate traps. No seriously prop:,sed estimate of benefits would 

justify the incremental cost of $108/kg entailed in going from particulate 

traps to methanol. Only if methanol prices drop nearly to par with diesel 

would particulate :reduction alone justify a methanol strategy, assmning a 

particulate-trap strategy is feasible. 

Taking sulfur into account, however, the picture changes. '!he 

incremental cost of using methanol to reduce noxious emissions by the 
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equivalent of one kilcx_;Jralll of particulates is either $43 or $7.50, 

depending on which of two estimates of sulfur's noxiousness one believes. 

'Ihe latter is well within the range that could justify a methanol 

strategy. Furthennore, if methanol's price were to drop to the same as 

diesel on an enei:gy-equivalent basis, its cost-effectiveness would become 

more favorable than particulate traps using either measure, and would 

achieve a higher degree of control as well. 

lowering the aromatic content of diesel fuel has promise for achieving 

modest reductions in particulates. '!his is especially important because 

of the possibility of immediate application to the entire vehicle fleet, 

without waiting for old vehicles to be replaced; and because it can also 

be applied to trucks without disrupting fueling arrangements or incurring 

administrative costs. However, the estimates used here of the cost and 

effectiveness of latvering aromatic content need confinnation. It would 

also be worthwhile to investigate the cost of reducing sulfur content even 

below Southeni Califonri.a's limit of 0.05 percent. 

'Ihese results give considerable support to both particulate traps and 

methanol as possible strategies. 'Ihe promise of each warrants further 

development of the haro.ware and further refinements in assessing the 

benefits. 'Ihe wide range of possible outcomes in such an assessment 

supports the adoption of emissions regulations that are flexible enough to 

pennit either strategy to emerge as the ''winner" as more evidence 

aCCl.URUlates. 
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Concentrations: 

Particulate (p) 

SUlfate ( so4) 

Partic. am 
S02 (pso2) 

Emissions: 

Particulates (p) 

SUlfur Oxides (s) 

<¾3ou:rces: 

Table 1. IBta for Severity Ind.ex'3-

standard Actual 
(c) (C) 

100,4fg/m3 208,Mgjm3 

25 )fg/m3 20}'gjm3 

(100 ,Mg/m3) (208 )lg/m3 ) 
x(.050 ppm) x(.021 ppm) 

(E) 

218.6 xio6 kg/year 

54.1 xio6 kg/year 

standards: (l.Q), pp. 14, 44. 
Concentrations: (11), pp. 42,45,41. 
Emissions: (12), p. 17. 

Ratio 
(C/C) 

2.08 

0.80 

0.874 



Table 2. Assumptions 

Annual Mileage 
Bus Life (years) 

34,115 
12 

Baseline 

Extra Vehicle Cost: 
Capital ($) 
Maint. ( $/yr) 

Fuel Quality: 
% Sulfur 
% Aromatics 

Fuel Economy (mi/gal) 
Fuel Price ($/gal) 

Emissions (g/mi): 
Carbon. Partic. 
S04 
S02 

0 
0 

0.05 
28.70 

3.81 
0.78 

6.080 
0.026 
0.836 

Fuel 
Mod. 

0 
0 

0.05 
17.00 

3.81 
0.791 

4.256 
0.026 
0.836 

Real Interest Rate 
Capital Recovery Fct 

8.0% 
0.1296 

Partic. Fuel Mod. Methanol 
Traps & Partic. 

1,100 
315 

0.05 
28.70 

3.70 
0.78 

0.608 
0.080 
0.809 

Traps 

1,100 
315 

0.05 
17.00 

3.70 
0.791 

0.304 
0.080 
0.809 

5,200 
582 

o.oo 
NA 

1.81 
0.55 

0.304 
0.000 
0.000 



Table 3. Results of Three Cost-Effectiveness Measures 

Fuel Partic. Fuel Mod. Methanol 
Mod. Traps & Partic. 

Traps 

Cost Increase Per Bus ($/yr): 98 674 776 4,638 

Total Particulates: 
Emissions Reduction 25.7% 76.7% 80.9% 95.7% 
Cost-Effectiveness ($/kg) 1.58 3.63 3.95 19.98 
Iner. Cost-Effectvns ($/kg) 1.58 4.65 9.79 107.70 

Severity Index: 
Emissions Reduction 21.1% 62.4% 65.9% 96.5% 
Cost-Effectiveness (a) 1.58 3.67 3.99 16.31 
Iner. Cost-Effectvns (a) 1.58 4.73 9.79 42.86 

Mortality Index: 
Emissions Reduction 8.8% 24.1% 25.6% 98.5% 
Cost-Effectiveness (a) 1.58 3.95 4.28 6.65 
Iner. Cost-Effectvns (a) 1.58 5.30 9.79 7.49 

Expected Mortality Re-
duction (deaths/year) 1.28 3.51 14.33 

Iner. Cst-Eff. ($/10-6 dth) 0.34 1.14 1.62 

(a) Cost-Effectiveness is expressed in$ per unit reduction in the 
index, i.e. in$ per reduction in pollution that is equivalent 
(as measured by that index) to 1 kg particulates. 



Table 4. Effects of varying Methanol Price 

Partic. Methanol 
Traps 

---------- ------------------------
Methanol Price ($/gal) 0.35 0.55 0.85 
Meth.-Diesel Price Differnt'l 

($/diesel-equiv gal) -o.oo 0.44 1.11 

Cost-Effectiveness ($/kg): 
Total Particulates 3.63 3.74 19.98 44.33 
Severity Index 3.67 3.05 16.31 36.19 
Mortality Index 3.95 1.25 6.65 14.77 

(a) Cost-Effectiveness is expressed in$ per unit reduction in the 
index, i.e. in$ per reduction in pollution that is equivalent 
(as measured by that index) to 1 kg particulates. 




