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ABSTRACT

The cost-effectiveness ratio (CER) is a measure of the monetary value of resources expended to obtain
reductions in emissions of air pollutants. Properly used, the CER can lead to selection of the most effective
sequence of pollution reduction options. Derived with different methodologies and technical assumptions, CER
estimates for alternative fuel vehicles (AFVs) have varied widely among previous studies. In one of several
explanations of CER differences, this report uses a consistent basis for fuel price to re-estimate CERs for
AFVs in reduction of emissions of criteria pollutants, toxics, and greenhouse gases. The re-estimated CERs
for a given fuel type have considerable differences due to non-fuel costs and emissions reductions, but the
CERs do provide an ordinal sense of cost-effectiveness. The category with CER less than $5,000 per ton
includes compressed natural gas and liquified petroleum gas vehicles; and E85 flexible-fueled vehicles (with
fuel mixture of 85 percent cellulose-derived ethanol in gasoling). The E85 system would be much less
attractive if corn-derived ethanol were used. Furthermore, the CER for E85 (corn-derived) is higher with
higher values placed on the reduction of greenhouse gas emissions. CER estimates are relative to conventional
vehicles fueled with Phase 1 California reformulated gasoline (RFG). The California Phase 2 REG program
will be implemented before significant market penetration by AFVs. CERs could be substantially greater if
they are calculated incremental to the Phase 2 RFG program. Regression analysis suggests that different
assumptions across studies can sometimes have predictable effects on the CER estimate of a particular AFV
type. However, the relative differences in cost and emissions reduction assumptions can be large, and the
effect of these differences on the CER estimate is often not predictable. Decomposition of CERs suggests that
methodological differences can make large contributions to CER differences among studies. Resolution of CER
differences could require the community of analysts and policy makers to establish methodological ground
rules and to agree on premises for determination of critically important technical characteristics such as vehicle
emissions profiles.







A COMPARISON OF ESTIMATES OF COST-EFFECTIVENESS
OF ALTERNATIVE FUELS AND VEHICLES FOR REDUCING EMISSIONS

1. INTRODUCTION

The development of alternative transportation fuels is driven by national concerns about growing
U.S. dependence on imported oil, declining urban air quality, and a negative U.S. trade balance (DOE,
. 1993/1994).

The transportation sector accounts for about two-thirds of total petroleum use and one-fourth of total
energy consumption in the U.S. There is nearly a one-to-one relationship between additional gasoline
consumption and increased use of imported oil by the U.S. At $60 billion per year, U.S. oil import
expenditures account for about 60 percent of the merchandise trade deficit. Displacing imported oil by
using domestically-produced alternative fuels (AFs) could reduce the trade deficit, create jobs, and
promote economic activity (Tierney, 1994). With regard to air quality concerns, motor vehicles are
responsible for about two-thirds of all carbon monoxide and at least one-third of all emissions of
hydrocarbons and nitrogen oxides. Hydrocarbons and nitrogen oxides react to form ozone, an ingredient
of urban smog. Motor vehicles also emit about half of the nation’s toxic air pollutants (GAO, 1994).

Congress has enacted several laws to promote the use of AFs, including the Alternative Motor Fuels
Act of 1988, the Clean Air Act Amendments of 1990 (CAAA), and the Energy Policy Act of 1992
(EPACT). These statutes provide for regulatory, incentive and voluntary actions to increase the use of
AFs (Tierney, 1994). The alternative fuel vehicle (AFV) purchase requirements of affected vehicle fleets
under EPACT are summarized in Table 1 (DOE, 1993b). In Executive Order 12844 (April 21, 1993),
President Clinton directed federal agencies to exceed by 50 percent the EPACT requirements related to
federal purchase of AFVs. This would mean an additional 33,750 AFVs entering the federal fleet
between fiscal years 1993 and 1995. The Order also established the Federal Fleet Conversion Task Force
to develop and to recommend a coordinated public and private sector plan for accelerating the
commercialization and market acceptance of AFVs (Tierney, 1994). A chief recommendation of the Task
Force was the establishment of a presidential Clean Cities Program which seeks to involve federal, state,
local, and private interests in promoting AFs. This program aims to accelerate and expand the use of
AFVs in urban communities and to provide refueling and maintenance facilities for their operation. By
involving vehicle users, fuel suppliers and various levels of government, the program can more readily
address the barriers to construction of AFV refueling facilities and can enhance public awareness of °
AFVs. The Department of Energy hopes that 50 cities will be involved in the program by 1996 (GAO,
1994).



Several AFs can potentially replace gasoline and diesel fuel, the fuels most vehicles now use. These
AFs include electricity, alcohols, natural gas, and propane. AFs can be used in AFV configurations that
have different fuel flexibility, emissions, and costs. In the development of policies to promote AFs, cost-
effectiveness can be useful in identifying attractive AF/AFV configurations. With a properly used
measure of costs to obtain air quality improvements, the cost-effectiveness concept can lead to selection
of the most effective sequence of pollution reduction options. Derived with different methodologies and
technical assumptions (i.e., assumptions about emissions and costs for fuel, vehicle, and maintenance),
cost-effectiveness estimates have varied widely among previous studies. In one of several explanations
of cost-effectiveness differences, this report uses a consistent basis for fuel price to re-estimate cost-
effectiveness for fuels and AFVs in reduction of emissions of criteria pollutants (hydrocarbons,? nitrogen
oxides, and carbon monoxide), toxic air pollutants, and greenhouse gases.

The following section describes some of the alternative fuel and vehicle options. Section 3 discusses
key issues in the estimation of AFV cost-effectiveness, converts the cost-effectiveness results of other
studies into a comparable metric, and identifies the factors that contribute to differences in cost-
effectiveness estimates. Section 4 makes adjustments in the cost-effectiveness measure to account for the
benefits of greenhouse gas reduction in certain AFV systems. The cost-effectiveness of reformulated
gasoline and replacement fuel ("low petroleum gasoline") is discussed in Section 5. Recent emissions
test data are used to estimate cost-effectiveness for "best-designed” systems in Section 6. Section 7
compares the cost-effectiveness of AFVs and gasolines with other measures to control mobile source
emissions and presents key observations of this review.

In subsequent references, "hydrocarbons" will refer to reactivity-adjusted non-methane organic gases.
(NMOG = nonmethane hydrocarbons + carbonyls + alcohols).
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Table 1. Alternative fuel vehicle purchase requirements of affected vehicle fleets
under the Energy Policy Act of 1992

Year Number of Percent of AFVs
Federal AFVS | pederal State Fuel Municipal/

' Provider Private

1993 5,000 ‘

1994 7,500

1995 10,000

1996 25 10 30

1997 33 15 50

1998 50 25 70

1999 75 50 90 0-20

2000 75 75 90 0-20

2001 75 75 90 0-20

2002 75 75 90 20-30

2003 75 75 90 40

2004 57 75 90 50-60

2005 75 75 90 60-70

2006 75 75 90 70




2. ALTERNATIVE FUELS AND VEHICLES

Compared to conventional liquid transportation fuels, AFs have properties which are sufficiently
different to require major changes in physical infrastructure, industry practice, consumer behavior, or
regulatory conventions. Differences in AF properties may require minor to complete changes in engines,
fuel storage systems, refueling and fuel distribution systems, production technologies, and resource bases
(Interagency Commission on Alternative Motor Fuels, 1990). Potential near-term AFs include electricity,
methanol, ethanol, natural gas, and propane. AFVs can fall into several categories:

® Dedicated (ded) vehicles can operate on only one type of AF. Generally, dedicated vehicles have
superior emissions and performance because their design has been optimized for operation on only
one fuel.

* Dual-fueled (df) or bi-fueled vehicles can operate on two different fuels, typically one AF and one
conventional fuel, but not at the same time.?> Two separate fuel systems are required in dual-fueled
vehicles. These vehicles are advantageous for drivers who do not always have access to an AF
fueling station.

* Flexible-fueled vehicles (ffv) can operate on a varying mixture of two fuels, stored in a single tank.
Expensive fuel sensors and controllers are required in ffvs to identify and respond to the type of fuel
coming to the engine. As with df vehicles, ffvs are advantageous for drivers who do not always
have access to an AF (GAO, 1994; DOE, 1994b).

2.1 ELECTRICITY

Interest in electricity as an AF is high because of (1) the potential for improving energy security
and air quality, (2) a California mandate requiring automobile manufacturers to offer zero emission
vehicles (ZEVs) for sale beginning in 1998, and (3) the possibility that other states may adopt the
California ZEV mandate. Since the electricity generating source produces emissions, the actual air
quality benefits of electric vehicles (EVs) will vary (GAO, 1994). In an EV, gasoline and internal
combustion engine are replaced with battery and electric motor. In comparison to gasoline, batteries are
extremely poor energy storage devices, with low energy density. The battery’s reduced energy and
power account for reduced EV range, acceleration, and speed. On the other hand, electric motors are
light weight, efficient, small, quiet, contain few moving parts, are rated for continuous performance, and
can double or triple output for short periods, such as during passing (Henderson and Rusin, 1994).

Batteries are the most expensive items in an EV. Battery pack replacement could be required every
30,000 miles or three years. Each battery replacement could cost 15 to 20 percent of the original vehicle
cost. Some of the features for use of electricity as an alternative fuel are shown in Table 2 (DOE,
1994b).

2In recent DOE definitions, bi-fueled still refers to vehicles that can use either of two fuels, but not at
the same time. In the new definitions, dual-fueled vehicles are defined as those that have fuel tanks for
two separate fuels, but burn both fuels simultaneously.
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2.2 ALCOHOLS

The AFs which most closely resemble gasoline are methanol and ethanol. Both alcohols can be
combined with gasoline. Methanol has a higher octane rating than gasoline, which can result in greater
fuel efficiency with proper adjustment of the engine’s compression ratio. Methanol’s high heat of
vaporization results in lower peak flame temperatures than gasoline and lower emissions of nitrogen
oxides. Its greater tolerance to lean combustion (higher air-to-fuel equivalence ratio) results in generally
lower overall emissions and higher energy efficiency. Disadvantages include methanol’s lower energy
density (about half of gasoline’s), which reduces the range a vehicle can travel on an equivalent volume
of fuel. Current-technology vehicles using neat methanol (M 100) at temperatures below 45°F are difficult
to start because of methanol’s lower vapor pressure. M85, a mixture of 85 percent methanol and 15
percent gasoline, solves the cold start difficulties because of its gasoline component (NREL, 1992).
Methanol can be corrosive, and stainless steel is required in areas where wet fuel is in continuous contact
with metals. Conventional elastomers must be replaced by materials compatible with methanol. Ethanol
is less corrosive than methanol and has about 35 percent greater energy content, so that ethanol could
require less severe modifications to conventional vehicle designs (Interagency Commission on Alternative
Motor Fuels, 1990).

Tables 3 and 4 show some of the characteristics of alcohol-based AFs (DOE, 1994b). The
incremental costs of dedicated alcohol-based AFVs will be negligible. Dedicated alcohol vehicles do not
need a fuel sensor, the most expensive item required for fuel flexibility.

2.3 NATURAL GAS AND PROPANE

At normal temperatures, natural gas and propane have lower volumetric energy contents than liquid
fuels. Pressurized storage is needed to provide adequate driving range in vehicles that use natural gas
or propane. Because these fuels are used in closed systems, they can significantly reduce or eliminate
evaporative fuel emissions. Exhaust emissions, particularly hydrocarbons, could be lower for natural gas
and propane than for gasoline.

Natural gas can be used as compressed natural gas (CNG) or liquified natural gas (LNG). CNG
is stored on the vehicle in cylinders pressurized to 2,400 to 3,600 pounds per square inch (psi). Because
of CNG’s lower energy density, the size and weight of the storage cylinders make it difficult to store
enough fuel to provide a satisfactory driving range in light duty vehicles. LNG requires large, heavy,
insulated storage cylinders, and would be used in larger vehicles, such as long-haul trucks. Natural gas
is less expensive on a cost-per-mile basis, and there are substantial domestic reserves. Storage cylinders
are high cost items for CNG vehicles. Other items include high-pressure fuel lines and pressure
regulators. In the df configuration, gasoline fuel components and a fuel selection switch are needed.
Table 5 summarizes some of the characteristics of CNG and LNG fuels (DOE, 1994b).

Propane (liquified petroleum gas, LPG) is a by-product of natural gas production and petroleum
refining. Propane has greater driving range than CNG and often costs less than gasoline. The supply
of propane is limited, and its costs are sensitive to the demand for propane in building heating service.
Storage cylinders are high cost items for the LPG vehicle. Other items include vaporizers (or regulators)
and gas/air mixers. In the df configuration, gasoline fuel components and a fuel selection switch are
needed. Table 6 summarizes the characteristics of LPG transportation fuel (DOE, 1994b)




" Table 2. Electricity as an alternative fuel (DOE, 1994b) . "

Fuel description

¢ Onboard rechargeable batteries power an electric motor.

Domestic content
of fuel

¢ Over 95 percent.

Fueling ® Onboard charger. Full charging takes 4 to 8 hours.
Fuel availability | ® Home/business outlets. Special hookups may be required.
¢ Public charging networks under development in California.
Vehicle * Fleets with over 500 vehicles have operated for several years in California,
experience and Arizona, and local utilities.
availability ¢ Chrysler and Ford minivans available.
¢ Conversions available in larger metropolitan areas.
Operational ¢ 50 mile range with current technology.
performance ¢ Payload, range, and accessories limited by battery weight.

¢ More energy efficient than conventional fuels.
¢ Acceleration, speed equivalent to comparable conventional fuel system.

Maintenance and

* Battery pack replacement every 30,000 miles or three years.

reliability ¢ Low component wear, less maintenance.
¢ No tune-ups or oil changes.
¢ Tire replacement more frequent due to vehicle weight.
¢ Unsealed batteries need daily water check.
Safety ¢ Training needed to operate and maintain vehicles.
Costs ¢ Each battery replacement equals 15-20 percent or more of original vehicle

cost.

¢ New vans costs four to five times more than conventional van.

¢ Electricity likely to cost less than gasoline.

¢ Charging facility may require only minimal costs.

® Auto manufacturers, utilities, and converters may assist with technician
training.

¢ May need to purchase service and diagnostic equipment if access to
commercial electric vehicle maintenance facilities is not available.




Fuel description

. Table 3. Methanol as an alternative fuel (DOE, 1994b)

® QOdorless clear liquid, produced from natural gas, coal, or biomass. MS$5 is
for light-duty applications. M100-is for heavy duty applications now:; light
duty applications are under development.

Domestic content
of fuel

* At least 90 percent, depending on price.

Fueling ¢ Same as with gasoline or diesel fuel.

Fuel availability | ® Fueling stations are sparse, with increasing availability in California, New
York, Atlanta, Denver, Houston, Detroit and other locations.

® M100 available through bulk suppliers in most major cities.

Vehicle ® More than 15,000 ffvs are in operation.

experience and * Ford, Chrysler offer M85 flexible-fuel sedans.

availability ¢ Heavy-duty compression-ignition engines are available for M100 from
Detroit Diesel.

Operational ® Provides a little over half the driving range of comparable gasoline vehicle.

performance ® Power, acceleration, and payload are comparable to conventional fuel

system.

Maintenance and

e Use special lubricants with slight cost premium.

reliability ® Use M85-compatible replacement parts.
Safety ¢ Training needed to operate and maintain vehicles.
Costs * M85 fuel cost is about 1.5 times that of gasoline under current taxing

structure.
® M85 vehicle costs up to $250 greater than gasoline-fueled vehicle, due to
special fittings.




Fuel description

|| Table 4. Ethanol as an alternative fuel (DOE, 1994b) ll

® Liquid produced from grain or agricultural waste. E85 is for light-duty
applications, while E95 is for heavy-duty applications.

Domestic content
of fuel

* As high as 100 percent, depending on price.

Fueling ¢ Same as with gasoline or diesel fuel.
Fuel availability | ® Fueling stations are sparse, primarily in the upper Midwest, DC, and
California.
¢ E95 is available only through bulk suppliers.
Vehicle * More than 400 vehicles are in use. Methanol-compatible vehicles can be
experience and modified to use ethanol.
availability ¢ Ford offers E85 flexible-fuel sedans.
® Two conversions are available: M85 to E85, only after fuel metering
system and sensor are adjusted; and heavy-duty compression-ignition
engines to E95.
Operational ¢ Has slightly lower driving range than comparable gasoline vehicle.
performance * Power, acceleration, payload, and cruise speed are comparable to

conventional fuel system.

Maintenance and

¢ Use special lubricants with slight cost premium.

reliability ¢ Use E85-compatible replacement parts.
* Maintenance assistance is available from local dealers; practices are similar
to those for conventional fuels.
Safety ¢ Training needed to operate and maintain vehicles. -
Costs ¢ E85 fuel costs about twice what gasoline costs.

¢ E85 vehicle costs up to $250 greater than gasoline-fueled vehicle, due to
special fittings.




'l Table 5. Natural gas as an alternative fuel (DOE, 1994b) 'I

Fuel description

¢ Extracted from underground reserves, composed primarily of methane

* For CNG vehicle, gas is compressed to 2,400-3,600 psi in special
cylinders. In LNG vehicle, gas is liquified by cooling to -259 °F and stored
in insulated tanks.

Domestic content
" of fuel

¢ 100 percent.

Fueling ¢ "Slow" fill (up to 8 hours) and "quick" fill (3 to 5 minutes) are available
for CNG. LNG is dispensed like liquified petroleum gas; refueling times
are comparable to those for gasoline or diesel fuel.

Fuel availability | ® Fueling stations are located in most major cities and in many rural areas.

¢ LNG is only available through suppliers of cryogenic liquids.

Vehicle ¢ Over 30,000 vehicles in U.S. and nearly one million worldwide.

experience and ¢ Dual fuel and dedicated vans, minivans, and light trucks are available from

availability Ford and Chrysler.
¢ CNG- or LNG-specialty buses, service vehicles are available from at least
15 manufacturers.
Operational * Range of CNG vehicle is at least one-half that of comparable gasoline-
-performance fueled vehicle. LNG fuel tank range is just under two-thirds that of

gasoline.
¢ Power, acceleration, payload, and cruise speed are comparable to
conventional fuel system.

Maintenance and

® Most CNG fleets report good reliability, longer useful lifetimes, longer time

reliability between tune-ups and engine rebuilds.
¢ High-pressure tanks require periodic inspection and certification.
Safety * Pressurized tanks have been designed to withstand severe impact and high
external temperatures; they are as safe as gasoline tanks.
¢ Adequate training is required to operate and maintain vehicles.
Costs ¢ Fuel cost is about three-fourths that of gasoline.

¢ Conversion costs about $2,700 to $5,000 per vehicle. Manufacturer’s extra
price premium can be $3,500 to $7,500.

¢ May need to purchase service and diagnostic equipment if access to
commercial CNG/LNG vehicle maintenance facilities is not available.




|| Table 6. Propane as an alternative fuel (DOE, 1994b) "

Fuel description

* Liquified petroleum gas (LPG; commonly called propane) is a liquid
mixture (at least 90 percent propane, 2.5 percent butane and higher
hydrocarbons, and the balance ethane and propylene). LPG is a by-product
of natural gas processing or petroleum refining.

Domestic content
of fuel

® Between 95 and 98 percent.

Fueling e Similar to filling gas grill tank; time comparable to that needed for gasoline
or diesel fuel.
¢ Tank should be filled to 80 percent capac1ty to allow for hqu1d expansion as
ambient temperature rises.
Fuel availability | ® 5,000 to 10,0000 publicly accessible fueling stations exist in all states.
Vehicle ¢ Over 350,000 on- and off-road propane-powered units in U.S., and about
experience and 3.5 million worldwide.
availability ¢ Currently available as conversions.
¢ Ford offers factory-installed conversion package option for medium-duty
trucks.
Operational ¢ Range is almost equivalent to that of comparable gasoline vehicle.
performance ¢ Power, acceleration, payload, and cruise speed are comparable to

conventional fuel system.

Maintenance and

¢ Fleets generally report good reliability, slightly longer engine lifetime, and

reliability reduced maintenance costs.
Safety ¢ Adequate training is required to operate and maintain vehicles.
Costs ¢ Bulk purchases provide a one-fifth saving in fuel cost compared to gasoline.

¢ Ford factory-installed truck conversion costs about $1,000 over the
conventional vehicle base price; nonfactory conversions average about
$2,500.

*® Cost for fueling station is similar to, or lower than, comparably sized
gasoline dispensing system.

 Service and diagnostic equipment would probably be required if access to
commercial propane vehicle maintenance facilities is not available.

10




2.4 PUBLIC ACCEPTANCE OF ALTERNATIVE FUEL VEHICLES

To achieve their anticipated benefits, AFs must enjoy widespread public use. Surveys have
determined that the fuel and vehicle characteristics listed in Table 7 are among the factors important in
a motorist’s vehicle choice (Greene, 1994). The table suggests that to gain public acceptance, AFs must
be competitive with conventional fuels in availability, cost, and performance. A critical barrier to
widespread acceptance of AFVs has been the interdependency between vehicle manufacturers and fuel
providers that makes each hesitant to expand first. Manufacturers hesitate to produce large numbers of
AFVs until AFs are widely available, but fuel providers are reluctant to invest in new facilities without
a market provided by a large number of vehicles that use AFs (GAO, 1994).

¢

Table 7. Fuel and vehicle choices

| ) Fuel Characteristics #

1. Cost
. Fuel availability
. Refueling difficulty
Range (frequency)
Refueling time and convenience
4. Fuel quality
Performance (acceleration and power)
Effect on vehicle reliability and maintenance
Health and safety
Aesthetics
5. Social benefits
Emissions
Oil dependence

W N

Vehicle Characteristics

Cost

Reliability and maintenance
Performance (acceleration and power)
Health and safety

Capacity (passenger and cargo)

Value of multi-fuel options

Combined effects of fuel characteristics

NP -
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3. COST-EFFECTIVENESS OF ALTERNATIVE FUEL VEHICLE SYSTEMS

3.1 COST-EFFECTIVENESS ESTIMATION

The cost-effectiveness ratio (CER) is a measure of the monetary value of resources expended to
obtain reductions in emissions of air pollutants. Properly used, CERs can lead to the selection of the least
expensive and most effective sequence of AF/AFV options. Selection of options without regard to cost-
effectiveness could squander scarce resources (Krupnick and Walls, 1992).

The CER estimate can be based on damage value or on control costs. Damage values directly
represent the value of emissions reductions by certain control measures. Estimation of damage value
involves (1) identification of emission sources; (2) estimation of emissions; (3) simulation of air pollutant
concentrations in the atmosphere; (4) estimation of exposure of humans and objects to air pollutants; (5)
identification of physical effects of air pollutants on humans and objects; and (6) economic valuation of
physical effects. Estimation of damage value suffers from necessary assumptions and simplifications and
from great uncertainties involved in each estimating step. The cumulative effect of the uncertainties is
a decrease in the accuracy of the estimated damage value. Damage values are underestimated because
it is not practical to account for all potentially adverse air pollution effects. Some scientists have disputed
the reliability of methods that are applied to air quality modeling and economic valuation of air pollution
effects, and there has been philosophical uneasiness with attempts to place dollar values on human
comfort and life. Given these drawbacks and the high resource-intensity of damage value estimation,
many researchers base their CER estimate on control costs rather than damage value.

The control cost estimating method assumes that the cost required to satisfy air quality standards
imposed by legislators reveals the value society places on the emissions being controlled. If the
assumption is true, the estimated marginal control cost equals the marginal damage value of air pollution
when air quality standards are met. Calculation of the CER, in dollars per ton of emissions controlled,
requires information on the cost and emissions reduction of the marginal control measure over its lifetime.
Cost estimation must include initial capital cost, operation and maintenance costs, and other pollutant-
specific cost components. Estimates of emission reductions need to account for emission control
deterioration over the lifetime of the equipment. If a control measure reduces emissions of more than
one pollutant, the cost of the technology needs to be allocated among the reduced pollutants. Although
it is generally agreed that discounting should be applied to the cost estimates, researchers differ as to
whether discounting should be applied to emissions estimates. Depending on whether discounting is
applied to emissions and whether the lifetime of the control technologies is considered, different
techniques can be used in calculation of control costs. Table 8 illustrates four techniques, each of which
results in different CER estimates with different meanings for the same control technology (Wang et al,
1994).
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Units

|| Table 8. Emission control cost calculation techniques (Wang et al, 1994) "

Meaning

costs divided by annual emission reductions

Calculation method
Technique 1: Lifetime
a: Discount (lifetime present value of
costs and cost)/(levelized tons
emissions: reduced per year)
b: Discount (lifetime present value of
costs only: cost)/(straight average of

tons reduced per year)

($/lifetime)/(ton/year)

Cost to reduce one
ton each year
throughout lifetime

Technique 2: Annual costs divided by annual emissions reductions

a: Discount (levelized costs per

costs and year)/(levelized tons
emissions: reduced per year)

b: Discount (levelized costs per

costs only: year)/(straight average of

tons reduced per year)

$/ton

Cost to reduce one
ton.

Technique 3: Lifetime costs divided by lifetime emission reductions

a: Discount (lifetime present value of

costs and costs)/(lifetime present

emissions: value of tons reduced)

b: Discount (lifetime present value of

costs only: costs)/straight sum of
lifetime tons reduced)

$/ton

Cost to reduce one
ton

Technique 4: Annual costs divided by lifetime emissions reductions

a: Discount (levelized costs per
costs and year)/(lifetime present
emissions: value of tons reduced)
b: Discount (levelized costs per
costs only: year)/(straight sum of
lifetime tons reduced)

($/year)/(ton/lifetime)

Annual cost
throughout lifetime
to reduce one ton
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A number of studies have estimated the CERs of AFVs in the reduction of emissions of ozone
forming pollutants, toxic air pollutants, and carbon monoxide. Table 9 shows the CER estimates of these
studies, indicates which calculation technique is used, and summarizes the extent of treatment of key
issues in CER estimation (Lareau, 1994):

Baseline emissions: Cost-effectiveness depends on what policies precede the option under
consideration. As more efforts are undertaken to reduce emissions, the baseline from which a new
option is evaluated shrinks, and cost-effectiveness deteriorates. The-baseline should include only
emissions from programs already implemented or required by law. When program order makes
a difference, the order should be determined that provides the lowest cost means of reaching air
quality objectives.

Incremental derivation: Marginal cost-effectiveness (the value of the last ton of reduced
emissions) is the preferred basis for comparison. Average cost-effectiveness can hide the typically
increasing cost of emission reduction and does not reveal which components of a program pass a
cost-effectiveness test. ‘

Regionality: The benefits of emissions reduction are greater in nonattainment areas than in
attainment areas. Unless emission control benefits are important in attainment areas, then cost-
effectiveness of national control policies should be computed by dividing national costs by
nonattainment tonnage reductions. The distinction between attainment and nonattainment tons can
be further refined, since the value of reducing a ton of emissions varies with nonattainment areas.
Emissions reductions could have some value in attainment areas because:

Dose-response functions may increase smoothly from the origin. Without a threshold type
dose-response function, there is some benefit for control below the standard.

There could be residual impacts such as ozome damage to crops, forests, or building
materials.

Precursor emissions and ozone might be transported by weather patterns from attainment into
nonattainment areas.

Some hydrocarbons can be carcinogenic. To the extent that these emissions are not regulated
to harmless levels, some residual damage is possible.

Seasonality: When emissions reductions occur all year, society could be paying for some
reductions that have little value. For example, the length of the ozone season varies, partly
depending on whether an area is a northern or southern city, and partly due to the differences in
emission inventories. ’

Cost discounting: The cost of a pollution control measure should include costs that can be attributed
to that measure, discounted to a present value. Discounting cost items reflects the fact that future
dollars are worth less than present dollars, because of the lack of investment opportunity for future
dollars and because of inﬂatiog.
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Benefit discounting: There are three different arguments on benefit discounting:
One, because emissions are not in monetary terms, they should never be discounted.

Two, benefits should be discounted at a negative rate, with future emissions worth more than
present emissions. While the current generation has conmtrol of emissions for future
generations, future generations have mo control over the current gemeration’s actions.
Assigning a higher value to future emissions helps limit the consequences of the current
generation’s actions (Wang, 1994).

Three, benefits should be discounted at a positive rate with future emissions worth less than
present emissions. Using the simplifying assumption that the effect on air quality of a ton of
emissions reduction is the same over time, some argue that the health benefits associated with
the air quality improvement would also be expected to be the same. Whatever economic
value is assigned to improved health, there is an advantage in accelerating the time when the
benefits are realized. Discounting at a positive rate may be further justified by the fact that
air quality is improving in almost all areas of the country. Emissions reductions now are
reducing public exposure to higher levels of pollution than will exist ten years from now
(Austin and Lyons, 1994).

Emissions denomination: Dividing total costs by total tons of all emissions reductions can lead
to errors, since emission tons are generally not alike. Changing the mix, but not the total tons,
changes the damage caused by the emissions. Similarly, if the emissions contribute to formation
of a different compound, changing the mix of emissions species can lead to a different level of
pollution. Other complications can include the fact that most toxic emissions are volatile
hydrocarbons. Also, a ton of hydrocarbon control may not may not have the same impact on ozone
as a ton of nitrogen oxide (NOx) control. NOx control may not even contribute to the reduction
of ozone. Carbon monoxide (CO) control is being solved by vehicle turnover and winter use of
oxygenated fuel. By 2000, it is likely that only a handful of cities will still be out of attainment for
CO. Thus, reductions in CO should not be valued as highly as reductions in hydrocarbons. Using
an unweighted sum of hydrocarbons, NOx, and CO as a measure of effectiveness may be
misleading.

. While it is preferable to compare policies using CERs denominated in the control species (e.g.,
ozone) rather than precursor emission units, this is generally not practical. The relationship between
precursor emissions and the controlled species has to be established, accounting for reactivity
variability and differences in precursor composition across cities (Lareau, 1994).

Vehicle technology advances: Emissions profiles determined by standard testing of prototype or
converted gasoline vehicles may lead to emissions overestimates for advanced-technology future
fleets of AFVs, equipped with optimized emissions control. On the other hand, it may be
inappropriate to compare the emissions behavior of developmental and prototype AFVs with
current-technology gasoline vehicles.
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Table 9.

Alternative firel vehicle cost-effectiveness and issue treatment .

avige | suay CR | oomm | Goewwmen |
calculation technique (thousand
$/ton, 1993) Vehicle technology advancement
Emissions denomination
Benefit discounting
Cost discounting
Seasonality
Regionality
Incremental
derivation
Baseline
emissions
M85 fiv ‘Wang, 1993/3a 8.05 HC,CO, [ ] o o o ® | O
(S. Cal) NOx,TAP
Fraas and 9.6 to 36 HC o] O e
McGartland, 1990/2b
M85 ded Hahn, 1993/3b 76.5 BC o] [ ] o o
(S. Cal)
Hahn, 1993/3b 11.9 HC 0 [ ] [
(S. Cal)
‘Wang, 1993/3a 1.45 HC,CO, o o o [ ® | O
. Cal) NOx,TAP
Krupnick and Walls, 40.8 HC [ ] ® ® | O
1992/2b
Fraas and 4.1t029 HC O O ®
McGartland, 1990/2b
Congress, 1989/2b 10t0 78 HC ®|O
M100 fiv ‘Wang, 1993/3a 9.02 HC,CO, o o [ ] (@]
(S. Cal) NOx,TAP
M100 ded Wang, 1993/3a 2.33 HC,CO, o ® o o ®| O
(S. Cal) NOx, TAP
Krupnick and Walls, . 73.3 HC o ® ®}| O
1992/2b
Lareau, 1990/2b 2t0 1116 HC o ®
Fraas and 4.7t 9.6 HC O [ J
McGartland, 1990/2b
Congress, 1990/2b 3.7t0 26 HC O [ ] (o] ® | O
@® -+ O - blank cell: indicates decreasing degree of treatment
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Table 9 (continued). Alternative fuel vehicle cost-effectiveness and issue treatment

| azvoee | sua R | o | beewems |
' calculation technique (thousand
‘ $/ton, 1993) Vehicle technology advancement
Emissions denomination
Benefit discounting
Cost discounting
Seasonality
Regionality
Incremental
derivation
Baseline
emissions
E85 fiv ‘Wang, 1993/3a 16.2 HC,CO, [ ® o| e |e®|O
(corn- (8. Cal) NOx,TAP
derived)
LPG df Wang, 1993/3a 7.36 HC,CO, [ J [ el oo |O
(S. Cal) NOx,TAP
CNG df ‘Wang, 1993/3a 0.65 BHC,CO, ® [ J o ®| e |O
(S. Cal) NOx,TAP
Congress, 1989/2b 4.6 to 26 HC O [ O ® | O
CNG ded Sierra, 1994/3a 24.2 10 24.6 HC,NOx, ® ej|le@|OC}| e
(Cal) co
Sierra, 1994/3a 76.8 to 78.1 HC,NOx, @ o e O o
(Nation) Cco
Wang, 1993/3a -0.72 HC,CO, [ ] ® ejoe|je®|O
(S. Cal NOx,TAP
Fraas and -13.7t101.88 | , HC,CO (o] o] ® | O
McGartland, 1990/2b
Congress, 1989/2b 1.9t0 17 HC o ® O @ | O
EV ‘Wang, 1993/3a 4.60 HC,CO, e [ ol e
(S. Cah NOx,TAP
ULEV to Sierra, 1994/3a 109 HC,NOx, o [ ] [ o ® [
ZEV (Cal) Cco
Sierra, 1994/3a 194 HC,NOx, ® oo |0 |0} e
(Nation) co
EVs and DRI/McGraw-Hill, 44 to 265 HC,NOx [ ®e| O 010
AFVs 1994/2b (Cal)
|| @ —+ O - blank cell: indicates decreasing degree of treatment I
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3.2 CONSISTENT METRIC FOR COST-EFFECTIVENESS ESTIMATES

Using different calculation techniques and different assumptions about costs and emissions

reductions, as shown in Table 10, CER estimates for the same AFV type can be substantially different.
In an attempt to reduce the differences underlying CER estimates, adjustments are made in two variables:

Fuel price -

Several studies present results for multiple fuel price assumptions and demonstrate that
CER is quite sensitive to the price of the AF relative to the price of gasoline. For a
given AFV type in Table 11, CER estimates are based on identical fuel price
assumptions. The assumptions, adopted from Wang (1993), are shown in Table 12.
CERs and prices are expressed in 1993 dollars.

The price adjustment can differ for each study, depending on the information reported
in a study. As an example, Appendix A discusses adjustment of a CER reported by
Congress (1989). The example shows that the adjusted price is near the center of the
price range considered in the Congress report.

Pollutant denomination -

All studies report reductions in hydrocarbon emissions, but many studies do not report
reductions in emissions of CO, NOx, and toxic air pollutants (TAPs). Table 11 places
CER estimates on the comparable pollutant denomination of hydrocarbo