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Runaway
US transportation will reach an unenviable milestone in 1996: for the first time
ever, automobiles and light trucks alone will consume more energy in the United
States than domestic oil producers can extract. Throw in all other uses of
petroleum-freight and air travel, home heating, industrial uses, and electricity
production-and one can see why our country must import about half of the oil we
use (Davis 1995). But while many other energy-consuming sectors of the economy
have begun to wean themselves from oil use over the past two decades,
transportation continues to be 97 percent dominated by oil (Davis 1995), causing
this sector to be just as vulnerable to oil shocks as it was during the 1970s.

The End of an
When Gottlieb Daimler and Karl Benz teamed up 100 years ago to produce some of
the world's first gasoline-powered cars, they probably never imagined that their
"driving machine" would play such a significant role in shaping the 20th century.]
The combination of petroleum fuels and the internal-combustion engine has created
a technological cartel in transportation, spawning some of the largest corporations
ever to operate in the world economy.2 Now, on the eve of the gasoline
automobile's centennial, Daimler-Benz is once again a leader in the push towards
developing a new technology for transportation: fuel cell vehicles. This report
examines the growing interest in fuel cells for vehicle applications, the vehicles
themselves, and the ways fuel cell vehicles can help the United States achieve a
clean-vehicle future.

1

The annual costs of oil dependence, air pollution, and climate-change'
may total $50-$230 billion in the United States alone (Delucchi 1995;
Murphy 1995). These costs, including health care, military involv
foreign oil supplies, and damage to crops and materials, are n
payments that motorists currently make for vehicle services
hidden subsidies to driving (Hwang 1995). These subsidies
inefficiencies and ultimately translate into misallocations 0

The financial and political pressures of energy insecurity are compounded by
the environmental harm that vehicles cause. About one in four Americans lives in
an area whose air violates national health standards (EPA 1993), and motor vehicles
generate more than one-half of the pollution in most urban areas. Regional officials
are turning to increasingly stringent motor vehicle controls in their struggle to clean
up the air.

Finally, the threat of global climate change has contributed an additional note of
urgency to the goal of transforming transportation. Today, transportation accounts
for one-third of all US emissions of carbon dioxide (the leading contributor to
global climate change), and these emissions are increasing faster than those of any
other segment of the economy (EIA 1994b; EIA 1995).

I Daimler-Benz is the parent company of Mercedes-Benz, named
Mercedes (Cannon 1995).
2 Half of the top 10 Fortune 500 companies in 1995 were a
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The reaction of h
water-nothing else.
cells are at the unveiling of

5 This report adopts the conventio
equivalent gallons, which is the distance a
one gallon of gasoline.
6 See appendix A for a discussion of the sources for these values.

when consumers are likely to first see light-duty fuel cell vehicles, a typical fuel cell
car running on h might achieve the equivalent of 60 miles per gallon (mpg-
eq).5 As the and auxiliary equipment are im~roved over time,
fuel cell cars g-eq or greater in the long term.



water that had come from the tailpipe of a fuel cell bus (Hydrogen & Fuel Cell
Letter 1995). When the hydrogen comes from renewable sources, hydrogen fuel cell
vehicles can be true "zero-emission vehicles" (ZEVs). Fuel cell vehicles that use
methanol as the primary fuel will release very small amounts of pollution from fuel
evaporation and processing (see box 2a), but these emissions are likely to be close
enough to zero for the vehicles to qualify for full ZEV credit under state clean-car
regulations.

7

Fueling the Future
Fuel cells run on hydrogen and oxygen. In most applications, oxygen can be taken
directly from ambient air, since about one in five air molecules are oxygen.
Hydrogen is more difficult to come by in its pure form, despite the fact that about
93 percent of all atoms in the universe are hydrogen (MacKenzie 1994). Although
hydrogen is so prevalent, it is chemically trapped in more complex compounds,
such as water or methane, from which it must be separated out. Since most fuel
cells require nearl hydrogen to operate effectively, a central challenge for
widespread fuel ce e is the manufacture, distribution, and storage of hydrogen
for vehicles (see boxes 2a-2c). The over 200,000 comer stations in the United
States (EIA 1994a) are indicative of the large infrastructure that brings petroleum
products to consumers; modifying or replacing that system to accommodate
alternatives will require substantial effort and aggressive action.

Hydrogen is an attractive fuel for the future because it can be produced from
many different sources, or feedstocks. As with electricity, this feedstock diversity
will ensure that competition drives prices down as new sources become cost
effective. Diversity also provides security against major price shocks if, for
example, energy prices double or quadruple as they did in the oil crises of the
1970s. But just as with electricity production, the flexibility to manufacture
hydrogen from many sources means that renewable feedstocks may be overlooked

r
manufacture an inex
to power avehicle.
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hydrogen storage, although early indications are that the domestic automakers are
designing vehicles with a range of over 300 miles for even their earliest vehicles.

Performance
Fuel cell vehicles can be designed to meet a range of performance criteria. As with
gasoline cars today, however, vehicle manufacturers will be faced with choosing an
emphasis among a variety of parameters, including cost, range, and performance.
For example, improving acceleration in an FCV means increasing the size of the
fuel cell or adding more electricity storage (for example, batteries), both of which
increase cost and weight. General Motors has simulated the performance of the
vehicle it is designing and has estimated that 0-60 miles per hour acceleration times
will be 10-12 seconds for a warm vehicle, the same as gasoline cars and vans on the
road today (GM/Allison 1993). Methanol fuel cell vehicles will be slower during
the first few minutes after start-up (while the engine system is warming up), but
hydrogen vehicles should experience little performance degradation when cold.

Safety
Vehicle safety is a critical concern for developers of alternative fuels and vehicles.
Although our society has grown to live with the dangers of gasoline over the past
century, no fuel is inherently safe. Dealing responsibly with safety issues of new
fuels requires testing, protective regulations, and education to ensure their safe use.

Hydrogen presents several safety advantages over gasoline. Because it is lighter
than air, hydrogen leaks disperse quickly in open areas. Should hydrogen catch on
fire, the flames would travel up and away and release les than would
burning gasoline. On the other hand, hydrogen ignites more ly than gasoline.
The most significant hazard associated with hydrogen vehicles is thus the potential
of hydrogen gas leaking from the storage tanks and becoming trapped in an
enclosed space, such as a garage (ADL 1994). Proper ventilation can overcome this
risk, however, and hy can become more easily detectable with the addition of
colorants and odorants day, safety regulators routinely test hydrogen storage
tanks by overfillin . and shooting bullets at them to
ensure that no maj ). In the future, advanced hydrogen
storage technol e i er than the current gaseous storage, since
the advanced methods bind the h drogen to other materials.

Methanol is generally considered to be safer than gasoline because it has less
chance of igniting and because, even if it does catch on fire, it releases about one
fifth the heat of gasoline (EPA 1989). Additives will likely need to be mixed in with
the methanol to make it more visible when burning and to deter people from
drinking it, since it is quite toxic to humans. Extensive methanol spills in large and
moving bodies of water (for example, oceans and rivers) to be less
hazardous than oil spills, since methanol disperses and bi es more easily
than does oil. But methanol leaks from storage tanks or other containers near
drinking water supplies would present greater hazards because methanol mixes with
water more readily than does petroleum (EPA 1989).
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Talk 1995).9 Two-thirds of this fuel-economy "gap" is from urban driving and
congestion effects (Maples 1993), where FCVs are likely to have an advantage over
gasoline vehicles. An FCV equipped with a small peak-power device may be more
efficient than gasoline vehicles during accelerations and can recapture some of the
energy lost during braking. Furthermore, a fuel cell has lower energy requirements
during idling than a gasoline vehicle, although FCVs still require some energy to
operate when standing still (Miller 1995). In contrast to standard internal
combustion engines, however, the efficiency of fuel cells decreases as they
approach full wer. Thus, higher speeds over the highway cycle will lower the fuel
economy of s. Further testing and data are required to quantify the true impact
of all sources of the fuel-economy gap on real-world FCV efficiency. Given the
current level of uncertainty, this study assumes that FCVs will experience the same
gap as gasoline vehicles.

Table A-1. Fuel Cell Vehicle Fuel-Economy Estimates
EPA-Rated Miles er Gallo Gasoline-E uivalent

- Near Term (c. Long Term (
Methanol FCV Hydrogen Methanol FCV Hydrogen

FCV FCV

Fuel-Economy
Gapb

15 percentAutomobiles 54 62 69 80
Li ht Trucks 40 46 51 59
a. Combined highway and city fuel economy over EPA CAFE test cycle. Estimates are for
weight and performance similar to today's vehicles.
b. Gap between on-road fuel economy and EPA-tested value; applies to both gasoline vehicles and
FCVs.

9 Although some assume that this fuel-economy "gap" will increase
future (Maples 1993), the auto and light-truck values are held constant
assumption by Car Talk (1995).
10 This is roughly equivalent to 10 percent of the California new-vehic1

Purchas
The cost technology has declined rapidly in recent decades, but
expect p factor of a thousand when fuel cells are mass
Daimler-B that, at a production volume of 100,000 systems
fuel cell s st $140-$280 per kilowatt, or two to four ti
an internal-combustion engine system (Klaiber 1995a). General M

One can also measure the fuel economy of different transportation alternatives
over the entire fuel cycle, including all the energy that goes into producing and
delivering a fuel as well as its use in a vehicle. Such analyses account for the fact
that it takes less energy to produce and deliver gasoline than it does methanol or
hydrogen. Based on the detailed fuel-cycle model discussed in appendix C, the fuel
cycle efficiency of a mature methanol FCV is 1.7-1.9 times that of today' s
conventional gasoline vehicle; a mature hydrogen FCV would be 2.1-2.9 times
more efficient over the total fuel cycle. This type of comparison, however, masks
the' es among the types of energy used to serve driving needs.
Sin drogen are generated from natural gas or renewable sources,
one mus r the relative importance of consuming a unit of oil energy
versus a ral gas or renewable energy.
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Table B-2. LifletilTle Averslae Emissions from Gasoline Automobiles in the Northeast'

n.a.
n.a.

and

n.a.
n.a.

PM b

tempenlturE~S c()rre:spolndirlg to
the annual

IVI\.ICII.I::C'l:!. to

0.847
0.243

co
8.009
2.930

ROG

0.169
0.169

ROG
Exhaust

Base Vehicle 0.592
49-State Car LEV 0.102

a. Based on EPA's MOBIlE5a runs
maintenance program, federal reformulated gas:olirle
the Northeast Emissions are aVE~ra~Jed

milea~le in each year This
undercount real-world emissions.
b. Not available from the MOBILE5a model.
c. Base vehicle meets the current Tier I standards of the 1990 Clean Air Act Amendments.
d. 49-State Car meets the standards of California's low-emission vehicle (LEV).

Emlissionls from Cell UAlki....lae

Fuel nothing water; are thus zero·
emission vehicles. If an FCV operates on methanol, however, minor emissions will
result from the storage and conversion the fueL Methanol combust a
portion of the fuel to drive the process of hydrogen, thus rele~ase

small amounts CO, ROG, and NO)C Furthermore, like liquid fuel, a portion
of stored on board the will of tenlperature
cnsmgl;s d1llrirlg the day and is runnm,g.
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from and FCVs

ROG CO NO

0.437 3.495 0.666
0.151 1.291 0.337

0.007 0.003 0.001
0.000 0.000 0.000

at al. 1994). Values apply to

Table B~4. LifEttimle Aver,Elge Emiissilons

California Gasoline \/""1",..1,,,«

Tier I
ULEV

Fuel Cell Vehicle
Methanol

a. Calculated
automobiles in the South Coast Air Basin of California.
b. Calculated from test data on fuel cells with additional enflineerirlg alial~rsis.
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October 10.
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Table D-l shows values previously used in air-quality planning in the South
1988, along with the recent revisions. The 1988 values were adopted by

Califc.mi.a I-<npl"cr'l' Commission been used in nr"'U1('nlC

aV()ld:mg pollution (for exam



Ratio
Previous Valuesc Current Valuesd (CurrentPrevious)

Reactive Organic Gases (ROG) $22,800 $18,000 0.79
Nitrogen Oxides (NO.) $31,900 $17,000 0.53
Sulfur Oxides (SO., $23,800 $9,000 0.38
Particulate Matler (PMIO) $6,900 $4,000 0.58
Carbon Monoxide (CO) $11,200" $350 0.03

a. Values are from the Best Available Control Technology assessment by the South Coast Air Quality
Management District (SCAQMD 1995).
b. All values are scaled to 1994 dollars using the Chemical Engineering, Marshall & Swift Equipment
Cost Index (SCAQMD 1995).
c. Based on the 1988 BACT Guidelines using the average of marginal control costs for NO. and
ROG, average of average control costs for all other pollutants. These values were adopted by the
California Energy Commission 1993).
d. Values proposed by SCAQMD staff for the 1995 BACT Guidelines (SCAQMD 1995).
e. CEC's own calculations using control-cost data for the South Coast.

Adjusted Values
The most stark reduction in control-cost values occurs for CO, whose value drops
by a factor of over 30. The severity of the ozone problem in the South Coast has
traditionally led regulators to focus on ROG and NOx' As a result, CO has received
relatively little attention, I and there is less data upon which to base a control value
for this pollutant. The original value of $11,200 per ton adopted by the CEC was
based on its own calculation of the average cost of controlling CO in the South
Coast (CEC 1993). The revised value proposed by the SCAQMD was developed
based on the cost of controlling NOx ($17,000 per ton) adjusted for the relative
health impacts of CO versus NOx as embodied by the state's one-hour air-quality
standard (SCAQMD 1995). Whereas the original CO value (see table D-l) was
based on the actual cost of controlling the pollutant in the South Coast, SCAQMD's
revised value is founded on the relative severity of the air-quality standards. This
revision is a departure from the control-cost methodology adopted by SCAQMD
and CEC in its cost-benefit analyses. To maintain consistency, this study derived a
CO value that reflects control costs based on the original value of $11,200 per ton.
As with the other pollutants under consideration, one might expect the cost of
controlling CO to have dropped slightly over the past eight years since the original
data was collected (CEC 1991). To account for cost reductions and changes in
SCAQMD's accounting methodology, this study adjusted the original 1988 values
by the average reduction in the cost of controlling all other pollutants that
SCAQMD demonstrates in its revised plan.

Control costs will vary from region to region as a result of a given area's degree
pliance. Los Angeles is the worst-case scenario because it has the most

quality problem of any metropolitan region. Using the original values
CEC for California, Wang and Santini (1993) constructed pollution

er cities based on the severity of their air-quality problem
ia's. This study applied the Wang and Santini ratios to the new
to derive estimates for control costs in New York City, as



a. Values are from the Best Available Control Technology assessment by the South Coast Air Quality
Management District with adjustments to CO values per discussion in the text.
b. Based on the adjustments to the California values made by Wang and Santini (1993) that account
for differences in air-pollution severity in New York versus California.
c. Data not available.

nce (SCAQMD 1995).

Los An elesa New York Cit b

54

2 A 4 percent annual discount rate is
3 See Hwang et al. (1994) for details.

Reactive Organic Gases (ROG) $18,000 $17,300
Nitrogen Oxides (NO,) $17,000 $14,400
Sulfur Oxides (SOx) $9,000 $1,400
Particulate Matter (PM lO) $4,000 n.a. C

Carbon Monoxide CO $6,000 $2,100

The values shown in table D-2 represent the average cost of controlling
pollution, calculated as the total cost of control equipment divided by the total
reduction in emissions compared to the uncontrolled case. In theory, the appropriate
value to use is the marginal cost of controlling pollution; data does not exist,
however, to allow calculation of these values. Marginal costs will be higher than
average costs, and costs may well increase in the future as the least-cost solutions
are exhausted in the ongoing efforts to reduce emissions further to attain air-quality
standards. As a result, the true value of emissions reductions may be understated in
this analysis.

Per-Vehicle Benefits
The value of emissions savings from deploying a fuel cell vehicle is calculated by
combining the difference in emissions over the lifetime of an FCV versus a gasoline
vehicle (discussed in appendix B) with the economic value of avoiding pollution
estimated here. The calculation takes the net present value of the stream of
emissions saved over the 13-year life span of an FCV multiplied by the economic
value of those reductions.2 Although not detailed in appendix A (which shows
average lifetime emission rates), the calculation of emissions savings takes into
account differences in mileage accumulation and emissions rates over the life of a
vehicle, so that savings are not identical for each year of a vehicle's life.3 The
results of the calculation for the South Coast Air Basin and New York City are
shown in table
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